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2009 RENCONTRES DE MORIOND

The XLIVth Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.
The first meeting took place at Moriond in the French Alps in 1966. There, experimental
as well as theoretical physicists not only shared their scientific preoccupations, but also
the household chores. The participants in the first meeting were mainly french physicists
interested in electromagnetic interactions. In subsequent years, a session on high energy
strong interactions was added.
The main purpose of these meetings is to discuss recent developments in contemporary
physics and also to promote effective collaboration between experimentalists and theorists in the field of elementary particle physics. By bringing together a relatively small
number of participants, the meeting helps develop better human relations as well as more
thorough and detailed discussion of the contributions.
Our wish to develop and to experiment with new channels of communication and dialogue,
which was the driving force behind the original Moriond meetings, led us to organize a
parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond
Astrophysics Meeting (1981). In the same spirit, we started a new series on Condensed
Matter physics in January 1994. Meetings between biologists, astrophysicists, condensed
matter physicists and high energy physicists are organized to study how the progress in
one field can lead to new developments in the others. We trust that these conferences and
lively discussions will lead to new analytical methods and new mathematical languages.
The XLIVth Rencontres de Moriond in 2009 comprised three physics sessions:
• February 1 - 8: “Very High Energy Phenomena in the Universe”
• March 07 - 14: “Electroweak Interactions and Unified Theories”
• March 14 - 21: “QCD and High Energy Hadronic Interactions”
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1.
Standard Model and Beyond:
precision tests, searches, theory

W /Z boson properties, including W mass, at the Tevatron
Jan Stark
(for the CDF and DØ Collaborations)
Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Université Grenoble 1, Institut
National Polytechnique de Grenoble, Grenoble, France

The mass of the W boson, mW , is a free parameter in the standard model. Measurements of
this parameter are a key ingredient to indirect limits on the mass of the hypothetical Higgs
boson. The uncertainty in the predicted Higgs mass is currently driven by the experimental
uncertainty in mW . We present a new preliminary measurement of the W boson mass by
DØ based on 1 fb−1 of data from Run II of the Fermilab Tevatron. This measurement is
presented for the first time at this conference, and it is the single most precise measurement
to date. We compare this measurement to the earlier Run II measurement published by CDF,
and we review the excellent prospects for further improvement in both of these measurements
as well as in their combination. We briefly discuss a new W boson charge asymmetry by
CDF. It will further constrain the parton density functions (PDFs). PDFs are inputs to many
measurements performed at hadron colliders, including the measurement of mW .

1

Introduction

As is well known, predicting the values of particle masses is not one of the strengths of the
standard model (SM). The mass of the W boson, mW , is not an exception, but the SM does
predict a relation between mW and other experimental observables:
mW =

s

1
πα
√
√
,
2GF sin θW 1 − ∆r

where α is the fine structure constant, GF is the Fermi constant and θW denotes the Weinberg
angle. The radiative corrections ∆r are of the order of 4%. In the SM, ∆r receives sizeable
contributions from the one-loop diagram with top and bottom quarks that is shown in Fig. 1,
as well as Higgs one-loop contributions from diagrams like e.g. the one shown in Fig. 1. As
a consequence, ∆r depends on mt , the mass of the top quark, as ∼ m2t and on mH , the mass
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Figure 1: One-loop contributions to the W boson
mass from top and bottom quarks (top left) and
an example of the Higgs one-loop corrections (top
right). The diagram at the bottom is an example
of one-loop squark contributions in supersymmetric
extensions to the SM. Reproduced from Ref. [1].

Figure 2: Current world averages for top quark
and W boson masses, compared to SM predictions
for different Higgs boson masses (mH = 114 GeV
corresponds to the present lower limit from direct
Higgs searches), as well as to a SUSY extension of
the SM. Taken/updated from [2].

of the hypothetical Higgs boson, as ∼ log mH . Given the above relation, precise measurements
of both the top quark mass and the W boson massa can be translated into a prediction of the
mass of the hypothetical Higgs boson. This is an important piece of information that can be
used as guidance for where to look for the Higgs boson, maybe even to rule out the SM Higgs
boson if the prediction should become inconsistent with limits from direct searches, or to test the
consistency of the SM if the Higgs is found and its mass measured directly. The experimental
uncertainties in the top quark mass, ∆mt , and in the W boson mass, ∆mW , contribute equality
to the uncertainty in the predicted Higgs mass if ∆mW ≃ 0.006 × ∆mt . The current Tevatron
average of the top quark mass is mt = 173.1 ± 1.3 GeV. In order to match this precision, one
would need ∆mW = 8 MeV, which is far away from the precision of the current world average,
∆mW = 25 MeV. The experimental uncertainty in the W boson mass is and will be the limiting
factor for many years to come and needs to be reduced. Additional contributions to ∆r arise
in various extensions to the SM, e.g. in supersymmetry via diagrams like the one shown at the
bottom of Fig. 1. The current situation is summarised in Fig. 2.
2

A new measurement of the W boson mass from DØ

W bosons are copiously produced at the Tevatron pp collider. In this environment, mass measurements use W → eν and W → µν decays to clean leptonic final states. The W boson mass is
typically extracted from three experimental observables, namely the distributions of the lepton
transverse momentum pℓT , the transverse momentum of the neutrino pνT ,qas inferred from the

missing transverse energy E
/ T , pνT = E
/ T , and the transverse mass mT = 2pℓT pνT (1 − cos ∆φ),
where ∆φ is the angle in the transverse plane between the lepton and the neutrino. The principle is simple: e.g. a larger value of mW would lead to larger average pℓT . In practice, we use a
Monte Carlo simulation that predicts the shape of our three observables for a given input mass
hypothesis. The mass hypothesis is then adjusted to obtain the best description of the data.
The Monte Carlo simulation includes two parts: a “physics” generator that models the W boson
production and decay kinematics, followed by a parameterised model of the detector response
to the lepton and the hadronic recoil ~uT , i.e. all other particles that recoil against the W boson,
~/ = p~ ℓ + ~uT . In order to achieve the level of uncertainties that has been discussed above,
−E
T
T
one needs to understand the lepton energy scale at the 0.2 per-mil level and the hadronic recoil
a

Plus all the other observables in the equation; and they are very well measured.

energy scale at the 1% level. These requirements, especially on the lepton energy scale, are
extremely stringent and require a precise understanding of the detectors. A much more detailed
discussion of the techniques of mW measurements at the Tevatron can be found in Ref. [3].
The DØ Collaboration has completed its first preliminary measurement of mW in Run II, and
it is presented in public for the first time at this conference. A more detailed description of the
measurement can be found in Ref. [4]. The “physics” part of the simulation is based on the
ResBos generator [5] using the CTEQ6.1M PDF set [6], and interfaced with Photos [7] to model
final state radiation (FSR).
This measurement uses only the channel W → eν with central electrons (detector |η| < 1.05).
The radius of DØ’s magnetic central tracking system is very small, leading to a poor momentum
resolution. Consequently, a measurement of mW in the muon channel is much less competitive
and more difficult than in the electron channel [3]. Electron energies are measured using the DØ
liquid argon calorimeter, and central tracking does provide precise direction measurements for
electrons. The DØ calorimeter has reasonably good energy resolution, it has very good linearity
and it is very stable over time (thanks to the “unit gain” nature of the readout). It is rather
hermetic, which gives us relatively precise measurements of the hadronic recoil, and its readout
is finely segmented, including in the direction longitudinal to the shower development.
Central electrons are required to pass peT > 25 GeV and strict identification criteria. W candidate
events are required to have one electron candidate, E
/ T > 25 GeV and uT < 15 GeV. Z → ee candidate events are required to have two electron candidates and uT < 15 GeV. In 1 fb−1 of data
these requirements yield 18, 725 Z candidates with negligible background, and 499, 830 W candidates with a signal purity of 96% (residual backgrounds arise from W → τ ν → eνν events,
QCD multijet events in which one jet is misidentified as an electron and E
/ T arises from misreconstruction, and Z → ee events in which one electron escaped into a poorly instrumented
region of the detector). The Z peak is shown in Fig. 3; this sample is the key control sample in
the DØ analysis that makes it possible to tune the parameterised detector simulation at a great
level of detail and to achieve the precision discussed above. For example, we use this sample,
as well as the precise measurement of mZ from LEP to set the absolute electron energy scale.
This sample is further used to measure the constant term in the calorimeter resolution (using
the width of the measured Z peak), to measure electron identification and trigger efficiencies
(because a clean sample of Z events can be selected using tight requirements on just one of
the two electrons, leaving the other one relatively unbiased), and to calibrate the recoil energy
measurements. The comparatively small size of the Z sample is therefore a limiting factor.
DØ use relatively inclusive samples of EM-like events to uniformise the calorimeter response
in φ, and Z → ee events to set the absolute energy scale in bins of detector η. But electrons
from Z → ee have an energy/rapidity-spectrum that is slightly different from the spectrum of
electrons from W → eν: at a given rapidity, electrons from W decay have an energy spectrum
that is lower on average. Intrinsically, the DØ LAr calorimeter has good linearity, and energy
offsets from recoil energy flowing into the electron window are modelled explicitly in the fast
detector simulation. The main non-linearities arise from energy losses in the uninstrumented
material in front of the calorimeter. These are corrected for using a detailed first-principles
simulation. One key ingredient to this simulation is a map of all material inside and in front
of the calorimeter from a first-principles accounting (i.e. based on known detector geometry
and material properties). The cumulative amount of uninstrumented material is particularly
critical. We use electrons from Z → ee and the longitudinal segmentation of the DØ calorimeter
to check the total mount of uninstrumented material in bins of rapidity. Figure 4 illustrates
how the average electron shower is sampled in DØ Run II. From the figure it is clear that the
fractional electron energy depositions in each of the four EM readout sections are very sensitive
to the amount of uninstrumented material. After a 5% correction (uniform in rapidity) to the
nominal material model, data and detailed simulation agree well, in all bins of rapidity and for
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all four readout sections. The energy-loss corrections and the model of sampling fluctuations
used in this analysis are derived from the corrected first-principles simulation.
Once the electron energy scale and resolution are calibrated, we use the standard UA2 techniques [8] to transfer the electron energy calibration to the hadronic recoil. We build a parametric
model of the hadronic recoil (this model describes the combined effect of fragmentation and detector response). As input to this model, we use various data control samples (e.g. random
triggers collected during normal data taking to describe the effect of additional pp interactions
in the same beam crossing, minimum bias triggers reweighted in scalar ET [“event activity”]
to the harder spectrum in Z events to model the effect of spectator quark interactions) as well
as a first principles simulation for the hard component. We introduce free parameters in this
model which are then adjusted to match the recoil ET scale and resolution in the Z data. The
observables used in the tuning are the mean and the width of the ηimb distribution in bins of pee
T ,
vectors,
projected
on
the
η̂
axis
(Fig.
5).
where ηimb is the sum of the recoil ~uT and the ~pee
T
Our three observables in DØ data are shown in Figs. 6 to 8. The systematic uncertainties
are summarised in Tab. 1. The leading experimental systematics are mainly a reflection of the
statistical limitation of the Z sample, and they are therefore expected to be significantly reduced
once larger datasets are analysed. The uncertainties for the three observables are strongly
correlated, albeit not fully. We combine the three results and obtain our new preliminary result:
mW = 80.401 ± 0.21(stat) ± 0.038(syst) GeV = 80.401 ± 0.043 GeV. Figure 9 shows this result,
previous results and the previous world average. The new DØ result is the most precise single
measurement to date and it is in good agreement with the previous results.
3

Comparison to the first Run II measurement by CDF

The first Run II measurement of mW by CDF has been published some time ago [1, 10]. We
summarise the result and point out a few key differences compared to the DØ analysis. The CDF
measurement is based on 200 pb−1 of early (i.e. low-luminosity) Run II data. It uses the same
three observables as the DØ measurement, but in contrast to DØ, both W → eν and W → µν are
used. The mT distributions for the µν and eν channels are shown in Fig. 10, and the systematic
uncertainties from the mT observable are summarised in Tab.2. The final result (two channels
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Figure 10: Transverse mass distributions from the CDF analysis: simulation (solid) and data (points) mT distributions for W boson decays
to µν (left) and eν (right). The simulation corresponds to the best-fit
mW , determined using events between the two arrows. The uncertainty
is statistical only.

Source
Syst. (experimental)
Electron Energy Scale
Electron Energy Resolution Model
Electron Energy Nonlinearity
W and Z Electron energy
loss differences
Recoil Model
Electron Efficiencies
Backgrounds
Syst. (experimental) Total
Syst. (W production and
decay model)
PDF
QED
Boson pT
Syst. (W model) Total
Syst. Total

mT

pe
T

E
/T

34
2
4
4

34
2
6
4

34
3
7
4

6
5
2
35

12
6
5
37

20
5
4
41

9
7
2
12
37

11
7
5
14
40

14
9
2
17
44

Statistical

23

27

23

Total (Stat.+Syst.)

44

48

50

Table 1: Uncertainties in units of MeV in the DØ measurement of mW , separately for the three observables. The
big box summarises the systematic uncertainties. The two
small boxes at the bottom show the statistical uncertainties
and the total (stat.+syst.). The dominant systematic uncertainty comes from the electron energy scale, and this is
determined by the statistical power of the Z event sample.

Source
Tracker Momentum Scale
Calorimeter Energy Scale
Lepton Resolution
Lepton Efficiency
Lepton Tower Removal
Recoil Scale
Recoil Resolution
Backgrounds
PDF
Boson pT
QED
Statistical
Total

W → µν
17
0
3
1
5
9
7
9
11
3
12
54
60

W → eν
17
25
9
3
8
9
7
8
11
3
11
48
62

Corr.
100%
0%
0%
0%
100%
100%
100%
0%
100%
100%
100%
0%
-

Table 2: Uncertainties in units of MeV on the
mT fit for the W → µν and W → eν samples
in the CDF measurement. The last column shows
the correlation of the uncertainties between the two
channels.

and three observables combined) is 40.413 ± 0.034 (stat) ± 0.034 (syst) = 40.413 ± 0.048 GeV.
The CDF analysis does not only include the muon channel, in fact central tracking is the key to
this analysis, for both channels. This makes it very different from the DØ analysis. The central
tracking system is aligned using cosmic events, and its absolute momentum scale is then set
using J/ψ → µµ and Υ → µµ data. The small energy loss corrections for muons are accounted
for in the detector model. Fig. 11 shows the J/ψ control sample in one bin of h1/pµT i (1/pµT
is proportional to track curvature, the “natural” variable for tracking studies). The tracking
momentum scale as a function of h1/pµT i is shown in Fig. 12. This result is combined with an
assessment of the scale correction from the comparatively small, but higher-pµT Υ sample. The
final uncertainties in the momentum scale (e.g. 0.25×10−3 for the J/ψ ) are largely dominated by
systematic uncertainties (mainly the effects of QED and energy loss on the J/ψ and Υ lineshapes,
as well as magnetic field nonuniformities). Using this momentum scale, the measured mZ is
consistent with the known mZ from LEP, albeit within very large statistical uncertainties.
The tracking momentum scale is then transferred to the calorimeter-based energy scale for
electrons using fits to the E/p peak from electrons in W and Z events, in bins of electron pT
(Figs. 13 and 14). The result is then combined with an energy scale estimate from the Z → ee
mass peak; the latter has a weight of ∼ 30% in the combination.
The use of mainly the huge J/ψ sample to set the tracking momentum scale explains why the
CDF analysis achieves very competitive uncertainties using a small dataset. The disadvantages
include the fact that the extrapolation of the lepton energy scale from the J/ψ to the W is much
“farther” than the small extrapolation from the Z to the W . Furthermore, a scale calibration
based on the Z sample alone explicitly exploits the similarities between the W and Z processes,
e.g. in terms of FSR, energy flow into the electron window, etc. This can be seen, e.g., in the
QED uncertainties that are significantly smaller in the DØ analysis (Tabs. 1 and 2).
4

Direct measurement of the W boson charge asymmetry by CDF

As we have seen above, the PDF uncertainties are an important contribution to the mW uncertainties due to the W production model. Other measurements of W production properties
at the Tevatron can help reduce these uncertainties. One such measurement is the W charge
asymmetry. Given that the dominant W production process at the Tevatron is ud → W + + c.c.
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Figure 12: Fractional momentum scale correction for CDF data
as a function of the mean inverse momentum of the muons from
J/ψ decays. In a linear fit, the intercept corresponds to the
scale correction relevant for W and Z boson decays, and the
slope corresponds to the remaining unmodelled ionisation energy loss after tuning of the material model. The uncertainties
are statistical only.

Energy scale / 3 GeV

Events / 0.01

Figure 11: Fit to the CDF J/ψ → µµ
data in one bin of h1/pµT i (averaged over
the two muons from J/ψ ) that is shown
here as an example. The best fit corresponds to a fractional momentum scale
correction of (−1.54±0.09)×10−3 . The
arrows indicate the fit region and the errors are statistical only.
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Figure 16: The boson and lepton rapidity distributions in pp collisions.

Figure 17: The measured W charge asymmetry
from 1 fb−1 of CDF data, compared to predictions
using two recent PDF sets and their uncertainties.

and that u and d quarks have different momentum distributions, W + and W − are produced
asymmetrically (Fig. 15). The resulting difference in the boson rapidity distributions is shown
in Fig. 16. The charged leptons from W decay also reflect this asymmetry, but it is significantly
reduced by the V-A nature of the weak interaction (Fig. 16). Previous measurements measured
the lepton charge asymmetry. A new study [11] by CDF uses a new technique to measure the
W charge asymmetry directly. To do so, one needs to reconstruct the boson rapidity, i.e. an
estimate of the neutrino four-vector. The new measurement uses W → eν and the neutrino
four-vector is obtained to within a two-fold ambiguity using the measured E
/ T and the W mass
constraint, m(eν) = mW . Despite these complications, the novel technique works well, and systematic uncertainties on the asymmetry below 1.5% are achieved for boson rapidities below 2.0 .
The measured asymmetry, as well as predictions based on current PDF sets and their uncertainties are shown in Fig. 17. From a comparison of the data and the predictions, we expect
that this measurement will have an impact on future PDF sets and their uncertainties.
5

Conclusion and outlook

We have discussed the first Run II measurements of mW from DØ and CDF. The DØ measurement has been shown for the first time at this conference, and it is already the single most
precise measurement to date. Both measurements use only a small fraction of the datasets that
the two collaborations have accumulated, and large improvements are expected from the use
of larger datasets. CDF predict a total uncertainty of 25 MeV using 2.3 fb−1 and DØ predict
even smaller uncertainties using the full 6 fb−1 that have been accumulated so far. A combined
uncertainty at the level of 15 MeV at the end of Run II seems to be in reach. At this level,
improvements in the theoretical description of W production and decay are needed. CDF and
DØ contribute to this effort via measurements like the W charge asymmetry. At the same time,
the theory community is maintaining a strong push that needs to be supported. If the central
value remains the same, then the SM could be in serious difficulties at the end of Run II: for
∆mW = 15 MeV and ∆mt = 1 GeV, one would expect [12] mH < 117 GeV at 95% CL, which
would be inconsistent with lower limits from direct searches expected by that time.
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DIBOSONS AT THE TEVATRON
THOMAS J. PHILLIPS
Department of Physics, Duke University,
Durham, NC 27708-0305 USA

√
Diboson events produced by pp̄ collisions at s = 1.96 TeV at the Fermilab Tevatron have
been studied by the CDF and D0 collaborations. The mechanism of electroweak symmetry
breaking in the Standard Model results in triple gauge couplings between W bosons and both
photons and Z bosons, but predicts no tree-level couplings between photons and the Z boson
or Z-boson self-couplings. Observations of W γ, Zγ, W W , W Z, and ZZ production are
consistent with Standard Model predictions, and limits are set on some anomalous couplings.
In addition, searches for resonant production of dibosons have been used to set limits on new
physics.

1

Introduction

The electroweak symmetry breaking mechanism of the Standard Model produces a limited set
of couplings that involve three vector bosons. Specifically, there are vertices that include two
W bosons and either a photon or a Z boson, but there are no vertices that just contain combinations of photons and Z bosons. However, extension of the Standard Model can contain these
“anomalous” couplings as well as anomalous couplings between Z-bosons or photons and W
bosons.
The study of events with two vector bosons (“diboson” events) provides a sensitive probe of
these couplings and therefore provides a sensitive test of fundamental Standard Model physics.
There are t-channel diagrams for diboson production (W γ, Zγ, W W , W Z, and ZZ), but only
W γ, W W , and W Z have s-channel diagrams. This paper describes studies of the production
charactersistics of diboson events at the Tevatron by the CDF and D0 collaborations which
have compared measured cross sections to Standard Model predictions and have set limits on
anomalous couplings.

Table 1: Cross sections (in picobarns) for dibosons at the Tevatron.

Diboson
W γ, ET γ > 7 GeV
W γ, ET γ > 8 GeV
Zγ, ET γ > 7 GeV
Zγ, ET γ > 90 GeV
WZ
WZ
WW
WW
ZZ
ZZ

Expt.
CDF
D0
CDF
D0
CDF
D0
CDF
D0
CDF
D0

Measured
18.0 ± 2.8
14.8 ± 2.1
4.6 ± 0.5
0.032 ± 0.009 ± 0.002
4.3 ± 1.4 ± 1.1
+1.7
2.7−1.3
13.6 ± 2.3 ± 1.6 ± 1.2
11.8+3.7+1.0
−3.2−0.8 ± 0.7
+0.7
1.4−0.6
1.6 ± 0.7

SM Prediction
19.3 ± 1.4
16.0 ± 0.4
4.5 ± 0.4
0.039 ± 0.004
3.65 ± 0.25
3.68 ± 0.25
12.4 ± 0.8
12.0 to 13.5
1.4 ± 0.1
1.4 ± 0.1

Figure 1: Rapidity difference (times charge) between lepton and photon in W γ events at D0. The dip in the
center is due to a radiation-amplitude zero created by the interference of production diagrams.

2
2.1

Diboson Production at the Tevatron
W γ Production

Because of infrared divergences, the cross sections for W γ and Zγ production depend upon the
energy threshold applied to the photon and upon the separation required between the photon
and the charged leptons from the boson decays. CDF used a threshold of ETγ > 7 GeV while D0
used a threshold of ETγ > 8 GeV. The measured cross sections are shown in Table 1 and they
are consistent with Standard Model predictions.
A particularly interesting aspect of Standard Model W γ production is that the interference
between production diagrams gives a particular angle at which no radiation is produced, a
radiation-amplitude zero (RAZ). This RAZ was first predicted thirty years ago1 and D0 recently
claimed observation2 . The predicted and measured distributions of the lepton-photon rapidity
difference are shown in Fig. 1.

σ95% (G*→WW→eνqq)(pb)
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10-1
σTh (Pythia v6.213 ×1.3 K factor)
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σ95% Expected Limit ±1σ
σ95% Expected Limit ±2σ

200

Figure 2: PT distribution of Z bosons in W Z events.
The green curve shows the expected distribution if there
were no W W Z vertex. The blue curve is the SM expectation including interference from this vertex. The
points are the CDF data.
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Figure 3: Cross section limit on R/S gravitons.

W W and W Z Production

Interference also plays a role in the Standard Model prediction for W Z production. If there were
no W W Z vertex, the t-channel by itself would produce many more events and with a harder Z
PT distribution than is predicted when s-channel production is included. These predictions are
shown in Fig. 2 along with the CDF observation, which is consistent with the SM prediction
and clearly inconsistent with the prediction without the W W Z coupling.
Both D0 and CDF have measured the cross section for W W and W Z production as shown
in Table 1 and again the measurements are consistent with SM predictions. In addition, both
experiments have set limits on anomalous couplings, couplings that differ in form from the
SM predictions. These couplings are usually parameterized as ∆κ, ∆g, and λ 3 . For W Z
production, D0 evaluates these at a scale Λ = 2 TeV and finds4 −0.12 < ∆κZ (= ∆g1Z ) < 0.29
and −0.17 < λZ < 0.21, while CDF does not constrain ∆κ = ∆g and finds −0.13 < λ < 0.14,
−0.76 < ∆κ < 1.18, and −0.13 < ∆g < 0.23. Similarly, for W W production, at a scale of Λ = 2
TeV and under the assumption that W W γ couplings are equal to W W Z couplings, D0 finds5
the limits −0.32 < ∆κ < 0.45 and −0.29 < λ < 0.30.
The above cross sections and anomalous coupling limits were measured for events where
both W ’s and Z’s decayed leptonically. Both experiments have also looked for events where one
W decayed leptonically on the other W or Z decayed to dijets6,7 . This is of particular interest if
there is resonance production of a particle that decays into W W or W Z, which would be a clear
indication of new physics. CDF has a preliminary result, shown in Fig. 3, where a search for
a W W resonance was used to set a 95% C.L. lower limit on the mass of an R/S graviton, G*,
(k/mp=0.1) of 607 GeV/c2 . Limits were also set excluding a Z ′ between 247 and 545 GeV/c2
and a W ′ between 284 and 515 GeV/c2 at the 95% C.L.
2.3

Zγ Production

As is the case for W γ, the Zγ cross section depends upon the ETγ threshold chosen. CDF
measured the cross section for ETγ > 7 GeV, as with W γ, and D0’s most recent measurement8
is for ETγ > 90 GeV. This high threshold is used so that Z-bosons that decay to neutrino pairs
could be detected using missing transverse energy. The branching ratio for the Z to decay to
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Figure 4: ET distribution for single unbalanced, isolated photons. These are domi- Figure 5: Two-body vs. three-body mass for Zγ events. Initial2
nated by Zγ events where the Z has decayed state-radiation events cluster around Mll = 91GeV/c while final2
=
91GeV/c
.
state-radiation
events
cluster
around
M
llγ
to neutrino pairs.

neutrinos is about six times higher than the branching ratio into either electron or muon pairs, so
even though there is substantial background, the additional statistics for high ETγ are important,
especially when calculating anomalous coupling limits since the anomalous couplings produce
more events at high ETγ . The ETγ distribution for the events found by D0 is shown in Fig. 4.
The measured cross sections are shown in Table 1 and they are again consistent with Standard
Model predictions.
The Standard Model does not contain a coupling between the Z boson and a photon, nor
does it contain a vertex with three Z bosons. Both CDF and D0 have produced limits on these
anomalous couplings. Because of unitarity, these anomalous coupling limits depend upon scale
factors. The CDF limits are based upon 1-2 fb−1 of data and were calculated using a scale of
γ
γ,Z
Λ = 1.2 TeV, and they are |hZ
30 | < 0.083, |h30 | < 0.084, and |h40 | < 0.047. The D0 results use
−1
a similar amount of data and also include 3.6 fb of Z → νν data. D0 uses a scale factor of
γ,Z
Λ = 1.5 TeV, and the limits are |hγ,Z
30 | < 0.033 and |h40 | < 0.0017.
For Zγ events where the Z decays to electrons or muons it is instructive to plot the threebody mass llγ against the two body mass ll, as shown in Fig. 5. There are two clusters of events:
those where the three-body llγ mass is approximately the Z mass, which are predominantly from
final-state radiation where the photon is radiated off one of the leptons, and those where the
two-body ll mass is approximately the Z mass, which is dominated by initial-state radiation
where the photon is radiated off one of the incoming quarks. We note that events produced by
anomalous couplings will populate the initial-state radiation region, since the Z → ll will be on
the mass shell.
2.4

ZZ Production

The last of the diboson varieties to be seen at the Tevatron was ZZ. Not only is the production
cross section expected to be small (only 1.4 pb), but the Z also has a small branching fraction
into charged leptons, so the probability for both Z’s to decay into charged leptons, the only Z
decays that can be unambiguously identified, is the square of this small branching fraction. The
experiments have found three events each consistent with ZZ decaying into four charged leptons;
CDF has found two events with four muons and one with four electrons, while D0 has found two
events with four electrons and one with four muons. It is curious that neither experiment found
an event with two muons and two electrons, since the rate for this should equal the combined
rate for events with four electrons or four muons. Very little background is expected in any of

Figure 6: Masses of the two Z-boson candidates in ZZ candidate events as observed by CDF (left) and D0 (right).

Figure 7: Four-body mass in ZZ resonance-production
search. The points are the CDF data.

Figure 8: Cross section limit on R/S gravitons.

these channels. The measured cross sections are shown in Table 1 and the masses of the two
lepton pairs are plotted against each other in Fig. 6.
As with W W and W Z production, it is possible for new physics to lead to ZZ resonance
production. This has been searched for by CDF using expanded lepton acceptance and looking
in the two-lepton plus two-jet channel as well as looking for four-lepton events. The two-lepton
two-jet channel has substantial background, but a resonance should be apparent when the fourbody mass is plotted (see Fig. 7). This search was used to set a lower limit on the mass of RS
gravitons of 491 GeV/c2 .
3

Summary

Diboson production at the Fermilab Tevatron has been studied by the CDF and D0 collaborations. All modes have been seen; their measured and expected cross sections are plotted in
Fig. 9, and all are consistent with Standard Model expectations. The couplings are also consistent with Standard Model expectations, and limits have been placed on anomalous couplings
that do not exist in the Standard Model. Searches for resonant production of dibosons have
not found any excess, and limits have been placed on a number of new physics models that
predict such production. In summary, all modes of diboson production have been observed at
the Tevatron and all observables that have been studied are consistent with Standard Model

Production Cross Section [pb]
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Figure 9: Measured (points) and expected (red bars) cross sections for diboson production, with single boson and
Higgs production included for comparison.

expectations.
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Standard Model Physics with ATLAS and CMS
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The study of Standard Model (SM) physics is crucial at the LHC for several reasons. Before
any discovery can be claimed a detailed understanding of the detectors should be reached
and benchmark SM processes should be measured. A precise measurement of the various
parameters is needed as a consistency check of the SM. Moreover, SM processes can be directly
sensitive to new physics, they will allow to test QCD predictions and measure PDFs and are
backgrounds for many new physics channels. In this report, the status of some analysis at
ATLAS and CMS is reported focusing on W and Z inclusive cross sections and on W and top
quark mass measurements. Expected results on early data are also shown.

1

Introduction

The Large Hadron Collider (LHC) is a proton proton collider designed to provide collisions at
a center of mass energy of 14 TeV with a nominal luminosity of 1034 cm−2 s−1 . The LHC was
built at CERN as a discovery machine with the target to find the Higgs Boson and any possible
evidence of new physics beyond the Standard Model (SM). Two general purpose experiments
(ATLAS [1] and CMS [2]) have been constructed to study the collisions provided by the LHC.
They are currently in the final commissioning phase [3,4] and are ready to collect data.
Before any discovery can be claimed a set of key issues should be addressed by the experiments: the detectors response should be understood in detail and SM processes (W,Z,t)
should be accurately measured as they can be considered as benchmark processes to assess the
comprehension of the measurements.
The LHC can provide stringent tests of the Standard Model consistency measuring several
fundamental parameters. A non exhaustive list includes the W boson mass and width (MW
and ΓW through the W boson decay distributions), the top quark mass mt and sin2 θW via the
Z forward-backward asymmetry. In addition to that, some processes (e.g. rare top decays)
have a direct sensitivity to new physics. Cross sections which are known theoretically with high
accuracy (as those of the vector bosons) are crucial to test QCD predictions in an unexplored
regime and to measure Parton Density Functions (PDFs). Moreover, SM processes should be
carefully studied at the LHC because they are a background to many new physics channels.
At the time of writing these proceedings, April 2009, it is foreseen to have the first protonproton collisions before the end of the year. It is planned to run without long intervals during
the winter with the goal to integrate ∼200 pb−1 . The energy per beam will be of 450 GeV at
the beginning and will rise up to 5 TeV.
In this paper, the expected results for some measurements of SM processes at the LHC are
presented to show the status of the analyses and the expected performance. More details and

the description of the analyses not shown here can be found in [6,7] and in the references cited
in the text. The studies are based on detailed simulations of the physics processes and of the
detectors. The inclusive Z and W cross sections measurements are discussed in section 2; the
measurement of the W mass is described in section 3 and the top quark pair production cross
section and top mass measurements are presented in section 4.
2

Inclusive W and Z cross sections measurements.

The study of the production of W and Z events at the LHC is fundamental in several respects.
First, the calculation of higher order corrections is very advanced, with a small theoretical
uncertainty (<1%). Such precision makes W and Z production a stringent test of QCD.
Z and W production cross sections are expected to be very large. For a center of mass energy
of 10 TeV (14 TeV) we will have σ W →lν =14.3 nb (20.5 nb) and σ Z→ll =1.35 nb (2.02 nb); the
calculations are at NLO accuracy. The experimental signatures for these processes are very clean
(in particular Z→ ll). Thus, they will be extensively used as standard candles processes for
understanding the experiments and tuning the Montecarlo, providing calibration and alignment
of the detectors; setting the energy scales and resolutions and measuring the efficiencies for
leptons.
Finally, the clean and fully reconstructed leptonic final states, in Z events, will allow a precise
measurement of the transverse momentum and rapidity distributions. These distributions will
constrain non perturbative QCD aspects and the PDFs. The high expected statistics will bring
significant improvement on all these aspects, and this improvement translates to virtually all
physics at the LHC, where strong interaction and PDF uncertainties are a common factor.
The selection of Z→ µµ events (the CMS analysis [8] is presented) starts requiring one single
muon at the trigger level. Two high pT muons (pT >20.0 GeV) with opposite charge sign should
P
be reconstructed and should be isolated ( pT <3 GeV for all the other tracks in a cone ∆R<0.3).
In the case of Z→ee (ATLAS analysis [6] is discussed), the trigger requires one electron with
pT >10 GeV. Two clusters in the Electromagnetic Calorimeter (ET >15 GeV) are then required
P
at reconstruction stage; they should be isolated ( ET /ET e <0.2 in a cone ∆R<0.45, where the
P
electron energy is excluded in ET ). These analyses are based on robust cuts in order to be
safe against harsh experimental conditions; for example a common vertex is not required nor a
cut based on the tracks impact parameter.
The background estimation can be performed from the sidebands and/or from simultaneous
fit to signal and background. Anyway this is a low background sample, in particular in the muon
case. The results of the selections are shown in figure 1 for the case Z→ µµ channel.
The selection of W→eν events (CMS cuts [9] are reported) starts requiring a single isolated
electron at trigger level. A high ET electron (ET >30 GeV) should be reconstructed; it is required
to be isolated in the tracker (no tracks with pT >1.5 GeV, except for the one of the electron,
P
within a cone ∆R<0.6), in the electromagnetic calorimeter ( ET /EeT <0.02; ∆R<0.3) and
P
in the hadronic calorimeter ( ET /EeT <0.10; 0.15<∆R<0.3). Events with a second electron
having ET >20 GeV are rejected.
W→ µν events are obtained (in the ATLAS analysis [6]) with one muon having pT >20 GeV
at the trigger level. A high pT muon (pT >25 GeV) should be reconstructed and must be isolated
(the energy deposited in the calorimeter around the muon track in a cone ∆R<0.4 should be
iss >25 GeV and M
lower than 5 GeV). Cuts on EM
T W >40 GeV are also applied.
T
In the electron final state the dominant background are jet final state events. To determine
the shape of the background two method are foreseen; CMS propose to use a data sample passing
electron selection with isolation criteria inverted while ATLAS exploits a γ+jet sample obtained
using the same selection as for the signal but requiring no matching tracks in the Inner Detector.
In the muon final state the background comes from Z→ µµ and W→ τ ν events. As these
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Figure 1: Invariant mass distributions for Z→ µµ
as expected in CMS for an integrated luminosity of
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Figure 2: Transverse mass distribution for W→ µν events
as expected in ATLAS for an integrated luminosity of
50 pb−1 before the cut on MT W described in the text.

processes are well understood, the shape of the background will be obtained from Montecarlo.
In figure 2 the transverse mass distribution is shown for the case W→ µν.
σW (Z) =

obs
NW
(Z) − BW (Z)

R

ǫW (Z) · AW (Z) · Ldt

;

dσW (Z)
dN ⊕ dB dǫ dA dL
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⊕
⊕
⊕
σ
N −B
ǫ
A
L

(1)

obs
The cross sections and the relative errors are computed as in eq. 1. NW
(Z) is the number
of selected events; BW (Z) is the estimated number of background events, ǫW (Z) Rand AW (Z)
are respectively the trigger and reconstruction efficiency and the acceptance and Ldt is the
integrated luminosity. The efficiencies will be computed from data using the Tag and Probe
technique while the acceptance will be computed using the Montecarlo. At the beginning the
dominant uncertainty (∼10%) will come from luminosity measurements. This number will be
reduced with a better knowledge of the machine and when ALFA [5] will come into play.
The expected uncertainties on the measured cross sections are presented for different values
of the integrated luminosity in table 1. The error on the luminosity is not taken into account.
The uncertainty on identification and reconstruction efficiencies are expected to be at the level
of 1% (3%) in the electron (muon) channel in the initial phase and to go well below 1% on a
longer time scale after an integrated luminosity of 1 fb−1 will be collected. The uncertainty on
the background is foreseen to be at the level of 5% (<1%) in the electron (muon) channels at
the beginning; they will be reduced with more stringent selections when the available statistics
increases.

Table 1: Expected uncertainties on the measured cross sections; the error on the luminosity is not considered.

Experiment
CMS
ATLAS
CMS
ATLAS

Process
pp→Z+X→ee + X
pp→W+X→e + X
pp→Z+X→ µµ + X
pp→W+X→ µ + X
pp→Z+X→ µµ + X
pp→W+X→ µ + X
pp→Z+X→ee + X
pp→W+X→e + X

R

Ldt
10 pb−1
50 pb−1
1 fb−1

∆σ/σ (%)
1.9 (stat) ± 2.3 (syst)
1.2 (stat) ± 5 (syst)
0.8 (stat) ± 3.8 (syst)
0.2 (stat) ± 3.1 (syst)
0.13 (stat) ± 2.3 (syst)
0.04 (stat) ± 3.3 (syst)
0.20 (stat) ± 2.4 (syst)
0.04 (stat) ± 2.5 (syst)

3

W mass measurement.

The W mass (MW ) is a fundamental parameter of the SM. It is related to the mass of the top
quark and the mass of the Higgs boson and needs to be measured with highest precision. The
LHC aims at improving the current world average (MW =80399±25 MeV); the W production
cross section is 10 times larger than at Tevatron and the luminosity is higher. W candidate
events are selected as described in the previous section. The W mass can be extracted from
the distribution of one of the two observables that are most sensitive to MW : the transverse
momentum of the lepton (plT ) and the transverse mass of the lepton-neutrino system (MT W ).
The value of MW is obtained fitting the measured distributions with template distributions.
The two analyses are complementary and are affected by different systematic effects. The shape
of the plT distribution is distorted by the transverse momentum of the W while MT W is mainly
affected by the finite resolution of the detectors. Z events are crucial in this analysis to build the
templates and to properly account for experimental quantities like the lepton energy scale, the
energy resolution and the reconstruction efficiency. There are several approaches to generate
the templates. In the ATLAS analysis, the distributions are generated with the Montecarlo and
then are convoluted with the momentum scales, resolutions and missing ET response measured
in Z events. The CMS collaborations uses two methods. The scaled observable method uses
templates obtained by transformation of the distributions of plT or of the Z transverse mass into
the corresponding quantities for the W. The other method is a kinematic transformation on
a event by event basis (Morphing Method): the lepton momentum in Z rest-frame is rescaled
taking into account the ratio MW /MZ , one lepton is removed to simulate the neutrino and the
observable is boosted back to detector frame.
The ATLAS collaboration studied the result of the analysis also in the case of a limited
statistics; this is intended as a study to set the method and to understand what can be done
with very early data. The results are listed in table 2 for the different channels and observables.
Table 2: Expected uncertainties on the W mass for 15 pb−1 of data.

Statistical (MeV)
Experimental (MeV)
Theo (PDF) (MeV)
TOTAL (MeV)

peT
120
114
25
167

pµT
106
114
25
158

MT W (e)
61
230
25
239

MT W (µ)
57
230
25
238

When the statistics will increase the measurement will become competitive. The CMS
analysis performed with 1 fb−1 of data, for example in with the Morphing Method applied to
the muon channel, results in a value of ∆MW =40 (stat) ± 64 (syst.exp) ± 20 (syst.theo) MeV.
The experimental error is dominated by the missing transverse energy scale and resolution while
the theoretical uncertainty is mostly related to the uncertainties in the PDFs. It has been
estimated that the systematic uncertainties can be further improved with increasing statistics;
the expected result for 10 fb−1 is ∆MW =15 (stat) ± 30 (syst.exp) ± 10 (syst.theo) MeV.
4

Top Quark observation and mass measurement.

The top quark has been discovered at Tevatron and their current value for the top quark mass
is Mt =173.1±0.6 (stat.)±1.1 (syst.) GeV [11]. A more precise measurement of Mt is needed for
consistency checks of the Standard model and to constrain the Higgs mass. The LHC offers a
great opportunity to this extent because top quark pair production cross section, mainly via

Events/4 GeV

√
gluon-gluon fusion, is of 833 pb (at NLO for s=14 TeV), two order of magnitudes larger then
at Tevatron. This measurement will be soon limited by systematic effects.
The golden channel is the lepton+jets channel in which the W from t (t) quark decays
leptonically and the W from the t (t) quark decays in 2 jets: tt →W b+W b →(lν)b+(jj)b.
This channel can be selected with good purity (the isolated lepton is exploited for triggering);
the hadronic side is used to measure the top mass. The dominant background are W/Z+jets
events. Other background are tt in other channels and single top events. Multi-jet background
(with fake leptons and missing ET ) has a very large cross section and a tiny efficiency to the
selection cuts; the simulation is difficult and data driven methods are needed to estimate this
contribution. In any case, this is expected to be lower than W+jets.
The study of tt events require the reconstruction of many relevant experimental signatures
(e, µ, jet, missing ET , b-jet). Therefore the observation of the top signal will be a milestone in
physics commissioning of the detectors. As an example, the expectations obtained by CMS [12]
on the observation of the top signal with 10 pb−1 is presented. The muon plus jets channel is
selected requiring a muon with pT >30 GeV isolated in the calorimeters (the energy deposit in the
calorimeter excluding the muon should be lower than 1 GeV) and in the tracker (dRmin >0.3).
At least 4 jets are required, three with ET >40 GeV and one with ET >65 GeV. The cut on
the number of jets highly reduces the QCD and W/Z+jets background. No b-tagging of the
jet is used. For 10 pb−1 this results in a signal to background ratio of 128/90. The overall
selection efficiency (including the acceptance) is 10.3%. The shape of the W/Z+jets background
is obtained from simulation and the normalization will come by comparison with a control
sample at low jet multiplicities. The resulting invariant mass distribution of the three jets with
the highest summed transverse energy is shown in figure 3.
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Figure 3: Invariant mass distributions of the three jets with
the highest summed transverse energy as expected in CMS.

Figure 4: Invariant mass distributions of the three
jets associated to the top quark as expected in ATLAS.

For more and more data being recorded and for improved understanding of the reconstruction
performance, more refined analyses have been prepared; an example from ATLAS [6] is described
in the following. The selection is based on one isolated lepton with pT >20(25) GeV in the case
iss >20 GeV reduces the multi-jet background while a cut on
of muons (electrons). A cut on EM
T
at least 4 jets with pT >40 GeV rejects W/Z+jets events. Two of the jets are required to be
tagged as b-jets.
The Jet Energy Scale (JES) is the main source of systematic uncertainties. Its effect is
reduced by rescaling with a minimization procedure. All possible light jet combinations are
tried with a correction to their energy scale. The mass of a couple is constrained to the W mass;
the pair with the best χ2 is taken. To measure the top mass, the b-jet closest to the chosen pair

is used. The invariant mass distribution of the three jets is shown in figure 4 for an integrated
luminosity of 1 fb−1 . The effect of the light jet energy scale (reduced with the rescaling) is of
0.2 GeV/%. The JES is expected to be known with a precision of 1% with 1 fb−1 of data.
The uncertainty in the b-jet energy scale produces a larger uncertainty of 0.7 GeV/%; it will be
initially derived from the light JES using the Montecarlo and then complemented with Z+(b-jets)
data. The expected uncertainty on Mt with 1 fb−1 is of ∆Mt =0.3 GeV (stat.)±1 GeV (syst.).
5

Conclusions

The LHC will start providing collisions late October this year. The first steps will be understanding the detector response and establishing SM signatures. A strategy for the measurement
of W and Z cross sections has been developed also for early data; simple and robust selections
for electrons and muons have been set up to cope with the imperfections in calibration and
alignment of the detectors. The measurement of the W and top quark mass require a detailed
detector understanding and will come at a later stage. The Tag and Probe technique (applied on
Z events) will provide the selection, reconstruction and trigger efficiencies directly from the data.
Some methods to estimate QCD backgrounds from data were developed. On a longer scale, for
the precise measurement of SM parameters, the understanding of systematics is crucial.
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on behalf of the ATLAS Collaboration
CERN, PH Department, Route de Meyrin,
1211 Geneva 3, Switzerland

The ATLAS detector is one of the experiments at the LHC that will detect high-energy proton
collisions at 14 TeV. The commissioning of the detector has started already in 2005 in parallel
to the detector installation and is still in progress. The data taken so far corresponds to
noise runs, cosmic muon events and beam background events from single beam in September
2008. We present the current status of the detector and performance results obtained during
commissioning.

1

Introduction

The ATLAS experiment is a general purpose detector built to study high-energy proton-proton
collisions at the LHC and is described in detail elsewhere1 . Commissioning of the detector has
started in 2005 in parallel to its installation. Large samples of cosmic muons have been recorded,
which are used to understand and improve the performance of the detector, in particular for
detector alignment and for first calibrations. The data are very useful to test channel mappings
and the timing, to determine dead and noisy channels, and to verify the stability of the hardware
during operation. In addition, they help in gaining experience in the detector operation, the
data acquisition and the analysis chain. Data was also recorded in September 2008 with first
single beams circulating in the LHC.
2

Inner Detector

The Inner Detector consists of the Pixel detector, the Semiconductor Tracker (SCT) and the
Transition Radiation Tracker (TRT), which are operated inside a 2 T magnetic solenoid field

parallel to the beam axis. It has a coverage in pseudo-rapidity η of |η| < 2.5 (TRT |η| < 2) and
a momentum resolution of σ/pT = 0.05% · pT /GeV ⊕ 1%.
The Pixel Detector consists of 3 layers in the barrel and end-cap regions, with 80 million pixels of size 50 µm×400 µm. More than 95 % of the modules are operational, the noise occupancy
was measured to be about 5 × 10−9 and the hit efficiency to be better than 98 %.

Figure 1: Cluster width versus track incidence angle for pixel clusters on tracks.

Fig. 1 shows width versus angle of incidence in azimuth for pixel clusters on tracks. Shown
are both the data for the solenoid off (left curve) and the solenoid on (right curve). The minimum
of this distribution determines the Lorentz angle and the fit result is shown. As expected, the
Lorentz angle is consistent with 0 for the data without magnetic field. Using the data with
magnetic field the preliminary measurement of the Lorentz angle is (213.9 ± 0.5) mrad; the
expectation is about 225 mrad.
The SCT consists of 4 double layers of 80 µm thin silicon strips in the barrel region and 9
in each end-cap. It has a total of 6 million channels spread over 4088 modules. More than 99 %
of the modules are operational in the barrel and more than 97 % in the end-caps. The noise
occupancy was measured to be 4.4 × 105 for the barrel and 5 × 105 for the end-caps. The single
hit efficiency is larger than 99 %.

Figure 3: Probability for high-threshold hits – an indicator for transition radiation – versus the Lorentz
Figure 2: Track residuals in the precision coordinate
gamma factor for cosmic muons.
of the SCT barrel.

The residual distribution in the precision coordinate, integrated over all hits-on-tracks, can
be seen in Fig. 2 for the SCT barrel, for the nominal and the preliminary aligned geometry. The
residual is defined as the measured hit position minus the expected hit position from the track

extrapolation. Shown is the projection onto the local x-coordinate – the precision coordinate. A
single Gaussian fit gives a resolution of 28 µm, which is already close to the expectation for the
perfect geometry (23 µm). Similar results are available for the Pixel barrel x-direction (23 µm),
Pixel barrel y-direction (134 µm), and TRT barrel (174 µm).
The TRT is a combined straw tube tracker and transition radiation detector, which allows
electron-pion identification in the energy region between 500 MeV and 150 GeV. The straw tubes
are 4 mm in diameter and contain a 35 µm thin anode wire. The barrel region consists of 73
layers of axial straws and the end-cap regions of 160 layers of radial straws per end-cap. About
98 % of the channels are operational.
Fig. 3 shows the probability of high-threshold hits – an indicator for the production of transition radiation photons – as a function of the relativistic gamma factor measured for tracks
from cosmic muons. The data points are shown for both muon charges (positive: red squares,
negative: blue dots) and are compared to the results obtained in the ATLAS Combined Test
Beam in 2004 (black line). The red line corresponds to a fit to the results obtained with the
cosmic data. The turn-on of the transition radiation is clearly visible and the detector responds
identically to cosmic tracks and data recorded at the test beam.
3

Calorimeters

ATLAS includes two types of sampling calorimeters: the Liquid Argon Calorimeter and the
Tile Calorimeter. The Liquid Argon Calorimeter comprises the electromagnetic calorimetry in
the barrel and end-cap regions, as well as the hadronic calorimetry in the end-cap and forward
regions. The electromagnetic part consists of layers of lead and liquid argon in accordion geometry, with 3 longitudinal samples in the region of |η| < 2.5. A pre-shower detector assists
in |η| < 1.8. The hadronic calorimeter in the end-cap regions uses copper as absorber material
and has 4 longitudinal samples, whereas in the forward region, tungstate
p and 3 longitudinal
samples are used. The electromagnetic energypresolution is σ/E = 10 %/ E/GeV ⊕ 0.7 % and
the hadronic energy resolution σ/E = 100 %/ E/GeV ⊕ 10 % for 3.1 < |η| < 4.9. About 0.02 %
of dead channels were found, in addition to 0.9 % of dead but recoverable channels. There are
about 0.003 % of noisy channels. The electronic calibration procedure is operational and the
calibration constants are used online.

Figure 4: Noise distribution in the Tile Calorimeter Figure 5: Inter-calibration of the four Tile Calorimeter cylinders for events from first LHC beam.
during first LHC beam.

The Tile Calorimeter performs the hadronic calorimetry in the barrel region. It consists of
scintillator tilesp
and iron absorber with 3 longitudinal samples. The hadronic energy resolution
is σ/E = 50 %/ E/GeV ⊕ 3 % for |η| < 3.2. The fraction of currently dead, but to be repaired

channels is less than 1.4 %. All calibration systems, based on a Cs source, laser, and charge
injection, are operational.
The Level-1 Calorimeter Trigger processor uses trigger towers (usually 0.1 × 0.1 in pseudorapidity and azimuthal angle) from the two calorimeters to reconstruct electron/photon and
tau/hadron clusters, jets, missing energy and energy sums for the Level-1 trigger system. Out
of 7200 analogue channels, less than 0.4 % are dead, in addition to 0.3 % of recoverable channels.
Channel-to-channel noise suppression currently allows a cut on transverse energy as low as 1 GeV
(aim: 0.5 GeV).

Figure 6: Liquid Argon Calorimeter pedestal variation Figure 7: Response of the Liquid Argon Calorifor 128 channels of the electromagnetic front layer over meter to minimum ionising particles as a function
a period of 5 months.
of pseudo-rapidity.

Fig. 4 shows the noise distribution for the Tile calorimeter, measured during the period of
first LHC beam in September 2008 with events triggered by a random trigger. The root mean
squared of the cell energy distribution is displayed against the pseudo-rapidity of the calorimeter
cells, for cells belonging to different radial samples. The results are compatible with the noise
level measured during cosmic-ray data taking. Fig. 5 shows the average of the most probable
energy loss dE/dx recorded with horizontal muons from single beam data (September 10, 2008)
for the four calorimeter cylinders. The inter-calibration of the cylinders is within 4 %, as expected
from the calibration with radioactive gamma sources.

Figure 8: Correlation between the energy reconstructed
Figure 9: Energy spectrum of trigger towers reconby the Level-1 Calorimeter Trigger processor (horizontal
structed by the Level-1 Calorimeter Trigger processor
axis) and the full precision read-out of the Liquid Argon
for a typical cosmic run.
electromagnetic layers (vertical axis).

For the Liquid Argon Calorimeter, the pedestal variation in MeV for 128 channels of the
electromagnetic front layer is displayed in Fig. 6. The variations are stable within ±1 MeV over
a period of five months. In Fig. 7, the response non-uniformity of the Liquid Argon Calorimeter
can be seen: the most probable energy extracted from a fit to the energy distribution as a
function of pseudo-rapidity. Curves of two different clustering algorithms are shown, along with
the results from a simulation and the cell depth of the second sampling. The two distributions
clearly track the cell depth as expected for a minimum ionising particle, and the uniformity of
the response agrees with the simulation at the level of 2 %.
Fig. 8 shows, for cosmic events, the correlation between the energy reconstructed in trigger
towers by the Level-1 Calorimeter Trigger processor (horizontal axis) and the energy measured
in the full readout for the Liquid Argon electromagnetic layers (vertical axis). A good correlation
is seen, even with preliminary calibrations. In Fig. 9, we see for a typical cosmic run, the energy
spectrum of trigger towers as reconstructed in the Level-1 Calorimeter trigger towers. Though
the majority of cosmic muons only deposit a small amount of energy in the calorimeters, there is
a large tail of higher energies, mainly due to showering and large showers, rather than individual
muons. The peak at the top end of the spectrum is an artifact of saturation in the digital logic
for the setting used at the time – all energies above about 125 GeV are recorded (and triggered)
as saturated towers.

Figure 10: Energy deposits in the Liquid Argon Figure 11: Energy deposits in the Tile Calorimeter for a ’beamsplash’ event.
Calorimeter for a ’beam-splash’ event.

Fig. 10 and 11 show the energy deposit in the calorimeters for events where a low intensity
LHC bunch was intentionally hitting a closed collimator 140 m upstream of ATLAS, resulting
in a large particle shower, a so-called ’beam-splash’. The energy of the third layer of the Liquid
Argon electromagnetic calorimeter in pseudo-rapidity and azimuthal angle is shown in Fig. 10,
whereas Fig. 11 displays the average cell energy versus azimuthal angle for the Tile calorimeter.
A convolution of two effects is visible: the profile of the tunnel, whose floor at azimuth −π/2 or
3π/2 absorbs a large fraction of the particles, and the 8-fold structure in azimuth introduced by
the material of the end-cap toroid magnet in front of the calorimeters.
4

Muon Spectrometer

The muon spectrometer consists of 4 different kinds of muon chambers covering the region of
|η| < 2.5 and an air-core toroid magnet system of rigidity 1.5-5.5 T m for |η| < 1.4 and 1-7.5 T m
for |η| > 1.6. The expected standalone momentum resolution is σ/pT < 10 % up to 1 TeV.
For triggering at Level-1, fast chambers are used with a time resolution below 10 ns and
2-dimensional readout with a space resolution of 5-10 mm. The barrel region consists of 544
resistive-plate chambers (RPC) with 359 thousand channels. About 70 % of the chambers are
currently operational, with the goal of having 95.5 % operational by summer 2009. The fraction
of dead strips is below 2 % and the fraction of hot strips and spots below 1 %. In the end-cap

region, 3588 thin-gap chambers (TGC) are used with 318 thousand channels. About 99.8 % of
the chambers are operational, dead channels are less than 0.01 % and noisy channels (with an
occupancy higher than 5 %) are below 0.02 %.
For precision tracking, precision chambers are used with a spatial resolution of 35-40 µm.
The barrel and end-cap regions are instrumented with 1088 stations of monitored drift tubes
(MDT) with 339 thousand channels. The stations are aligned with an optical alignment system
that consists of 12232 sensors. About 99.8 % of the chambers are operational, with 0.1 % dead
channels and an additional 1 % of recoverable channels. The fraction of noisy channels with
at least 5 % occupancy is less than 0.2 %. In the forward direction, 32 cathode-strip chambers
(CSC) are used, with 31 thousand channels. All of the chambers are operational and the fraction
of dead channels is less than 0.1 %.

Figure 12: Sagitta distribution for cosmic muon Figure 13: Correlation of the pseudo-rapidity coortracks reconstructed by the MDT, before and after dinate of tracks reconstructed by the TGC (vertical
axis) and the MDT (horizontal axis).
optical alignment.

Fig. 12 illustrates the performance of the optical alignment system for one station of monitored drift tubes. The sagitta – fake due to chamber misalignment – of straight muon tracks
is shown before and after optical alignment. After alignment, a mean position of (48 ± 54) µm
is observed, which is consistent with zero and the claimed accuracy of the optical alignment
system of 45-50 µm. The width of 1.5 mm is compatible with the expected amount of multiple
scattering.
In Fig. 13, a good correlation between MDT tube hits in the middle station and the TGC
tracks interpolated to the MDT middle station is seen for cosmic events. Vertical lines are due
to noisy MDT tube while horizontal lines are due to noisy TGC wires. A similar correlation is
seen in Fig. 14, which shows the z-coordinates of the MDT tubes versus the RPC ’η strips’ for
cosmic muons. Fig. 15 projects cosmic muon tracks, reconstructed by the RPC, onto the cavern
surface. The two main access shafts – the right one larger in diameter than the left one – are
clearly visible at x = 0, as well as the two elevator shafts at z = 0.
5

Trigger and Data Acquisition

The ATLAS Level-1 Trigger system consists of custom-built hardware that allows to form a trigger decision every 25 ns based on information from the muon trigger detectors and the calorimeters. The system is completely installed and rate tests proved successful readout of the whole
ATLAS detector up to 40 kHz, which is to be improved to the nominal rate of 75 kHz in the
summer of 2009. The High-Level Trigger – the Level-2 Trigger and Event Filter – runs on CPU
farms of currently 850 PCs in 27 racks, which can either be used as Level-2 or Event Filter and
is capable of sustaining a Level-1 rate of up to 60 kHz. The final configuration foresees 500 PCs

Figure 14: Correlation of the z-coordinate of RPC
hits (horizontal axis) and MDT hits (vertical axis) Figure 15: Map of cosmic muons tracks projected
onto the cavern surface.
for cosmic muons.

for Level-2 and 1800 for the Event Filter, with 8 cores each, running at 2.5 GHz with 2 GB RAM
per core. The finalisation of the system will be driven by the evolution of the LHC luminosity.
During cosmics data-taking, High-Level Trigger algorithms (e.g. tracking algorithms) have been
successfully used to enrich cosmics samples for inner detector studies.
6

Combined system

In this section, a few examples illustrate how the sub-detectors work together as a combined
system. Fig. 16 is an event display of a cosmic muon with hits in all barrel detectors, during a
run when the solenoid and toroid magnets were in operation.

Figure 16: Event display of a cosmic muon leaving hits in all barrel detectors.

Figure 17: Correlation of the azimuthal angle of cos- Figure 18: Difference in momentum of cosmic muon
mic muon tracks reconstructed by the inner detector tracks reconstructed by the inner detector and by the
and by the muon spectrometer.
muon spectrometer.

In Fig. 17 and 18 we see, for cosmics data, a comparison between quantities reconstructed for
inner detector tracks and for matching muon spectrometer tracks. A good correlation of all track
parameters is seen: the observed differences are well in agreement with the expected multiple
scattering and energy loss in the calorimeters and are well reproduced by the Monte Carlo
simulation. This is illustrated in Fig. 17, in which the azimuthal coordinate φ0 is shown. Fig. 18,
on the other hand, shows the difference in momentum, which is well within the expectation of
a mean energy loss of 3 GeV in the calorimeters. No correction has been yet applied for the
relative alignment of the inner detector and the muon spectrometer.
7

Summary

Commissioning of the ATLAS detector has started in 2005 along with the installation of the
detector. Large amounts of cosmics data have been taken in 2008 with all sub-detectors included. In addition, ATLAS has been successfully operated with single beams from the LHC in
September 2008. Both data – cosmics and beam data – have been very useful for commissioning
the detector, in particular for alignment and calibrations. We have shown with a few examples
that the ATLAS experiment is in good shape and ready for receiving proton-proton collisions
at high energy and luminosity.
References
1. The ATLAS Collaboration, G. Aad et al., The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3 (2008) S08003.
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The Compact Muon Solenoid Detector (CMS) completed the first phase of commissioning in
September 2008. The detector, data acquisition and distribution, reconstruction and analysis
chains were successfully commissioned in a first phase with cosmic ray triggers. On September
10, 2008 CMS captured the first events from the LHC beam. In the following few days, the
experiment accumulated many beam-splash and beam halo events from circulating beams.
After the LHC setback on September 19th, CMS went back to cosmics operation. Continuous
running with full magnetic field and the tracker detectors in full swing allowed the collection
of large samples of muon tracks to be used for alignment and calibration, and improved the
overall stability and efficiency of data taking. We present results of the analysis of data from
the three phases, which have enabled establishing good starting points for time and space
alignment, and accuracy of detector measurements. The status of the detector, and prospects
for the collider run in 2009-2010 are subsequently discussed.

1

The CMS Detector

The CMS detector is a multi-purpose experiment at the CERN Large Hadron Collider (LHC).
The design of CMS is discussed in detail elsewhere 1 . The overall layout of CMS is shown in
Fig. 1. The distinguishing features of CMS are a 4 T superconducting solenoid, whose large bore
accommodates the inner tracker and the calorimetry, a full-silicon-based inner tracking system,
consisting of 10 layers of silicon microstrips and 3 layers of silicon pixel detectors close to the
interaction region, and a homogeneous electromagnetic calorimeter consisting of lead tungstate
(PbWO4 ) crystals with coverage in pseudorapidity up to |η| < 3.0. Four muon stations are
integrated in the iron yoke of the magnet, to ensure robustness and full geometric coverage.
Each muon station consists of several layers of drift tubes (DT) in the barrel region and cathode
strip chambers (CSC) in the endcap region, complemented by resistive plate chambers (RPC).

The detector main characteristics are:
• Good muon identification and momentum resolution over a wide range of momenta and
angles, and the ability to determine unambiguously the charge of muons with p < 1 TeV;
• Good charged particle momentum resolution and reconstruction efficiency in the inner
tracker.
• Efficient tagging of τ ’s and b-jets, thanks to the pixel detectors close to the interaction
region;
• Good electromagnetic energy resolution over a wide geometric range;
• Good missing-transverse-energy and dijet-mass resolution

Superconducting Solenoid
Silicon Tracker
Very-forward
Calorimeter

Pixel Detector

Preshower

Hadron
Calorimeter
Electromagnetic
Calorimeter

Muon
Detectors

C ompac t Muon S olenoid
Figure 1: A perspective view of the CMS detector.

2

Commissioning Without Beam

A first system test of the CMS detector as an integrated set of sub-detectors was carried out in
the CMS surface assembly hall in the summer of 2006. The Magnet Test and Cosmic Challenge,
MTCC for short 2 , profited of the surface test of the superconducting magnet and the mapping of
the magnetic field to test the integration of a slice of the complete detector with a scaled-down
infrastructure (DAQ, Level-1 Trigger, services). Nearly all final components were tested and
several millions of cosmic ray events, producing signals in the detector, were collected.
During the subsequent period of heavy lowering, to bring all the components of the detector
in the experimental hall 100 m below, the final infrastructure was completed and commissioned,

while the heavy components were assembled again, and connected to the services in the collision hall. This phase was completed in spring 2007, when integration tests restarted in the
underground experimental and service cavern.
In a series of short ”Global Runs” starting in May ’07, the muons systems were gradually
integrated together as they completed commissioning. First cosmic muons were observed in the
collision hall in June ’07. At the end of the year, the final DAQ system (readout and data-tosurface) was commissioned, as well as the final services for the detector (detector control system,
voltages, cooling). The various phases of the commissioning are illustrated in Fig. 2

Figure 2: Percentage of sub-detectors integrated as a function of time. Trigger is considered separately from the
corresponding sub-detector. The size of the boxes represents approximate fraction included (25%, 50%, 75%,
100%) With exception of the endcap Preshower detector, and some parts of the RPC, all CMS detector and
trigger systems were ready for the LHC startup at the end of August 2008.

The goal of the cosmic runs with no magnetic field was to commission CMS as a single detector. In coordination with the installation schedule, the various sub-detectors were successively
integrated in the global run and large sample of cosmic ray events collected (Fig. 3).
A total of 350M events were collected with magnet off and the detector fully operational.
It was quickly realized that the samples of muon tracks collected were large enough to
provide a better initial alignment than the simple surveys. The final long cosmic run with full
magnetic field, which was planned to provide a sample sufficient for a first complete alignment,
was postponed due to the imminent startup of LHC a .
3

The First LHC Beam

The first LHC protons were delivered to CMS starting on September 7, 2008. Single beam
shots of 2×109 protons at injection energy were sent onto the closed collimators about 150 m
upstream of CMS (beam 1, cw). Hundreds of thousand of scattered muons passing through the
detector deposited several hundred TeV of energy in the calorimeters (Fig. 4). These events
represented a challenging environment for the detector, producing measurable hits in virtually
all of the detector channels. Recording splash events, analyzing them, and producing useful
measurements represents an important step in establishing the reliability of the detector readout
and data acquisition chain. The first beam shots allowed the correct synchronization of triggers
previously synchronized with cosmic muons, thus removing the random phase error with respect
to the machine clock. They also made a first synchronization of the end-cap muon chambers
and the beam pick-ups possible.
a

The alignment of the muon chambers and the tracker are discussed in more detail in a following section

Figure 3: Number of events collected in the various cosmic ray runs prior to Sep. 10 (Cosmic RUn at ZEro Tesla
- CRUZET for short). New sub-detectors were progressively commissioned and integrated in the general readout,
while infrastructure was being completed

Figure 4: Display of the energy deposited in the calorimeters by a beam-splash event (top). The Energy profile
in the endcap calorimeter matches the tunnel profile (bottom left). Virtually all of the channels of the three
innermost layers of the barrel muon chambers fired (bottm right).

Beam splash events were also used to verify the correct correlation of the energy measurements in the calorimeters with respect to each other and to the beam loss monitors (Fig. 5).

Figure 5: Linear correlation between the electromagnetic calorimeter measurement and the beam-loss monitors
(left) and between the electromagnetic and hadronic calorimeter (right) for beam-splash events. The average
energy deposit in ECAL for beam splash was about 150 TeV, while the average HCAL energy was about 1000
TeV.

On September 10th beam 1 and then beam 2 (ccw) were circulated for the first time (without
radiofrequencies) for hundreds of turns. On 11 September, the firs RF capture was successfully
attempted with a single bunch circulating counter-clock-wise (Fig. 6), resulting in millions of
orbits through CMS. Halo muons were detected and reconstructed in the muon endcaps. A

Figure 6: Trigger rate in each of the sectors of the negative-z muon endcap as a function of time. The rates are
averaged over 10 s. After the beam capture (darker band) the rate of halo muons was drastically reduced. The
capture lasted about 10 minutes and ended with a beam abort.

measurement of the angular distribution of muons with respect to the longitudinal direction in
the endcap chambers is shown in Fig. 7 (left). Halo muons, characterized by being collinear
with the beam, produce a peak at small angle. An analysis of halo muon tracks is currently
underway to provide a first in-situ alignment of the endcap muon chambers.
Evidence for beam-gas interaction was obtained with a detailed analysis of the energy distribution in the forward hadron calorimeter (HF), for events with circulating beam 2. These
events were triggered by an energy sum over threshold in the HF itself and were further selected
to have at least one energy deposit over 20 GeV in a single HF tower. A clear peak in energy
deposition towards positive η is evidence for beam-gas interactions (Fig. 7, right).

Figure 7: Left: Angular distribution with respect to the z direction of muons detected in the endcap muon
chambers with circulating beam. The relative normalization of the blue and black histogram are arbitrary. Right:
Energy distribution in the forward hadronic calorimeter as a function of pseudorapidity, for circulating beam 2.

4

Cosmic Ray Runs after September 10

In October 2008, CMS collected cosmic ray data for a continuous period of four weeks with
the superconducting solenoid on, producing a 3.8 T magnetic field (Cosmic Run at Four Tesla
- CRAFT). About 290M events were collected. This large sample of cosmic data allowed a
number of problems to be identified and solved in the trigger/DAQ and detector chains. An
ad-hoc cosmic-muon reconstruction was used to exercise the muon High Level Trigger (HLT)
3 . The data-transfer chain to CERN-IT and to the various GRID tiers all over the world were
successfully exercised, and a number of detailed analyses carried out.
4.1

Tracking systems

The large number of cosmic events with a tracker track allowed detailed alignment studies in
the silicon tracker barrel. Two alignment methods were used: a local iterative algorithm, HIP 4 ,
and a global method called MillePede 5 . Fig. 8 illustrates the results for the tracker inner and
outer barrel. The mean values of the residuals (XF it − XHit ) are both consistent with 0, and
the best resolutions obtained are 24 µm and 26 µm respectively for the inner and outer barrel.
The relatively small number of events collected with tracks traversing the pixel tracker active
volume allowed nevertheless a preliminary alignment of the pixel detectors at the module level
with a resolution for the best algorithm of 47 µm
Measurement of noise levels and efficiencies for the detection of cosmic muons were carried
out both in the muon chambers and the tracker detectors. The hit efficiencies were consistently
very close to 100%. These measurements also allowed the identification of hardware problems
(voltages, readout problems, etc.). A small fraction of non functional channels (less than 1%)
were identified and have been mostly fixed during the shutdown.

Figure 8: Residual distributions for inner (left) and outer (right) tracker barrel detectors using 4M tracks for
alignment and 1M for validation from ”CRAFT”, compared to previous results using data with 0 magnetic field
(CRUZET). Two different algorithms are shown.

4.2

Calorimetry

The response of the hadronic calorimeter barrel to muons was analyzed using muon tracks
reconstructed in both the barrel muon chambers and the silicon tracker, by comparing the
calibrated energy measurement to the muon momentum. The result compares well to both
monte carlo simulation and previous test-beam results.
The stopping power (path-length corrected energy deposit) for cosmic muons traversing the
electromagnetic calorimeter was measured as a function of the muon momentum measured in the
tracker. The resulting distribution (Fig. 9) indicates the correctness of the tracker momentum
scale and of the energy scale in ECAL calibrated with electrons at test beams.

Figure 9: Stopping power of cosmic muons traversing ECAL as a function of the muon momentum . The energy
deposit is measured by the energy of the cluster best matching the track. The track length is estimated from track
propagation inside ECAL crystals. Experimental data (dots) are compared to the total stopping power (dE/ρdx)
in PbWO4 (continuous line). The dashed lines are the contributions due to collision loss and bremsstrahlung
radiation. Errors on the vertical scale are statistical only. Error bars on the momentum represent the bin width.

5

Shutdown Activities, Detector Status And Plans

Since the beginning of September 2008 all installed CMS sub-detectors are read-out in global
runs routinely. All the Level-1 trigger sub-systems are operational. The first stage DAQ was
commissioned and high Level-1 rates tested. The stability of running with all CMS components
was proven and LHC clock and orbit signals tested. The trigger and detector synchronization
is now at the level of few ns or better.
Detector opening started on Nov 17, 2008 for planned interventions and repairs of problematic channels. Six % channels in the forward pixels, dead due to loss of low voltage, were
repaired, and the detector re-installed. Ten out of 250 DT chambers with problems, as well as
10 out of 468 CSC chambers, were repaired. 200 ECAL lost channels (< 1%) were recovered.
The last missing piece of CMS, the preshower detector, was installed and commissioned. Global
data-taking operations with cosmics restarted in spring 2009, and a new long run with full magnetic field is planned for the summer 2009, when the detector will be closed again in its final
configuration and ready for beam in fall.
6

Prospects for 2009-2010 Collider Run

The LHC collider run 2009-2010 is expected to start in October 2009 after a short beam commissioning phase. Beam intensity, bunch spacing, and instantaneous luminosity, will be gradually
√
increased. The run is expected to deliver ≈ 300pb−1 integrated luminosity at s ≃ 10 TeV.
With first collision data, it will be possible to study the detector and reconstruction performance for physics objects: muons, electrons, jets, b-tags, τ , missing transverse energy.
With few pb−1 , hadron spectra and low-mass resonances (J/ψ, Υ, etc.) will be studied, as
well as underlying event characteristics.
With 10 pb−1 it will be possible to verify standard model ”candles”, W, Z, top cross sections
√
at s ≃ 10 TeV. Searches using high-Et jets will be carried out.
With 100 pb−1 it will be possible to carry out measurements of W and Z properties, as well
as searches for W’, Z’. Jet Energy Scales from top events will become accessible, as well as some
SUSY searches.
References
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SEARCHES FOR A HIGH MASS HIGGS BOSON AT THE TEVATRON
D. Benjamin
(for CDF and DØ Collaborations)
Duke University,
Department of Physics Durham, NC USA

Recent results obtained by the CDF and DØ collaborations are presented here. These Tevatron
Higgs searches look for a Standard Model (SM) Higgs boson decaying into W-boson pairs,
with the W-bosons decaying into electron-neutrino or muon neutrino final states. In the
mass range of 135 GeV/c2 to 200 GeV/c2 , the SM Higgs decays prominently into W-boson
pairs. The presented results are based on an integrated luminosity that ranges from 3.0 to
4.2 fb−1 . No significant excess over expected background is observed and the 95% CL limits
are set for a Standard Model (SM) Higgs boson for different mass hypotheses ranging from
100 GeV/c2 to 200 GeV/c2 . The combined Tevatron results exclude SM Higgs boson mass of
160 < mH < 170 GeV/c2 .

1

CDF and DØ experiments at Tevatron collider

√
The Tevatron is a pp̄ collider with an center of mass energy of s = 1.96 TeV operating at the
Fermilab. During the Run II data-taking period, which started in March 2002, it has delivered
more than 6 fb−1 to the CDF and DØ experiments. Results presented in this proceeding are
based on data samples with integrated luminosity ranging from 3.0 to 4.2fb−1 depending on the
analysis.
CDF and DØ experiments are multi-purpose cylindrical detectors. The azimuthal angle φ
and the pseudo-rapidity η ≡ −ln[tan(θ/2)], where θ is the polar angle defined relative to the
proton beam axis are the basis of the coordinate system.
CDF consists tracking detectors consisting of a silicon micro-strip detector array surrounded
by a cylindrical drift chamber in a 1.4 T axial magnetic field. Outside of the tracking chambers,
the energies of electrons and jets are measured with segmented sampling calorimeters; the outermost detectors are layers of steel instrumented with planar drift chambers and scintillators used
for muon identification. DØ detector has a central tracking system which consists of a silicon
micro-strip tracker and a central fiber tracker, both located within a 2 T axial magentic field;

a liquid-argon/uranium calorimenter. Finally muons are identified by detectors comprising o f
layers of tracking detectors and scintilators surroundign 1.8 T toroid magnets. Both detectors
are described in detail elsewhere 1 2 .
The transverse energy, ET , is defined to be E sin θ, where E is the energy associated with
a calorimeter tower or cluster, and pT is the component of the track momentum transverse to
the beam line. The missing transverse energy vector E
# , T , is defined as the opposite of the vector
sum of the ET of all calorimenter towers,corrected for the pT of leptons candidates which do not
deposit all of their energy in the calorimeter.
2

Higgs searches at the Tevatron

According to SM, Higgs boson has total cross-section × branching ratio of about 0.47 pb for
a Higgs mass of 165 GeV/c2 a . At the Tevatron there are four main production mechanisms.
The dominant mechanism is via gluon fusion and fermionic loop (∼ 79%), followed by Higgs
producted in association with a W boson (∼ 9%) or a Z boson (∼ 5%) and finally by vectorboson fusion (VBF) (∼ 7%).
SM Higgs decay depends on its mass mH . For mH > 135 GeV/c2 the main decay channel
is a W-boson pair, and searches of this final state at Tevatron are commonly defined as High
Mass Higgs Searches. The high mass search region is 120 GeV/c2 < mH 200 < GeV/c2 .
CDF and DØ look for both W’s decaying leptonically, selecting events with two electrons or
two muons or one electron and one muon for a total branching ratio of the W W pair of ∼ 6%,
including the leptonic decay of the τ . The more frequent decay of W-bosons into hadrons is not
used due to high level of QCD background. The di-lepton final state offer a clean signature with
manageable backgrounds at hadron colliders; high-pT electrons and muons are easily selected in
the trigger system.
Drell-Yan (DY) events with two electrons or muons are the largest background. DY can be
suppressed by requiring large missing energy in the event as there are no neutrinos produced in
a DY event. After Drell-Yan suppression the main backgrounds are: heavy di-boson production
(W W , W Z, ZZ); tt̄ (particularly for events containing jets); instrumental backgrounds arising
from W/Z + γ or jets events where the photon or the jet is misidentified as a lepton. Most of
these processes are modelled using PYTHIA Monte Carlo and a GEANT-based simulation of
the detectors. An important exception is the W W background: CDF models NLO effects using
a pure NLO simulation, namely MC@NLO 3 , while DØ uses Sherpa to model the pT of the
W W system 4 . These predictions are then normalized to NNLO cross section calculations for
W H, ZH, tt̄ processes, NLO for V BF , W W , W Z, ZZ, W γ. The gluon fusion signal process has
been simulated using the most recent calculation available 5 which uses the recent MSTW2008
parton density functions (pdf) set 6 . Data-driven methods are used in order to model the
constribution of the instrumental background.
3

Analysis description

To select signal events both collaborations require two high-pT opposite sign isolated leptons.
In order to increase acceptance to Higgs events, dedicated analyses also look for final state
containing two leptons with the same charge; they will be briefly discussed in sections 3.2 and
3.4. CDF requires the first (second) lepton to have pT greater than 20 (10) GeV, while DØ asks
both leptons to have pT (ET ) greater than 10 (15) GeV for muons (electrons). A significant
transverse missing energy E
# , T is then required to reduce DY. The invariant mass of the lepton
a

Higgs boson properties depend on its mass, which is not predicted inside the SM framework; here and
whenever not explicitly mentioned in the following, numbers refer as an example to an Higgs boson of mass
mH = 165 GeV/c2 .
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Figure 1: Observed and expected (median, for the background-only hypothesis) 95% CL limits on the ratios to
the SM cross section, as functions of the Higgs boson mass for the combined DØ analyses.

pair must be greater than 16(15) GeV at CDF(DØ) in order to suppress heavy flavor decays
and DY events.
The decay kinematics are used to distinguish the Higgs signal from the much larger backgrounds using multivarient techniques. For example, the opening angle between the final state
leptons is the strongest discriminant. The spin correlation of the spin 0 Higgs Boson decaying
into two spin-1 W bosons imply that the leptons tend to go in the same direction. In SM W W
events there is no spin correlation between the leptons from the W bosons and the leptons tend
to decay back to back. An Artificial Neural Network (NN) is trained to separate signal from
background for each different Higgs mass hypothesis.
3.1

DØ opposite sign analysis

The DØ collaboration separates the analyses depending on the flavor of the final state leptons:
ee, eµ, µµ, with a collected integrated luminosity of, respectively, 4.2, 4.2 and 3.0 fb−1 . Input to
the NNs can be classified in three different types: lepton specific variables (e.g. pT of the leptons),
kinematic properties of the whole event (e.g. E
# , T ) or angular variables (e.g. ∆φ(leptons)).
Table 1 shows the number of expected signal (mH = 165 GeV/c2 ) and background events
including the number of candidates observed in the data.
No significant excess over predicted background is observed in DØ data. The 95% CL upper
limits on the production cross section (using a modified frequentist approach (CLs ) 10 )of the
H with an expected sensitivity
SM Higgs boson (mH = 165 GeV/c2 ) is measured to be 1.7 · σSM
8
H
of 1.3 · σSM . .
Table 1: Number of expected and observed events for DØ H → W W opposite-sign analyses. statistical uncertainties only.

DØ Run II Preliminary L = 3.0 − 4.2 fb−1 , mH = 165 GeV/c2
Channel
Signal
Background
Data
ee
6.13 ± 0.01
332 ± 15
336
eµ
12.2 ± 0.1
337 ± 10
329
µµ
4.85 ± 0.01
4325 ± 24
4084
R

3.2

DØ Same sign analyses

The DØ collaboration has looked for the process W H → W W W → ℓ± ℓ± where ℓ = (e or µ)
using 1.0 fb−1 of data.. The main backgrounds are instrumental backgorunds coming from charge
mis-identification or jets faking a lepton signature. For a SM Higgs mass of mH = 160 GeV/c2 ,
H with an expected sensitivity of 18 · σ H 9 . This measurement is
the measured limit is 24 · σSM
SM
not included in the Tevatron combination discussed in section 4

3.3

CDF opposite sign analysis

CDF colaboration separate the 3.6 fb−1 selected sample depending on jet multiplicity, optimizing
different NNs for each sample. Jets are requested to have ET > 15 GeV, |η| < 2.5. Input
variables to the NNs are analogous to those used by DØ. The specific choice of variables is
dependent on the jet multiplicty. CDF has chosen to perform the analysis in this manner as it
was found to be the most sensitive; the neural nets are more sensitive to signal identification
and background rejection. Events with no jets have signal contribution only from gluon fusion
and the dominant background is W W production. Events with one jet have additional signal
contribution from associate Higgs production and VBF and W W still remain the main source of
background. Finally, signal events with two or more jets are dominated by W H,ZH and V BF
production mechanisms and the dominant background comes from tt̄.
Table 2 shows the number of expected signal (mH = 160 GeV/c2 ) and background events
including the number of candidates observed in the data.
The CDF collaboration combines the results from the three opposite sign analyses. No
significant excess over predicted background is observed in CDF data. The 95% CL upper
limits on the production cross section (using a Bayesian technique 10 ) of the SM Higgs boson
H with an expected sensitivity of 1.49 · σ H . 7 .
(mH = 165 GeV/c2 ) is measured to be 1.48 · σSM
SM
Table 2: Number of expected and observed events for CDF H → W W opposite-sign analyses. (Jet ET >
15 GeV, |η| < 2.5 )

CDF Run II Preliminary L = 3.6 fb−1 , MH = 160 GeV/c2
opposite sign leptons (eorµ)
Channel
Signal
Background
Data
0 Jets
9.47 ± 1.46
637 ± 69
654
1 Jet
5.98 ± 0.77
278 ± 35
262
≥ 2 Jets 4.53 ± 0.52
173 ± 23
169
R

3.4

CDF Same sign analysis

In order to increase the acceptance to Higgs events, the CDF collaborations performs a searche
with two same charge final state leptons. The main signal contribution comes from W H →
W W W → l± l± + X, where one of the leptons comes from the W boson produced in association
with the Higgs. In this search the main backgrounds are instrumental backgorunds coming from
charge mis-identification or jets faking a lepton signature. CDF uses 3.6 fb−1 and an analysis
technnique similar to the opposite sign analysis to set 95% CL upper limits on the production
H
with an expected sensitivity of
of a SM Higgs boson (mH = 165 GeV/c2 ) that are 6.2 · σSM
H
7
7.2 · σSM .

! L = 3.6 fb

CDF Run II Preliminary

OS+SS Expected
OS+SS Observed
OS+SS ± 1
OS+SS ± 2
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Figure 2: Observed and expected (median, for the background-only hypothesis) 95% CL limits on the ratios to
the SM cross section, as functions of the Higgs boson mass for the combined CDF analyses.

3.5

CDF combination (opposite sign and same sign analyses)

The CDF collaboration combines the results from the opposite sign and same sign analyses.
No significant excess over predicted background is observed in CDF data. The 95% CL upper
limits on the production cross section (using a Bayesian technique 10 ) of the SM Higgs boson
H with an expected sensitivity of 1.3 · σ H . 7 .
(mH = 165 GeV/c2 ) is measured to be 1.5 · σSM
SM
4

Tevatron combination and results

Results of both collaborations are combined using two different methods: a Bayesian and a
modified frequentist technique. 10 Both perform a counting experiment for each bin of the final
discriminant, including effects from systematics uncertainties.
This combination procedure is able to correlate systematics uncertainties among different
analyses and experiments. Systematics uncertainties are divided in two main categories: rate
and shape systematics. The rate systematics affect the normalization of the different signal
and background contributions; these are the most important and are dominated by theoretical
uncertainties on signal and background cross sections used to normalize our simulations. Shape
systematics affect the shape of the output discriminant; an important example is the jet energy
scale calibration.
Figure 3 summarize the combination for Higgs masses between 100 and 200 GeV/c2 . The
dotted line represent the median, the green and yellow bands one and two sigma spread of the
distribution of the expected limits from a background-only hypothesis; the solid line is the limit
that is set looking at data. Each analysis is performed for different Higgs mass hypotheses
in 5 GeV steps. The combination excludes at 95% CL a Standrd Model Higgs boson in the
160 < mH < 170 GeV/c2 mass range.
5

Conclusions

The CDF and DØ collaborations have continued to improve their sensitivity to low cross section
processes; they now have the sensitivity to observe the SM Higgs Boson. The combination of
the analysis carried out by the two experiments has led for the first time to the exclusion of a
SM Higgs in the 160 − 170 GeV mass range. More data is available to be analyzed and more
will be collected in the next years allowing an exclusion by each experiment and widening the
combined exclusion region.

Figure 3: Observed and expected (median, for the background-only hypothesis) 95% CL limits on the ratios to
the SM cross section, as functions of the Higgs boson mass for the combined CDF and DØ analyses.
H
vs MH ( GeV/c2 ) Both the Basyesian and CLS
Table 3: Tevatron Preliminary (95 % CL upper limits)/ σSM
methods results are shown. The more conservative Bayesian results are quoted.

Basyesian
Expected
Observed
CLS
Expected
Observed

155
1.5
1.4
155
1.5
1.3

160
1.1
0.99
160
1.1
0.95

165
1.1
0.86
165
1.1
0.81

170
1.4
0.99
170
1.3
0.92

175
1.6
1.1
175
1.6
1.1

180
1.9
1.2
180
1.8
1.3

185
2.2
1.7
185
2.5
1.9

190
2.7
2.0
190
3.0
2.0

195
3.5
2.6
195
3.5
2.8

200
4.2
3.3
200
3.9
3.3
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LOW MASS HIGGS SEARCH AT TEVATRON
Y. ENARI
(for CDF and DØ collaborations)
LPNHE, Universites Paris VI & VII, IN2P3-CNRS, Paris, France

√
We present the latest combined result on SM Higgs boson search in pp̄ collisions at s = 1.96
TeV at the Tevatron. In this talk, the results from the CDF and DØ collaborations low mass
Higgs searches are reported. While there is no data excess above background expectation, we
set upper limits on the SM Higgs boson production cross section in the Higgs mass range from
100 GeV/c2 to 200 GeV/c2 by combining all Tevatron results. The observed (expected) ratio
at 95% C.L. to the Standard Model prediction at mH = 115 GeV/c2 is 2.4 (2.5).

1

Introduction

In the Standard Model, almost all parameters are measured precisely, but the Higgs boson has
not been observed yet, making it the last missing piece in the Standard Model (SM). Higgs
searches are therefore essential to establish the SM. Almost 40 years has passed since Peter
Higgs suggested the idea of the Higgs mechanism1 , but the Higgs boson still remains elusive.
The current limits on the SM Higgs boson are given by the LEP direct search, which excluded
a Higgs mass up to mH = 114 GeV/c2 at 95% C.L. 2 , and the global SM fit by the LEP
Electroweak working group which sets a lower limit of mH < 154 GeV/c2 at 95% C.L. 3 . In
addition, the Tevatron direct searches started to exclude a mass around 170 GeV/c2 4 . These
results favor a Higgs boson having a low mass.
2

SM Higgs Boson Search Strategy at the Tevatron

To search for a particle we need to consider both the production cross section and the final state
and experimental conditions. At the Tevatron, the Higgs boson is produced mainly via gluon
fusion production (σ ∼ 0.8-0.2 pb), W boson associated production (σ ∼ 0.2-0.03 pb), and Z
boson associated production (σ ∼ 0.1-0.01 pb). While the gluon fusion process has the highest
cross section, a Higgs boson in the low mass range (mH < 135 GeV/c2 ) decays dominantly into
bb̄, but experimentally this combination is almost impossible to use to search for the Higgs boson
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qq → WH → lν bb
qq → ZH → llbb
qq → ZH → ν ν bb
gg → H → WW → lν lν

120

140

160

180
200
mH [GeV]

√
Figure 1: Cross section times branching ratio as function of Higgs mass in pp̄ collisions at s = 1.96 TeV. The
branching ratio is including not only Higgs decay also decay of vector boson. Green, red and blue line indicates
W H → ℓbb̄, ZH → ννbb̄ and ZH → ℓℓbb, respectively.

due to the huge multi-jet production. Instead, W or Z boson associated production is used to
search for the Higgs boson in the low mass range. Having a lepton is essential to trigger an
event, as well as enabling suppression of the multi-jet background. The Higgs boson search in
the high mass range (mH > 135 GeV/c2 ) uses gluon fusion production because the Higgs boson
dominantly decays into WW.
Figure. 1 shows the SM Higgs boson production cross section times its branching ratio as
function of Higgs mass, here the branching ratio includes the decay of the vector boson. This
figure shows that W or Z associated production are better channels to search for a low mass SM
Higgs boson than using the gluon fusion process. Since the primary background is always the
multi-jet process, the difficulty of the analysis depends on the number of charged leptons in the
final state. Although the ZH → ννbb̄ and W H → ℓνbb̄ channels have similar expected signal
yield, there is no charged lepton in the ZH → ννbb̄ channel, therefore the potential sensitivity
of the W H → ℓνbb̄ channel is higher than the ZH → ννbb̄ channel. With the same logic, the
ZH → ℓℓbb̄ channel has a factor of 5 less signal, but as the final state includes two charged
leptons, the potential sensitivity is similar to the ZH → ννbb̄ channel. These three channels are
considered the major channels for the low mass SM Higgs boson searches. However, we also use
the channels which are sensitive to Higgs event from other processes, gluon fusion, associated
production, or vector boson fusion process, i.e., H → γγ, V H → X + τ .
These analyses are based on the data which were collected from both the CDF5 and DØ 6
√
detectors at the Tevatron pp̄ collider at s = 1.96 TeV. The performance of the Tevatron
accelerator is excellent, the average delivered luminosity is 40-50 pb−1 /week, and the total
delivered integrated luminosity was more
than 6 f b−1 at the beginning of March 2009. In this
R
talk, the nominal analyzed
data set is Ldt = 2.7 f b−1 , which was taken up to May 2008, and
R
the largest data set is Ldt = 4.2 f b−1 , which was taken up to December 2008.
3

b-jet Identification

In the low mass analyses, the b-jet identification (b-ID) is an important tool because the Higgs
decays dominantly into bb̄ in the low mass range. The b-ID is based on the characteristics of B
meson decay. Because of the long lifetime of a B meson, a b-jet often has a secondary vertex
and the jet shape differs from the one from light jets. We use reconstructed secondary vertices,
or the reconstructed Distance of Closest Approach (DCA) of the associated track. Both CDF
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Figure 2: Di-jet invariant mass in W H → ℓνbb̄ channel from DØ .

and DØ train Neural Networks against these measured variables. In the analyses, to optimize
the signal-to-background ratio we prepare multiple operating points in terms of b-jet efficiency
and light jet efficiency (fake rate), i.e., Loose which has both a higher b-jet efficiency and fake
rate, and Tight which has lower b-jet efficiency but also a low fake rate. We define orthogonal
samples based on these operating points, i.e., two Loose jets and one Tight jet. By dividing the
sample based on the differing signal-to-background ratio, the signal sensitivity can be increased.
An example from the DØ WH analysis is shown in Fig. 2. While light flavor jets dominate with
no b-ID, the fraction of light flavor component is reduced by requiring one Tight jet (Ti), and
in the 2 Loose sample (Lo-Lo), the light flavor component is small enough that the background
components which have real b-jets, e.g. Wbb or tt̄ processes, become the dominant backgrounds.
4

Analyses

In this presentation we mainly focus on the three major analyses, ZH → ℓℓbb̄, W H → ℓνbb̄ and
ZH → ννbb̄. As described above, the difference between these three is the number of charged
leptons in the final state, which changes the pre-selection requirements. The common part is
the Higgs decay to bb̄, therefore the final signal and background yields are summarized in each
b-ID category in Table. 1, and details are summarized below. The signal extraction performed
using multivariate techniques, and the expected and observed 95% C.L. upper limit ratio to the
SM expectation in each analysis is also listed.
4.1

Two lepton case: ZH decay into ℓℓbb

In the ZH → ℓℓbb̄ channel we search for a Z decaying into two leptons and H decay into bb̄.
The experimental signature is two electrons or two muons plus two b-jets. This channel requires
two leptons, and the multi-jet background is well suppressed. Therefore the requirements on
each object can be loosened to compensate for the low signal yields. To collect signal events
efficiently, both experiments use µ + track or e+ gap-electron events. The pT requirement is low,
10 GeV for leptons, 15 GeV for jets, and the η range is basically the full detector acceptance.
To select Z bosons, a 2 sigma mass window requirement is applied, typically 70 GeV to 110 GeV
on the reconstructed invariant mass of the two leptons.
Yields after b-ID are listed in Table. 1. CDF defines three orthogonal b-ID categories (Ti-Ti,
Ti-Lo and Ti), and DØ defines two orthogonal b-ID categories (Lo-Lo and Ti).
DØ uses a Boosted Decision Tree (BDT), and CDF uses a 2D Neural Net (NN), which is ZH
signal against a tt̄ or Z+jet event. In both analyses data and the background expectation agree.
The expected (observed) limit ratio to the SM expectation at mH = 115 GeV/c2 is 9.9 (7.7)

Table 1: Summary table for major three low mass Higgs search. Expected signal and background yields at
mH = 115 GeV are listed in the colum “Sig” and “BG”, respectively. “Sig/BG” represents the ratio of signalto-background, and limit column show the expected (observed) 95% C.L. upper limit ratio to SM expectation at
mH = 115 GeV/c2 .

channel
ZH
→ ℓℓbb̄
WH
→ ℓνbb̄
ZH
→ ννbb̄

with
4.2

R

b-ID
Ti-Ti
Lo-Ti
Ti
Ti-Ti
Lo-Ti
Ti
Ti-Ti
Lo-Ti
Ti

Sig
0.4
0.4
0.9
1.4
2.0
4.6
1.9
1.5
4.0

BG
20.4
35.6
264
156
146
1760
105
149
1443

CDF
Sig/BG
1/51
1/89
1/293
1/112
1/73
1/383
1/55
1/93
1/361

Ldt = 2.7f b−1 and 8.0 (9.1) with

R

Limit
9.9 (7.1)
(2.7f b−1 )
4.8 (5.6)
(2.7f b−1 )
5.6 (6.9)
(2.1f b−1 )

Sig
1.8
—
1.3
3.9
—
6.8
—
3.7
—

BG
325
—
527
345
—
2182
—
443
—

DØ
Sig/BG
1/181
—
1/405
1/88
—
1/320
—
1/120
—

Limit
8.0 (9.1)
(3.6f b−1 )
6.4 (6.7)
(2.7f b−1 )
8.4 (7.5)
(2.1f b−1 )

Ldt = 3.6f b−1 , from CDF and DØ , respectively.

One lepton case: WH decay into ℓνbb

In the W H → ℓνbb̄ channel we search for a W decaying into a lepton and a neutrino and H
decaying into bb̄. The signature is an electron or a muon plus two b-jets in addition to high
missing transverse energy (MET). One lepton is required, the multi-jet background is relatively
suppressed. Since the fraction of jets which mimic a lepton is not small enough the requirement
on the lepton needs to be tightened as compared to the ZH → ℓℓbb̄ channel. The pT requirement
is 15 GeV for leptons, 20 GeV for jets and the covered η range is basically the full detector
acceptance. The W boson is reconstructed with the transverse momentum of the lepton and
missing energy. The CDF analysis includes high pt track plus MET events to increase the signal
yield.
Yields after b-ID are listed in Table. 1. CDF defines three orthogonal b-ID categories (Ti-Ti,
Ti-Lo and Ti), and DØ defines two orthogonal b-ID categories (Lo-Lo and Ti).
The multivariate analysis in this channel is the most advanced: both CDF and DØ use the
Matrix Element approach (ME) which calculates event probabilities based on integrating Matrix
Elements from 4 momentum vectors of reconstructed objects in an event. Both experiments use
the ME discriminant as an input to other multivariate techniques, CDF uses a BDT and DØ uses
a NN. In addition, CDF has a separate NN based analysis, which is combined with the BDT
with Neuro-Evolution of Augmenting Topologies (NEAT) which is a kind of Neural Network
approach. The correlation between the two discriminants BDT and NN is not 100%, and NEAT
extracts an additional 10% sensitivity by combining the two approaches. This makes the CDF
result better than DØ ’s result by ∼ 10%. The final discriminant from NEAT is shown in Fig. 3.
In both analyses data and background expectations agree, no excess is observed. The exGeV/c2 is 4.8 (5.6) with an
pected (observed) limit ratio
to the SM expectation mH = 115
R
R
integrated luminosity of Ldt = 2.7f b−1 , and 6.4 (6.7) with Ldt = 2.7f b−1 , from CDF and
DØ respectively.
4.3

Zero lepton case: ZH decay into ννbb

In the ZH → ννbb̄ channel we search for a Z decay into neutrinos and H decay into bb̄, the
signature of this channel is a large MET plus two b-jets. Since this channel doesn’t have any
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Figure 3: Left: The discriminant of NEAT in W H → ℓνbb̄ channel from CDF. Right: BDT discriminant in
ZH → µµbb̄ channel from DØ .

charged lepton, the multi-jet background is high, therefore controlling the multi-jet background
is crucial in this analysis. Both experiments defined three samples: a signal sample, a QCD
control sample, and an the Electroweak (EW) control sample. aspects of this channel.
To identify the multi-jet process from the signal event, two kinds of MET calculations are
used: one is calorimetry based (CalMET) and the other is a track-based method (TrkMET).
Most of the multi-jet background has often a mis-measurement of MET, therefore CalMET and
TrkMET are not consistent while they agree in signal events which have two neutrinos with no
mis-measurement. The pT requirement in this analysis are 50 GeV on MET, 20 GeV for jets.
The QCD sample or suppressing QCD event is based on CalMET, TrkMET and other related
variables.
Yields after b-ID are listed in Table. 1. CDF defines three orthogonal b-ID categories (Ti-Ti,
Ti-Lo and Ti), and DØ uses a single b-ID category (Ti-Lo).
The multivariate technique in this channel is BDTs for both experiments. In both analyses
data and background expectations agree, no excess is observed.
The expected (observed) limit
R
2 is 5.6 (6.9) with
Ldt
= 2.1f b−1 and 8.4 (7.5) with
ratio
to
SM
expectation
m
=
115
GeV/c
H
R
−1
Ldt = 2.1f b , from CDF and DØ respectively.
4.4

Other Analyses

While the major three analyses are trying to find the Higgs boson through W or Z associated
production, other analyses include other production processes, such as gluon fusion and vector
boson fusion production. The key of these analyses is to use τ τ plus jets final states. This final
state includes H decay into τ τ , therefore even gluon fusion production can be used. For ZH
production, a mode of Z decay into 2 jets and H decay into τ τ is included, the branching ratio is
not small (60%× 10%). CDF performed this approach first with a NN approach with 2.0 f b−1 .
The expected (observed) limit ratio to SM expectation is 30 (24) at mH = 115 GeV/c2 . At DØ ,
the τ τ +jets analysis result is combined with the τ νbb̄ final state, the expected (observed) limit
ratio is 28(27) mH = 115 GeV/c2 with 1 f b−1 .
Another approach from DØ is H → γγ. This channel collects Higgs events through the
gluon fusion, W/Z associated production and vector boson fusion processes. The analysis uses
the largest data set with an integrated luminosity of 4.2 f b−1 . Although the branching ratio
of H → γγ is only 0.2 %, by improving photon ID with good handling of the background
component, this channel has acheived reasonable sensitivity, with an expected (observed) limit
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Figure 4: Distributions of the log-likelihood ratio (LLR) as a function of Higgs mass obtained with the CLs
method for the combination of all CDF and DØ analyses.

to SM expectation of 17.5 (13.1) mH = 115 GeV/c2 .
5

Tevatron SM Higgs Combined Result

To gain confidence that the final result does not depend on the details of the statistical formulation, two types of combinations are performed, using the Bayesian method and the Modified
Frequentist approach (CLs method). Both methods rely on the distributions in the final discriminants, and not just on their single integrated values.
Systematic uncertainties enter as uncertainties on the expected number of signal and background events, as well as on the distributions of the discriminants in each analysis. Both methods
use likelihood calculations based on Poisson probabilities. Systematics are included via Gaussian
smearing of expected number of events. Correlations amongst the systematic uncertainties are
included across input channels. Example of correlated uncertainties between CDF and DØ analyses are cross section for Luminosity measurement (4%), cross section on Higgs, tt̄ and single
top productions, and examples of correlated uncertainties within each experiments are b-ID
(4∼15%), Jet energy scale (3∼5%), and so on. The CLs method fits uncertainty parameter
values for each hypothesis, whilst Bayesian method integrates over uncertainty parameters.
Based on these treatments, we combined 23 inputs from CDF and 52 inputs from DØ . Each
input is analyzed separately and we keep orthogonality across all inputs.
Results
Figure 4 shows the log-likelihood ratio (LLR) as function of the Higgs mass from the CLs method.
The black dashed line shows the background-only hypothesis (LLRb ) and the red dashed line
shows the signal-plus-background hypothesis (LLRs+b ), and the black solid line shows the data
(LLRobs ). The shaded bands describe the 1 and 2 standard deviations on LLRb .
The discriminating power of the combined result can be seen in the separation between LLRb
and LLRs+b , and the size of the bands show an estimation of sensitivity including systematic
uncertainties. The line of LLRs+b exceeds the 1 sigma band in the region mH < 110 GeV and
145 GeV < mH < 185 GeV, which means we have more than 1 sigma sensitivity in the region.

Figure 5: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the
ratios to the SM prediction, as functions of the Higgs boson mass for the combined CDF and DØ analyses. The
limits are expressed as a multiple of the SM prediction for test masses (every 5 GeV/c2 ). The points are joined by
straight lines for better readability. The bands indicate the 68% and 95% probability regions where the limits can
fluctuate, in the absence of signal. The limits displayed in this figure are obtained with the Bayesian calculation.

Table 2: Ratios of median expected and observed 95% C.L. limit to the SM cross section for the combined CDF
and DØ analyses as a function of the Higgs boson mass in GeV/c2 , obtained with the Bayesian and with the
CLS method.

Mass (GeV/c2 )
Bayesian Expected
Observed
CLs
Expected
Observed

100
2.0
1.9
1.9
1.7

105
2.0
1.8
1.9
1.7

110
2.2
2.4
2.1
2.2

115
2.4
2.5
2.4
2.6

120
2.7
2.8
2.6
2.8

125
2.9
3.0
2.7
2.9

130
2.9
3.5
2.9
4.0

140
2.5
2.7
2.5
3.1

150
1.8
1.9
1.8
2.0

And the line of LLRobs follows LLRb and it is within the 1 sigma band, indicating there is no
significant excess in data in the current SM Higgs search.
Figure 5 shows the 95% C.L. limit ratio to SM expectation on SM Higgs boson production in
√
pp̄ collisions at s = 1.96 TeV for mH = 100 − 200 GeV/c2 . The combination of the individual
channels in each experiment results in observed (expected) limits to SM expectation of 3.2 (3.6)
for CDF and 3.7 (3.9) for DØ at mH = 115 GeV/c2 respectively. The combined result for both
experiments is 2.4 (2.5) at mH = 115 GeV/c2 . Table 2 shows the combined results in the low
mass region from both the Bayesian and CLs methods. We observed consistent results between
the two methods within 10%.
6

Discussion and Summary

This new Tevatron combination on the SM Higgs search was presented at this conference for
the first time. We combined the latest individual analyses which use more data and improved
analysis techniques compared to previous analyses, the sensitivity of the new combination significantly exceeds our previous result. We observe no excess over background expectation in the
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Figure 6: Radiative (off-shell, off-page and out-to-lunch) SUSY Higglets.

Tevatron combination, and the 95% C.L. upper limit on SM Higgs production in pp̄ collisions at
√
s = 1.96 TeV for mH = 100 − 200 GeV/c2 is extracted. The final limit ratio to SM prediction
is 2.4 (2.5) at mH = 115 GeV/c2 . The expected limit in the low mass range (mH < 150 GeV/c2 )
is below 3 times the SM prediction.
Figure 6 shows the projection as a function of analyzable integrated luminosity for for
mH = 115 GeV/c2 based on latest CDF combination for 95% C.L. limit. This projection is
performed with the assumption that the Tevatron sensitivity is two times the CDF sensitivity.
The points
qR in the figure indicate past results and the lines show the extrapolation of the points
with
Ldt. Each result exceeds the expected line from the previous result which indicates
analysis improvements. The last line with band is an expected line from the latest result with
an improvement factor of 1.5. This projection indicates that the Tevatron could start to exclude
the SM expectation at mH = 115 GeV/c2 with 6 f b−1 of data which we already have on tape.
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HIGGS PHYSICS AND BEYOND THE STANDARD MODEL AT CMS/ATLAS
N. DE FILIPPIS
Laboratoire Leprince Ringuet, École Polytechnique, 91128,
PALAISEAU, France

Prospective searches about Higgs physics and beyond the Standard Model are presented for the
CMS and ATLAS experiments. Possible excesses of events in real data could be an indication
of the existence of new particles, even with few hundred pb−1 of integrated luminosity. In this
paper the focus is on the current analyses strategies and on the potential both for a discovery
and/or for an exclusion of the Standard Model Higgs boson in the main decay channels. The
searches for some supersymmetric and exotic particles predicted by several theoretical models
are also discussed.

1

Introduction

The field of high energy physics is approaching an important period of its history with the start
of the operations of the Large Hadron Collider (LHC) at CERN, the world’s largest and highestenergy particle accelerator. The LHC will collide opposing beams of protons or lead ions, each
carrying energies per nucleon up to 2.76 TeV. LHC started to operate with the injection of first
beams in the beam pipe in fall 2008. The LHC has been built with the purpose of exploring
new frontiers of particle physics, giving evidence of the existence of the Higgs boson and/or a
wide spectrum of new particles predicted by supersymmetry and exotic models.
In general, the experiments at the LHC could provide answers or ingredients to answer some
of the most fundamental open questions in particle physics, such as: the reality of the Higgs
mechanism for generating gauge bosons and fermions masses, the problem of the hierarchy
between the electroweak gauge boson scale and the Grand Unification or Planck scale, the
existence of a supersymmetry which implies that the known Standard Model (SM) particles
have supersymmetric partners, the existence of extra dimensions as predicted by various models
inspired e.g. by string theory.
CMS and ATLAS are the two general purpose experiments built at the LHC aimed to provide
answers to those fundamental questions. Prospective studies have been performed over the last

years in the physics groups of the CMS and ATLAS collaborations to optimize strategies for
the search of the Higgs boson(s), of the supersymmetric particles and of some exotic particles
predicted by several models, at the center-of-mass energies of the LHC collider, both with low
and high integrated luminosity.
2

Prospective searches at CMS/ATLAS

The search for Higgs and supersymmetric particles has been the major guide to define the
detector requirements and performance that are detailed in Ref. 1 and Ref. 2 for CMS and
ATLAS.
Detailed simulations of the detector closest to the real experimental set-up with miscalibration/misalignment conditions at start-up luminosity have been used in the CMS and ATLAS
studies.
Advanced Monte Carlo physics generators has been used for signal and background simulation with the estimation of NLO QCD and electroweak corrections.
2.1

Searches for Standard Model Higgs

Direct searches for the SM Higgs particle at the LEP e+ e− collider have led to a lower mass bound
of mH > 114.4 GeV/c2 at 95% C.L. 3 . On-going direct searches at the Tevatron pp̄ collider by
the D0 and CDF experiments set constraints on the production cross-section for a SM-like Higgs
boson in a mass range extending up to about 200 GeV/c2 and allow to exclude his existence 4
with mass between 160 and 170 GeV/c2 .
The main production mechanisms for SM Higgs particle at LHC are the gluon-gluon fusion
mechanism, the associated production with W/Z bosons, the weak vector boson fusion processes
and the associated Higgs production with heavy top or bottom quarks, as detailed in Ref. 5 . The
gluon fusion mechanism dominates especially at low Higgs mass and the cross section at NLO is
in between 0.1 and 50 pb depending on the Higgs mass; the cross section of Higgs production via
the vector boson fusion is generally one order of magnitude lower with respect to gluon fusion
while the other contributions are much less important.
SM Higgs couples to fermions, gauge bosons and to itself. In the low mass region (namely
mH < 130 GeV/c2 ) the dominant decay is in bb̄ with a branching ratio between 60 and 90 %;
H → τ + τ − , cc̄, γγ contribution to the total width is less that few %. In the high mass range the
decay channels H → WW(∗) and H → ZZ(∗) play the main role given a clear signature of multi
leptons in the final state.
A prospective analysis about the H → WW → llνν decay chain was performed both in CMS 6
and in ATLAS 7 . The signature consists of two isolated high momentum leptons and missing
energy related to the neutrinos escaping the detection. No hard jet in the central region of the
acceptance is expected and it is not possible to reconstruct the Higgs mass peak due to the
neutrinos. The main background comes from tt̄ and di-boson events, di-leptons a la Drell-Yan,
tW and W+jets events in the topologies including two leptons in the final state.
The analysis mainly consists of selecting events with high transverse momentum leptons and
sufficient missing energy; a central jet veto strategy is used to select events with no hard jet
in central rapidity region and the angular correlation between the leptons coming from Higgs
decays is used as a discriminating observable.
Both a cut-based and neural net-based approaches were used to gain discrimination between
signal and background. The distribution of the output result of the neural net for signal and
background is reported in Fig. 1 (left), for 1 fb−1 of integrated luminosity. Strategies to control
the efficiency of leptons and jet reconstruction, the rate of jets faking leptons, the measurement
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Figure 1: The distribution of the output result of the neural net (left) for signal and background in the
H → WW → 2l2ν search, with 1 fb−1 of integrated luminosity; significance of the signal observation (right) in
the H → WW → 2l2ν with an integrated luminosity of 1 fb−1 .

of the missing energy and the estimation of tt̄ and WW background rates from data were also
developed.
The significance for the signal observation in CMS with 1 fb−1 of integrated luminosity as
a function of the Higgs mass hypothesis is reported in Fig. 1 (right); that is converted in an
equivalent number of one-sided tail σ of the Gaussian distribution and it is larger than 3 for
Higgs masses between 155 and 185 GeV/c2 . The significance of such an observation needs to be
further de-rated by about 1s unit to take into account the probability of a random fluctuation
anywhere in the mass spectrum (the so-called look-elsewhere effect).
In the case of H → ZZ decay channel the topology of four leptons in the final state (electron
and/or muons) was studied with an integrated luminosity of 1 and 30 fb−1 for CMS 8 and
ATLAS 9 respectively; the irreducible background comes from the ZZ events with four leptons
in the final state while Zbb̄ and tt̄ events could be reduced.
A preselection strategy aimed to get rid of QCD related background with jets faking leptons
was developed in the CMS collaboration; that is based on electron identification techniques,
loose isolation on leptons and a minimal cuts on di-lepton and four-lepton invariant mass. Zbb̄
and tt̄ events were substantially reduced with a tight isolation on leptons and cuts on their
impact parameters at the closest approach point. Another powerful observable is the mass of
the reconstructed off-mass shell Z. With the purpose of providing a robust baseline strategy for
the observation of the Higgs, the complete selection is cut-based and mH -independent. Strategies
to control efficiencies of lepton reconstruction and estimate the rate of ZZ and Zbb̄ events from
data were also developed.
The four-lepton invariant mass spectrum obtained in the case 2e2µ final state at the end of
the selection is reported in Fig. 2 (left). The significance for the signal observation with an integrated luminosity of 1 fb−1 is reported in Fig. 2 (right), as obtained by the CMS collaboration.
When taking into account the look-elsewhere effect, it is unlikely that an integrated luminosity
of 1 fb−1 will yield an observation of a mass peak with an overall significance above 2σ.
Even if the branching ratio of the decay in two photons H → γγ is less than % at low Higgs
mass the clear signature of the final state makes that topology very promising. Background
events come from the production of two isolated photons, which are usually referred to as
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Figure 2: 2e2µ invariant mass (left) after the full selection, corresponding to an integrated luminosity of 1 fb −1 ;
significance for the signal observation (right) in the H → ZZ → 4l channel with an integrated luminosity of 1 fb−1 .

irreducible, while reducible background sources are events with at least one fake photon. Fake
photons are mostly due to the presence of a leading π 0 resulting from the fragmentation of a
quark or a gluon.
The performance of the electromagnetic calorimeter and of the photon reconstruction, identification (to reject background from jets faking photons) and calibration are fundamental to
disentangle the signal from the background. Considering Higgs boson decays with photons
within the acceptance, about 57% of the selected events have at least one true conversion with a
radius smaller than 80 cm in the ATLAS detector. Conversions are reconstructed by a vertexing
algorithm using the reconstructed particle tracks. Among the reconstructed photons passing the
identification cuts, the two with highest transverse momentum are assumed to come from the
Higgs boson decay so the vertex position of that is reconstructed. The invariant mass distributions for photons pairs from 120 GeV/c2 mass Higgs boson decays after trigger and identification
cuts is reported in Fig. 3 (left).
In the ATLAS collaboration, in addition to the inclusive H → γγ search, many topologies
with one or two jets, with missing transverse energy and isolated leptons or with only missing
transverse energy, were also studied 10 . The significance in the H → γγ as a function of the
Higgs mass is reported in Fig. 3 (right); a significance based on event counting of 2.6 with 10
fb−1 for mH = 120 GeV is obtained in the case of inclusive analysis.
Statistical procedures for combination of results were used in the ATLAS collaboration
to derive the potential of discovery and exclusion from independent searches: H → τ + τ − ,
H → WW → eνµν, H → γγ and H → ZZ → 4l, as detailed in Ref. 11 . The level of compatibility between data that give an observed value of a given estimator (typically a likelihood ratio)
and a given hypothesis (background only or signal+bagkround) is quantified by giving the pvalue that is the probability, under the assumption of a given hypothesis, of seeing data with
equal or greater incompatibility, relative to the data actually obtained. Any p-value below 0.05
indicates an exclusion; the median p-value obtained for excluding a SM Higgs Boson for the
various channels as well as the combination with integrated luminosity of 2 fb−1 is reported in
Fig. 4; ATLAS has the median sensitivity to exclude a SM Higgs boson with a mass in a 115-460
GeV range at 95 % C.L..
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2.2

Searches for supersymmetric particles

Hints of supersymmetry 12 are looked for at LHC via the production of squarks and gluinos,
the supersymmetric partners of quark and gluons of the SM. The final state topologies of the
supersymmetric events at LHC consist of multiple jets, often very energetic, with possibly some
leptons and missing energy in the final state or simply with many leptons and missing energy.
Most of the studies performed in CMS and ATLAS were done in the context of the Minimal
Supersymmetric Standard Model (MSSM) with R-parity conservation and in the scenario of
heavy squarks and gluinos. in order to reduce the number of free parameters of MSSM the
hypotheses of minimal Supergravity (mSUGRA 13 ) are used, in particular by assuming a common
sfermion mass at GUT scale (m0 ) and a common gaugino mass (m1/2 ).
Prospective analyses were developed to search for final states including jets, leptons and
missing energy both in CMS ? and in the ATLAS collaboration 15 . Typically some benchmark
points of the parameter space of MSSM with mSUGRA hypotheses are used as starting points
and scans of parameters around them is performed to derive conservative limits.
Concerning ATLAS analyses, one possible inclusive signature is consist of four jets and

missing energy. The main backgrounds are tt̄ and W/Z+jets events. Simple selection cuts are
applied on the total transverse momentum of the jets, on the missing transverse energy, on the
angle between the jet and the missing energy directions and on the effective mass of transverse
momentum of the jets and leptons and missing transverse energy. Final state topologies with
less than four jets and with one or more leptons were also studied.
In the Fig. 5 (left) is reported the 5σ discovery reach in the plane (m0 , m1/2 ) in the case of
four jets with one or more leptons in the final state and missing energy; zero-lepton mode can
probe close to 1.5 TeV for the minimum between the squark and the gluino mass, with 1 fb−1 of
integrated luminosity; the four-jets topology seems to give the best results in zero-lepton mode,
as derived by Fig. 5 (right). Therefore ATLAS could discover signals with gluino and squark
masses less than O(1 TeV) after having accumulated an integrated luminosity of about 1 fb−1 .
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Figure 5: The 5σ discovery reach in the plane (m0 , m1/2 ) in the case of four jets with one or more leptons in the
final state and missing energy (left) and in the case of two, three and four jets with zero lepton (right).

2.3

Searches for exotic particles

Exotic massive gauge bosons are expected in several theoretical models beyond the SM. In the
sequential Standard Model 16 (SSM) a Z-like boson, called Z’, with the same couplings of the Z
to fermions and gauge bosons and with O(TeV) mass is predicted. Other exotic scenarios based
on extra dimension 17 predict the existence of a graviton with O(TeV) mass decaying in e+ e− .
Searches for high mass gauge bosons decaying in e+ e− pair were performed both in CMS 18
and ATLAS 19 . The cross section times the branching ratio is between few fb to few hundred
fb depending on the mass of the resonance and the theoretical model. Main backgrounds for
those searches were di-electron events produced via Drell Yan mechanism, tt̄ events with two
electrons in the final state, QCD with jets faking electrons, W+jets, γ+jets, γγ.
Concerning the CMS analysis, an important aspect of the analysis was the usage of high
threshold trigger patterns to tag those events (ET > 80 GeV and loose isolation on leptons
with ET > 200 GeV in electromagnetic calorimeter). Saturation occurs in the electromagnetic
calorimeter electronics for very high energy deposits in a single ECAL crystal (> 1.7 TeV for the
barrel and > 3.0 TeV for the endcaps); the energy in the saturated crystal can be reconstructed,
with a resolution of about 7%, using the energy deposit distribution in the surrounding crystals,
as detailed in Ref. 20 .
The di-electron invariant mass spectrum for signal and background at 100 pb−1 is reported
in Fig. 6 (left); at high mass only few background events survive the selection giving an optimal
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Figure 6: Di-electron invariant mass spectrum (left) for a 100 pb−1 integrated luminosity with 1 TeV/c2 Z’ signal,
compared to SM background estimates for the Drell-Yan process, tt̄, QCD di-jet, W+jet, γ+jet and γγ; 1 − CLb
distribution (right) obtained as a function of the integrated luminosity for the Z’ expected in the SSM at mass of 1
TeV/c2 , if the muon spectrometer is aligned with a precision of 300 µm. The effect of the systematic uncertainty
on the trigger selection and on the knowledge of the SM Drell-Yan cross-section is also displayed.

signal to background rejection.
At the end of the analysis, after computing the integrated luminosity for 5σ discovery at
√
s = 14 TeV as a function of the Z’ mass, it could be shown that few hundred pb−1 of integrated
luminosity are needed to discover the Z’ with O(1 TeV) mass with 5σ.
Search for di-muon resonances at O(1TeV) mass were addressed too by CMS and ATLAS 19 .
Sources of background are di-muons from Drell Yan events and W+jets, Z+jets.
At large transverse momentum (> 100 GeV), an important contribution to the muon momentum resolution is related to the misalignment of the muon spectrometer. A detailed study
was carried out in order to determine the effect of possible larger uncertainties in the position
of the muon chambers to the Z’ search; in addition to the ideal case of no misalignment, several
different hypotheses of misalignment were simulated. Muon chamber misalignment has an important effect causing a loss of Z’ mass resolution that degrade the determination of the charge
of muon.
In the Fig. 6 (right) is reported the luminosity needed for a 5σ discovery of Z’ as predicted
by the SSM. That luminosity ranges from 20 to 40 pb−1 , which makes the di-muon channel
competitive with the di-electron channel. The inclusion of the effect of misalignment and all the
systematics makes the prediction less powerful and the result worst.
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Global Fits of the electroweak Standard Model and beyond with Gfitter
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In the global fit of the Standard Model using Gfitter, electroweak precision observables as well
as constraints from direct Higgs searches have been compared with state-of-the-art electroweak
predictions. We use the most recent results for direct Higgs searches at LEP and Tevatron and
the latest measurements of mt and MW . Example results are an estimation of the mass of the
Higgs boson (MH = 116.3 +15.6
−1.3 GeV) and a forth-order result for the strong coupling constant
(αS (MZ2 ) = 0.1193 ± 0.0028(exp) ± 0.0001(theo)). A fit of the oblique parameters (ST U ) to
the electroweak data is performed, in order to constrain physics beyond the Standard Model.
For instance, the parameter space of the Littlest Higgs Model with T-parity can be restricted
via the oblique parameters. In addition, fit results for a model with an extended Higgs sector
(2HDM) using mainly observables from the B and K physics are presented.

1

Introduction

Precision measurements allow us to probe physics at much higher energy scales than the masses
of the particles directly involved in experimental reactions by exploiting contributions from
quantum loops. Prominent examples are the electroweak precision measurements, which are
used in conjunction with the Standard Model (SM) to predict via multidimensional parameter
fits unmeasured quantities like the Higgs mass.
Several theoretical libraries within and beyond the SM have been developed in the past
containing the pertubative calculations of the SM and new physics models for the electroweak
observables. However, most of these programs are relatively old, were implemented in outdated
programming languages, and are difficult to maintain with respect to the theoretical and experimental progress expected during the forthcoming era of the LHC. These considerations led to
development of the generic fitting package Gfitter [1], designed to provide a modular framework
for complex fitting tasks in high-energy physics. Gfitter is implemented in C++ and relies on
ROOT functionality. The package allows a consistent treatment of statistical, systematic and
theoretical errors, possible correlations and inter-parameter dependencies.
a
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In this paper we present Gfitter results of the global SM fit to the electroweak observables
as well as an estimate of the oblique parameters, which can be also used to constrain the
parameter space of the Littlest Higgs Model (LHM). In addition, a fit of a Two Higgs Doublets
Model (2HDM) is performed using B and K physics observables.
2

The Global SM Fit

In the global electroweak fit the state-of-the-art calculations of the electroweak precision observables are compared with the most recent experimental data to constrain the free parameters of
the fit and to test the goodness-of-fit. The free parameters of the SM relevant for the global electroweak analysis are the coupling constant of the electromagnetic, weak, and strong interactions,
as well as the masses of the elementary fermions and bosons. Due to electroweak unification and
simplifications arising from fixing parameters with insignificant uncertainties compared to the
sensitivity of the fit, the number of free fit parameters can be reduced. The remaining floating
(5)
parameters in the fit are the coupling parameters ∆α had (MZ2 ) and αS (MZ2 ), the masses MZ , mc ,
mb , mtop , and MH .
In Gfitter a complete new library of the electroweak precision observables as measured by
the LEP, SLC, and Tevatron experiments has been implemented. State-of-the-art predictions in
the one-mass-shell scheme are used. In particular, the full two-loop and leading beyond two-loop
l [3,4]. The implementation
corrections are available for the predictions of M W [2] and sin2 θeff
of the NNNLO pertubative calculation of the massless QCD Adler function [5], contributing
to the vector and axial radiator functions in the prediction of the Z hadronic width, allows
to fit the strong coupling constant with a unique theoretical accuracy. Wherever possible the
calculations have been cross-checked against the ZFITTER package [6]. More details on the
theoretical computations in Gfitter can be found in [1].
The following experimental measurements are used: The mass and width of the Z boson, the
0 , the partial widths ratio R 0 , and the forward-backward asymhadronic pole cross section σhad
l
0,l
metries for leptons AFB , have been determined by fits to the Z line-shape measured precisely
at LEP (see [7] and references therein). Measurements of the τ polarization at LEP [7] and the
left-right asymmetry at SLC [7] have been used to determine the lepton asymmetry parameter
Al . The corresponding c and b-quark asymmetry parameters A c(b) , the forward-backward asym0,c(b)

metries AFB , and the widths ratios Rc0 and Rb0 , have been measured at LEP and SLC [7]. In
addition, the forward-backward charge asymmetry measurement in inclusive hadronic events at
l [7]. For the running quark masses m and m the
LEP was used to directly determine sin 2 θeff
c
b
(5)
2
world average values are used. For ∆αhad (MZ ) we take the phenomenological result [8]. For the
W width we use the official combined LEP and Tevatron result, while for the W mass we take
also into account the recent D0 measurement [9] leading to our private preliminary combined
value of MW = (80.399 ± 0.023) GeV. In case of the top mass the latest combined result [10]
mt = (173.1 ± 1.3) GeV is used. The direct searches for the SM Higgs Boson at LEP [11] and
the most recent results from the Tevatron [12], leading to a 95% confidence level (CL) exclusion
for MH < 114.4 GeV and at MH = [160, 170] GeV respectively, are included using a Gaussian
approach that quantifies the difference between the observed test statistics (the log-likelihood
ratios) and the expected values for the s+b hypothesis using the values of the respective confidence level (CLS+B ). A contribution to the χ2 estimator of the fit is derived for each Higgs
mass. More details of the procedure can be found in [1]. We perform global fits in two versions:
the standard (“blue-band”) fit makes use of all the available information except for the direct
Higgs searches and the complete fit uses also the constraints from the direct Higgs searches.
The standard (complete) fit converges at the global minimum value χ 2min = 16.4 (χ2min =
17.9) for 13 (14) degrees of freedom, corresponding to a p-value of 0.228 ± 0.004 −0.002 (0.204 ±
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Fig. 2: Determination of MH excluding all the
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0.004−0.002 ) derived from MC toy experiments. The estimation for M H from the standard fit,
i.e., without the direct Higgs searches is M H = 83 +30
−23 GeV and the 2σ and 3σ intervals are
respectively [42, 158] GeV and [28, 211] GeV. The complete fit represents the most accurate
estimation of MH considering all available data. The resulting ∆χ 2 curve versus MH is shown
in Figure 1. The shaded band indicates the influence of theoretical uncertainties, which are
included in the fit with a flat likelihood within the allowed ranges. The inclusion of the direct
Higgs search results from LEP leads to a strong rise of the ∆χ 2 curve below MH = 115 GeV. The
data points from the searches at the Tevatron, available in the range 110 GeV < M H < 200 GeV
increases the ∆χ2 estimator for Higgs masses above 150 GeV beyond that obtained from the
standard fit. The estimation for MH from the complete fit results in MH = 116.3 +15.6
−1.3 GeV
and the 2σ interval is reduced to [114, 145] GeV.
In figure 2 only the observable indicated in a given row of the plot is included in the fit. Only
for the four observables providing the strongest constraint on M H , namely Aℓ (LEP), Aℓ (SLD),
A0,b
FB and MW , the Higgs mass is determined. The compatibility among these measurements can
be estimated by repeating the global fit where the least compatible of the measurements (here
2
A0,b
FB ) is removed, and by comparing the χ min estimator obtained in that fit to the one of the full
fit (here the standard fit). To assign a probability to the observation, the ∆χ 2min obtained this
way must be gauged with toy MC experiments to take into account the “look-elsewhere” effect
introduced by the explicit selection of the pull outlier. We find that in (1.4 ± 0.1)% (“2.5σ”) of
the toy experiments, the ∆χ2min found exceeds the ∆χ2min = 8.0 observed in current data.
The strong coupling at the Z-mass scale is determined by the complete fit to α S (MZ2 ) =
0.1193±0.0028±0.0001 where the first error is experimental and the second due to the truncation
of the pertubative QCD series.
Figure 3 compares the direct measurements of MW and mt , shown by the shaded/green
1σ bands, with the 68%, 95%, and 99% CL obtained for three sets of fits. The largest/blue
(narrower/yellow) allowed regions are derived from the standard fit (complete fit) excluding the
measured values in the fits. The inclusion of the LEP and Tevatron Higgs searches significantly
impacts the constraints obtained. Figure 3 allows to compare the indirect and direct determination of the MW and mt . So far the indirect determinations and the direct measurements are in
good agreement. The third set of fits (narrowest/green) results from the complete fit including
the measured values. Hence, it uses all available information and leads to the narrowest allowed
region.
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Oblique Parameters

A common approach to constrain physics beyond the SM using the global electroweak fit is
the introduction of oblique parameters, which assumes that the contributions of new physics
models only appear through vacuum polarization. Most of the effects on electroweak precision
observables can be parametrized by three gauge self-energy parameters (S, T , U ) introduced by
Peskin and Takeuchi [13]. S (S + U ) describes new physics contributions to neutral (charged)
current processes at different energy scales, while T measures the difference between the new
physics contributions of neutral and charged current processes at low energies (i.e., T is sensitive
to isospin violation). Further generalizations like additional corrections to Zbb couplings [14]
can be also taken into account.
The constraints on the ST U parameters are derived from the fit to the electroweak precision
data, presented in section 2. The ST U parameters replace MH and mt as free parameters in
the fit. The following fit results are determined from a fit assuming α S (MZ2 ) = 0.1193 ± 0.0028,
mt = 172.4 GeV, and MH = 116 GeV (in parentheses MH = 350 GeV):
S = 0.02 (−0.06) ± 0.11
T = 0.05 ( 0.15) ± 0.12

(1)

U = 0.07 ( 0.08) ± 0.12
Since U is generally small in new physics models and only constraints by the mass and width of
the W boson, the ST U parameter space is often projected to a two-dimensional parameter space
in which the experimental constraints are easy to visualize. Figure 4 shows the 68%, 95%, and
99% CL allowed contours in the (T ,S)-plane for three different assumptions for M H . In any case
the oblique parameters are small, i.e., possible new physics models may affect the electroweak
observables only weakly.
4

Littlest Higgs Model with T-Parity

The fine-tuning problem of the Higgs mass parameter (hierarchy problem) is one of the driving
arguments to consider physics beyond the SM. Besides supersymmetric extensions of the SM,
Little Higgs theories provide a way to tackle the hierarchy problem. The generic structure of
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Fig. 6: Simple overlay of the 95% CL exclusion
regions in the (tan β, MH ± )-plane from individual 2HDM constraints and the toy-MC-based result (black solid line) from the combined fit overlaid.

Little Higgs Models is a global symmetry broken at a scale f (around 1 TeV) where new gauge
bosons, scalars, and fermions exist canceling the one-loop quadratic divergences to the Higgs
mass from the SM particles.
The Littlest Higgs Model (LHM) [15] is based on a non-linear 1σ model describing an
SU(5)/SO(5) symmetry breaking. T-parity conservation can provide a possible candidate for a
dark matter WIMP (similar to R-parity conservation in supersymmetry). In addition T-parity
forbids tree-level contribution from heavy gauge bosons to the electroweak precision observables.
The ST U parameters of the oblique parameter fit are replaced by the calculations of the corresponding ones in the LHM [16]. The new floating parameters of the fit are: f the symmetry
breaking scale, sλ ≈ mT − /mT + in leading order the ratio of masses of the T-odd and the T-even
state from the LHM top sector, and δc a order one-coefficient, which exact value depends on
detail of UV physics. The latter parameter is treated as theory uncertainty in the fit δ c = −5...5.
Figure 5 shows the 68%, 95%, and 99% CL allowed contours in the (M H ,f )-plane for a fixed
value of sλ = 0.45. Contributions of the T-odd partners of light fermions to the T parameter are
neglected. This assumption is justified as long as the T-odd fermions are sufficiently light. The
parameter F is a quantitative measure of fine-tuning, indicated by the black lines. Since larger
values of F correspond to larger degree of fine-tuning, large values of M H are more preferred than
small values. Therefore, large Higgs masses are not only allowed by the electroweak precision
data, but they are also favored in terms of fine-tuning.
5

Two Higgs Doublet Model

In the Type-II 2HDM, we constrain the mass of the charged Higgs and the ratio of the vacuum
expectation values of the two Higgs doublets using current measurements of observables from the
B and K physics sectors and their most recent theoretical 2HDM predictions, namely R b0 [7,17],
the branching ratio (BR) of B → Xs γ [18,19], the BR of leptonic decays of charged pseudoscalar
mesons (B → τ ν [20,21], B → µν [22,21] and K → µν [23]) and the BR of the semileptonic
decay B → Dτ ν [24,25].
For each observable, individual constraints have been derived in the (tan β, M H ± ) plane.
Figure 6 displays the resulting 95% excluded regions derived assuming Gaussian behavior of the

test statistics, and one degree of freedom. The figure shows that R b0 is mainly sensitive to tan β
excluding small values. BR(B → Xs γ) is only sensitive to tan β for values below ≃1. For larger
values it provides an almost constant exclusion of a charged Higgs lighter than ≃260 GeV. For
all leptonic observables the 2HDM contribution can be either positive or negative since signed
terms enter the prediction of the BRs resulting in a two-fold ambiguity in the (tan β, m H ± )
space.
In addition, we have performed a global fit combining the information from all observables.
For the CL calculation in the two-dimensional plane we performed toy MC tests in each scan
point which allows to avoid the problem of ambiguities in the effective number of degrees of
freedom. The 95% CL excluded region obtained are indicated in Figure 6 by the area below
the single solid black line. We can exclude a charged Higgs mass below 240 GeV independently
of tan β. This limit increases towards larger tan β, e.g., M H ± < 780 GeV are excluded for
tan β = 70.
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BEYOND THE STANDARD MODEL HIGGS BOSON SEARCHES AT THE
TEVATRON
A. PATWA
(on behalf of the CDF and DØ Collaborations)
Brookhaven National Laboratory, Department of Physics, Building 510A,
Upton, New York, 11973, USA

This paper reviews recent searches for beyond the Standard Model Higgs bosons by the DØ
√
and CDF collaborations in pp̄ collisions at the Fermilab Tevatron at s = 1.96 TeV. Results
from both experiments for searches of Fermiophobic Higgs as well as for Higgs within SUSY at
high tan β are presented. As no significant excess is observed in data with respect to predicted
backgrounds, strong model-dependent limits are set for each.

1

Introduction

The Standard Model (SM) of particle physics has been very successful in describing particles
and their interactions. However, the SM is incomplete and proposed extensions to the model
predict the existence of one or more Higgs bosons. Within these extended models, the Higgs
behaves similarly to the SM Higgs but tends to exhibit different couplings to other particles. In
particular, the branching ratios of the various Higgs decays can be enhanced significantly. This
paper focuses on searches for the Higgs bosons at the Tevatron in Run II within the context of
three different frameworks: Fermiophobic Higgs model, the Minimal Supersymmetric Standard
Model (MSSM), and a slightly richer model of Next-to-MSSM (NMSSM).
2

Fermiophobic Higgs Boson

In Fermiophobic Higgs models, the Higgs primarily couples to bosons such that the Higgs-tofermion branching ratios are substantially suppressed. For a relatively light Higgs boson, mh 
110 GeV, the Higgs predominantly decays to a γγ pair, and at higher masses, to a W boson pair.
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Figure 1: 95% C.L. limits on BR(hf ) as a function of Fermiophobic Higgs mass for CDF (left) and DØ (right).

The latter search is performed in the W H → W W W ∗ channel, where the Higgs is produced in
association with a W boson.
Considering 2.7 fb−1 of the Run II data, CDF has searched in the W H → W W W ∗ channel
by looking for like-sign dilepton (e, µ) pairs 1 . The search is based on data-driven methods
separated into control regions to estimate backgrounds from fake leptons and residual photon
conversions. The search sensitivity is improved by implementing an 8-variable Boosted Decision
Tree (BDT), which is trained at each Higgs signal mass between 110 to 200 GeV in intervals of
10 GeV. After selections, events in data agree with background expectations, and the results are
interpreted in the framework of a search for a Fermiophobic Higgs. Here, the limit on the ratio
of σ(pp̄ → W H)×BR(H → W W ) with theory near 8.8 has been reached at mh = 120 GeV.
Similarly, the DØ search for W H → W W W ∗ is based on 1.0 fb−1 of data 2 and selects likesign isolated dilepton pairs, e or µ, with pe,µ
T > 15 GeV. Track quality cuts are imposed in order
to improve the charge measurement. The sample is divided according to the three final states:
ee, µµ, and eµ. The dominant physics background process includes W Z → lνll, where a lepton
(l) is lost from the Z boson, and is estimated from MC events normalized using its theoretical
cross section. Additionally, two instrumental backgrounds arise from a) “charge flips” where
the charge of one of the leptons is misreconstructed and b) jets misidentified in QCD multijet
events. Each of these backgrounds is estimated from a combination of MC and data separated
into different control regions. As events in data agree with background predictions, DØ places
mass-dependent limits on σ × BR and reaches similar sensitivities as CDF.
Both DØ and CDF also performed a Fermiophobic Higgs search in the decay hf → γγ. The
DØ search considers 1.1 fb−1 of data 3 . Primary backgrounds originate from QCD direct γγ
production as well as γ+jet and dijet events where one or both jets are misidentified as photons.
In order to distinguish signal photon candidates from such backgrounds, a neural network is
applied using calorimeter shower shape and preshower cluster variables. The latter is based on
energy-weighted cluster depositions in the preshower whose width is narrower for photons than
for jets. On the other hand, CDF result is based on 3.0 fb−1 dataset that searches for a very
narrow peak in the diphoton mass spectrum, Mγγ , which is fitted with a smooth function 4 . As
no excess of events is observed in the Mγγ distribution for either experiment, mass-dependent
limits on BR(hf ) are set, as shown in Fig. 1. For such couplings, CDF sets 95% C.L. lower
limit on the Fermiophobic Higgs of mhf > 106 GeV while DØ excludes masses upto 100 GeV.
The result reported by CDF is the stringent limit to date by a hadron collider for the model.
Moreover, both DØ and CDF improve the LEP limits on BR(hf → γγ) at intermediate masses
(mhf  130 GeV), extending the sensitivity into the region not accessible by LEP.

3

MSSM Higgs Boson

The Higgs sector in MSSM predicts two Higgs doublets, which leads to five Higgs bosons after
electroweak symmetry breaking: two neutral CP-even Higgs (h0 , H 0 ), one CP-odd Higgs (A0 ),
and a pair of charged Higgs bosons (H ± ). At tree level, the MSSM Higgs is fully specified by
two free parameters, which are chosen to be the mass of the CP-odd Higgs, mA , and tan β,
the ratio of the vacuum expectation values of the two Higgs doublets. Radiative corrections,
however, introduce a dependence on additional SUSY parameters. The Higgs boson production
cross section is enhanced in the region of low mA and high tan β by a factor proportional to
tan2 β. Moreover, at least two of the three neutral Higgs bosons, commonly denoted as φ(=h,
H, A), are nearly degenerate in mass, leading to a further increase in cross section. In most
parameter space, φ decays to bb̄-quark (τ τ -lepton) pairs with branching fractions on the order
of 90% (10%). Although the τ -mode has a smaller BR, it provides a much cleaner signature
whereas the b-mode suffers from large QCD multijet backgrounds. Nonetheless, both CDF and
DØ are well-situated to study both modes, and the Tevatron searches can probe several MSSM
benchmark scenarios to extend the search region covered by LEP 5 .
3.1

φb → bb̄b Searches

A direct φ → bb̄ search is difficult given the large multijet background. Instead, CDF and DØ
consider searches for φ production in association with at least one b-jet. DØ selects events with
2.6 fb−1 of data, requiring three b-tagged jets using a NN b-tagger, which combines several dca
and vertex-based tagging algorithms 6 . A six-variable likelihood is then used to discriminate
Higgs boson b-jet pairs from multijet backgrounds. The background is estimated from a combination of data and simulated (MC) samples. Specifically, the shape from double b-tagged data
is used with the ratio of the simulated shapes of the triple-to-double b-tagged events in order to
predict the triple b-tagged composition in data. The search sensitivity is improved by separating
the analysis into three-, four-, and five-jet channels. After all selections, background yields agree
with data and thus, the dijet invariant mass is used to set tan β exclusion limits at 95% C.L. for
and µ <
representative MSSM scenarios. Here, Fig. 2 (left) shows the DØ exclusion for mmax
h
0, where enhanced production for the 3b mode yields the strongest limits.
CDF performed a similar analysis in 1.9 fb−1 of data by requiring triple b-tagged jets using a
displaced vertex algorithm 7 . The search requires vertex mass fits to two- and three-jet distributions to estimate the quark content within the heavy-flavor multijet backgrounds. Subsequently,
CDF searches for enhancements in the mass of the two leading jets and as data agrees with
background predictions, mass-dependent cross section limits are set. These limits are translated
into a MSSM exclusion, which is shown in Fig. 2 (right) for mmax
and µ < 0.
h
3.2

φ → τ τ and φb → τ τ b Searches

Searches for φ → τ τ have been performed by DØ 8 with integrated luminosities of 1.0 fb−1 and
by CDF 9 with 1.8 fb−1 . These searches require the τ -pairs to decay into τe τhad , τµ τhad , and τe τµ ,
where τe , τµ (τhad ) are the leptonic (hadronic) decays of the tau. Moreover, DØ has extended
its search in the τµ τhad mode using a total 2.2 fb−1 dataset 10 .
The CDF analysis requires an isolated e or µ oppositely charged from a τhad . The hadronic
taus are split according to their decay mode and selected using a variable-size cone algorithm.
Backgrounds originating from multijet events are suppressed by requiring HT > 50 (45) GeV
for τe τhad (τµ τhad ) modes, where HT is the scalar sum of the lepton and hadronic pT with the
missing transverse energy, E
/T . The W +jets background is removed by placing a requirement
on the relative direction of the visible τ decay product and E
/T . After selections, the irreducible
background from Z → τ τ remains, and the visible mass, defined as the invariant mass of
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the visible τ decay products and the missing momentum four-vector approximated by P/T =
(E
/T , E
/x , E
/y , 0), is exploited to search for an enhancement of signal over backgrounds. The
visible mass is shown in Fig. 3. Since no significant excess is observed in data, regions of (mA ,
tan β) are excluded in MSSM benchmark scenarios, also shown in Fig. 3.
DØ performed similar searches, which for the 2.2 fb−1 τµ τhad analysis selects events with an
isolated µ oppositely charged and separated from a τhad . The hadronic taus are categorized by
decay types and discriminated from the jet background using a τ -identification algorithm based
on neural networks (NN). The NN input variables use isolation and shower shape parameters
as well as correlations built between calorimeter clusters and tracks. An additional series of
selections are imposed to help suppress backgrounds dominated by heavy-flavor multijet events
where a jet can be misidentified as a τ candidate. This includes MT < 40 GeV to reject
W (→ lν)+jet events, where MT is the transverse mass reconstructed from the lepton and missing
transverse momentum vector. Since data events agree with the sum of predicted backgrounds
across the visible mass spectrum, exclusions at 95% C.L. within the (mA , tan β) plane are derived
in MSSM benchmark scenarios. These results are summarized in Fig. 4. From these searches,
both CDF and DØ reach similar sensitivities of tan β ∼ 40−50 for low mA (<180 GeV).
A separate search in the φb → τ τ b channel has been carried out by DØ using 1.2 fb−1
of data 11 . Since the final state contains a τ -pair with an additional b-quark, the techniques
developed for both the φ → τ τ and φb → bb̄b searches are used. The backgrounds are initially
dominated by QCD multijet, Z → µµ and Z → τ τ events. These are largely reduced by imposing
a single b-tag, yielding a final dataset primarily composed of multijet and tt̄ backgrounds. As no
excess in the final data sample is observed, regions of tan β ∼ 60 (100) at mA ∼ 90 (160) GeV are
excluded in MSSM benchmark scenarios. The results are both competitive and complementary
to the other φ search modes and contribute to the overall Tevatron sensitivity.
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4

NMSSM Higgs Boson

DØ has also recently added a new search channel for Higgs boson (h) production in extended,
richer models of NMSSM 12 using 3.7 fb−1 of data 13 . Here, the h → bb̄ mode is greatly reduced
and the h dominantly decays to a pair of lighter neutral pseudo-scalar Higgs bosons (a). The
DØ study is divided into two search modes depending on the mass of a (Ma ).
Within the mass region 2Mµ  Ma  2Mτ (∼ 3.6 GeV), the BR(a → µ+ µ− ) is ∼100%
and the study focuses on 4µ final states. The signal signature consists of two pairs of extremely
collinear muons due to the low a mass. In order to detect such a topology, the object-ID for
muons is redefined by requiring a “companion track” with pT > 4 GeV associated with each muon
track of pT > 10 GeV, within ∆R < 1. Further, the typical single µ isolation criteria is modified
to consider the isolation for each “µ-companion track” pair. Dominant backgrounds include a)
muons from π/K in-flight decays or from heavy-flavor decays, which are estimated from data
using control samples without the µ isolation requirement, and b) Z/γ ∗ → µµ events, where
additional fake companion tracks are reconstructed. After selections, three events are observed
in data, consistent with the total background of 1.5±0.5 events. In particular, no clustering of
isolated data events is observed in the muon-companion track invariant mass distribution for
the leading vs. second-leading pT muons, as shown in Fig. 5 (left), which is expected for signal.
Therefore, assuming a Higgs cross section of 1000 fb at Mh = 120 GeV, the search excludes
BR(a → µµ)  10 at 95% C.L. for large BR(h → aa).

A second topology is studied within the mass range 2Mτ  Ma  2Mb (∼ 9.0 GeV). Here,
BR(a → µ+ µ− ) is suppressed and a dominantly decays to τ -pairs. Since the 4τ decay channel
is limited by the ability to efficiently trigger on low pT leptons, the search focuses on the 2µ2τ
final-state. The signature is comprised of a pair of collinear muons reconstructed back-to-back
in azimuthal φ with respect to substantial E
/T (> 25 GeV) arising from the a → τ + τ − decay.
Selections on the muon are tightened in order to ensure the E
/T is accurately corrected for the
transverse momentum of the muons. The QCD background is estimated from data where events
must pass all selections except with E
/T < 25 GeV, while contributions from diboson, W +jets,
and tt̄ production are determined from simulated PYTHIA samples. A counting experiment is
performed by fitting the dimuon mass spectrum and counting the events for data, signal, and
background within a 2σ window. As no excess is observed in data, limits on σ(pp̄)× BR(h → aa)
are determined. These are shown in Fig. 5 (right) relative to the reference SM Higgs cross section
for Mh = 100 GeV. Here, the current limits from the Tevatron are still a factor of ∼4 larger
than the expected Higgs production. Moreover, approximately 40 fb−1 of data would be needed
in order to reach sensitivity to the expected signal level.
5

Conclusion

CDF and DØ have actively searched for the Higgs boson in models beyond the SM across a
comprehensive set of search channels. Studies with integrated luminosities of up to 3.7 fb−1
have been reported here, and in the absence of signal, each experiment has established strong
model- and mass-dependent limits. For the MSSM Higgs searches, sensitivities of tan β ∼ 40−50
for mA < 180 GeV have been reached. Updates to these searches as well as a combination of
the different channels, and among experiments for an overall Tevatron limit, is expected soon.
Moreover, the DØ studies on NMSSM Higgs production represent a new search at the Tevatron.
The collider has already delivered more than 6 fb−1 of data and as more is collected, both DØ
and CDF expect to continually improve the sensitivity. If a key value of (mA , tan β) is achieved,
the experiments look forward to the prospects for a Higgs boson discovery in the Run II program.
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SEARCHES IN LEPTON FINAL STATES AT THE TEVATRON
M. Hohlfeld
Institut für Physik, Johannes Gutenberg–Universität,
Mainz, Germany

In this report, searches for new physics in final states involving leptons from the CDF and
DØ experiments will be presented. Different theories beyond the Standard Model will be
considered, including supersymmetry, extra gauge bosons and extra dimensions. The results
presented here are based on integrated luminosities ranging from 1 to 3 fb−1 .

1

Introduction

Although the Standard Model (SM) provides a good description of the experimental data, it
is known, that it cannot be the final theory of nature, since it has some caveats and does not
provide answers to many problems. Thus there have been many attempts to extend the SM to
answer at least some of the open questions.
One of the most promising theories is Supersymmetry (SUSY), which is the only possible
extension of the Poincaré group. In the Minimal Supersymmetric Model (MSSM) 1 , a new
superpartner is introduced for every SM particle, differing only in spin by 1/2. Since no supersymmetric particles have been observed so far, SUSY must be broken if it exists. But this SUSY
breaking mechanism is unknown. One of the most studied scenarios is the so–called mSUGRA
model, where the SUSY breaking from the hidden sector at very high energies is transmitted to
the visible sector at the TeV scale via gravity. In mSUGRA the huge number of free parameters
in general SUSY models can be reduced to five by making certain assumptions of unifications at
the GUT scale. Thus, the model is fully defined by the common scalar mass m0 , the common
gaugino mass m1/2 , the ratio tan β of the vacuum expectation values of the two Higgs doublets,
the common trilinear coupling A0 and the sign of the Higgs mass parameter µ. Also other
SUSY breaking mechanism like gauge mediated (GMSB) or anomaly mediated SUSY breaking
(AMSB) are studied in theory and experiment.

Other possible extensions of the SM are grand unified theories (GUTs), where the gauge
group of the SM SU(3)×SU(2)×U(1) is embedded in a larger group. Possible groups are
SU(5), SO(10) or E6 . The U(1) gauge group can survive down to reasonable low energies,
giving rise to additional gauge bosons (Z ′ ). Other models like left–right symmetric models
(SU(2)L ×SU(2)R ×U(1)B−L ) or little Higgs models also predict the existence of extra gauge
bosons.
Yet another approach of extending the SM is the increase of the space dimensions. There are
many types of extra–dimension models. In this report, only the Randall Sundrum (RS) model 2
is considered. In this model only one extra dimension is added and the weak scale is generated
from the large scale through an exponential hierarchy, which arises from a curved background
metric.
All exclusion limits shown later in this report are quoted at the 95% confidence level.
2

SUSY Searches

In this section, searches for several different SUSY particles are presented. At first, searches are
considered that assume the conservation of R–parity RP a . As a consequence of R–parity conservation, supersymmetric particles are always produced in pairs and the lightest supersymmetric
particle (LSP) is stable. At the end, also a search with RP violation is discussed.
2.1

Search for Charginos and Neutralinos

The golden channel for the search for supersymmetry at the Tevatron is the pair production of
0
charginos χ̃±
1 and neutralinos χ̃2 , the supersymmetric partners of the gauge and Higgs bosons.
These gauginos may decay into a final state consisting of three charged leptons and missing
transverse energy E
/T due to the escaping LSPs. This channel is very clean because of the small
SM background. Nevertheless this search is challenging due to the very small cross section
times branching ratio related to the electroweak production and the potentially small transverse
momenta of the leptons.
To cope with these challenges, the search strategy relies only on two identified leptons with
very small transverse momenta. The third lepton is selected as an isolated track to increase
the efficiency and to be sensitive to all three lepton flavors. To further reduce the background,
additional cuts based on E
/T –related quantities are applied to account for the escaping LSPs.
The DØ search 3 combines analyses from five different final states (ee+ℓ, µµ+ℓ, eµ+ℓ µτ +ℓ
and µτ + τ ). In addition, two different selections optimized for different regions in the mSUGRA
parameter space are performed in the ee + ℓ, µµ + ℓ and eµ + ℓ channels. Using a dataset
corresponding to an integrated luminosity of 2.3 fb−1 , the numbers of expected background
events are 5.4 ± 0.6 events for a selection with low pT requirements and 3.3 ± 0.4 events in a
selection with tighter pT cuts. For these two selections 9 and 4 events observed in the data,
respectively. The probability to observe 9 events given the expected background is around 10%.
These results can be translated into an exclusion region in the m0 − m1/2 plane, which is shown
in Fig. 1 (left) for tan β = 3, A0 = 0 and µ > 0. Chargino masses up to 167 GeV are excluded
while masses as high as 178 GeV are probed. For a fixed mass difference of 1 GeV between the
the lightest stau τ̃1 and the second lightest neutralino χ̃02 and a fixed chargino mass of 130 GeV,
values of tan β up to 9.6 can be ruled out, which is shown in Fig. 1 (right).
The analysis from CDF 4 , which is based on 2.0 fb−1 of data, expects 5.5 ± 1.1 events from
SM background in the lepton+track final state while 6 events are observed in the data. CDF
also performs an analysis with three identified leptons, where 0.88 ± 0.14 events are expected
with one event observed in the data. In both cases, only electrons and muons are considered as
a

RP = (−1)3(B−L)+2S where B and L are the baryon and lepton number and S is the spin of the particle.
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Figure 1: Excluded region in the m0 − m1/2 plane (left) and cross section limit as a function of tan β (right) from
the DØ search for charginos and neutralinos.

leptons. For fixed m0 values of 60 and 100 GeV, chargino masses below 145 GeV and 127 GeV
can be excluded, respectively.
2.2

Search for Stops

The pair production of stops, the supersymmetric partners of the top quark, can result in a final
state of two b–jets, two leptons and E
/T due to two neutrinos and two LSPs. If the stops are
lighter than the top quark, they decay into a chargino and a b–quark. Depending on the SUSY
parameters, the subsequent decay of the chargino can proceed via a W boson, a sneutrino or a
slepton, resulting in different fractions of multilepton final states.
To deal with the major background from top–pair production, CDF uses the reconstructed
stop mass to enhance the signal over background 5 . Combining all three dilepton final states ee,
eµ and µµ, 56.0 ± 7.3 events are expected from SM processes for a dataset of 2.7 fb−1 , while 57
0
events are observed in the data. Depending on the branching fraction BR(χ̃±
1 → χ̃1 ℓν), different
exclusion areas in the mt̃1 − mχ̃0 plane are obtained. The different exclusion regions for BR2 =
1
0.25, 0.5 and 1.0 are shown in Fig. 2 (left) for a fixed chargino mass of mχ̃± = 125.8 GeV.
1
DØ has also performed a search for pair produced stops in the dilepton+E
/T final state using
1.0 fb−1 of data 6 . Only the dielectron and electron+muon channels are studied. In this analysis
the topological variables HTb and STc are used to separate signal from background. In all bins
of HT and ST good agreement between SM prediction and the data is observed. The resulting
exclusion limit in the mt̃1 − mν̃ plane is pictured in Fig. 2 (right).
2.3

Search for Charged Massive Stable Particles

GMSB or AMSB models can lead to long lived massive stable particles (CHAMPs). For example
in GMSB SUSY models, the lightest stau can traverse the detector without decaying, since the
decay can be sufficiently suppressed. Similarly, AMSB models predict a long lifetime for the
lightest chargino, resulting also in a similar signature of “slow muons”.
To distinguish between signal and background, one can use the time information of the reconstructed muon objects as well as their invariant mass. In the analysis from DØ 7 , corresponding
to an integrated luminosity of 1.1 fb−1 , 1.9 ± 0.5 background events are expected for a chargino
with a mass of 200 GeV while one event is observed in the data. Also for other mass hypotheses, good agreement between SM prediction and data is found. The results are translated into
b
c

HT is the scalar sum of all jet transverse momenta.
ST is the scalar sum of lepton transverse momenta and E
/T .
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mass limits for the lightest chargino. For gaugino–like charginos, masses below 206 GeV can be
excluded, while for higgsino–like charginos the mass limit is reduced to 171 GeV. It was shown
in Ref. 8 that this search can exclude a larger fraction of models in the more general pMSSM d .
The CDF collaboration also performed a search for CHAMPs 9 . A small mass difference
between stop and LSP results in a long lifetime for the stop. Using the time–of–flight detector
to distinguish between stops and muons, CDF can exclude stops with masses up to 250 GeV.
2.4

Search for Sneutrino Resonances

In R–parity violating models the superpotential is of the form
1
1
W = εab λijk L̂ai L̂bj Êk + εab λ′ijk L̂ai Q̂bj D̂k + εαβγ λ′′ijk Ûiα D̂jβ D̂kγ + εab δi L̂ai Ĥ2b .
2
2

(1)

In the analyses presented here, only the couplings λ′311 and λ321 = λ312 are different from zero.
With these assumptions the processes ν̃ → e± µ∓ , ν̃ → e± τ ∓ and ν̃ → µ± τ ∓ are possible. In
the eµ final state, the invariant mass of the sneutrino can be reconstructed and a mass window
selection based on the assumed sneutrino mass can be used to enhance signal over background.
In the final states involving τ leptons only the visible mass can be reconstructed due to the
escaping neutrino in the τ lepton decay, thus degrading the performance of the analysis.
The CDF experiment has looked for resonant sneutrino production in all three final states in
a dataset of 1.0 fb−1 10 . For invariant electron muon masses above 500 GeV, 0.1±0.1 background
events are expected while no events are observed in the data. Similarly, 1.4 ± 0.3 (1.0 ± 0.3)
events from SM processes are predicted in the eτ (µτ ) final state for visible masses above 310
(280) GeV, while in both cases two events are observed in the data. Since no excess in the data
is found, only limits on the production cross section times branching ratio are obtained, which
are in the order of 10−2 pb to 10−1 pb, depending on the sneutrino mass.
The DØ collaboration has also performed a search for the production of sneutrinos in the
final state involving one electron and one muon 11 . Using the same amount of data as the CDF
analysis, 59.2 ± 5.3 events are expected from SM processes over the whole meµ mass range with
68 events observed in the data. Similar cross section limits in the range of 10−2 pb to 10−1 pb
are found.
d

pMSSM is the general CP conserving MSSM with minimal flavor violation.

3

Extra Dimensions and Additional Gauge Bosons

As already mentioned, in the RS model, the weak scale is generated from the Planck scale
through an exponential hierarchy, which arises from the curved background metric and not
gauge interactions. The curvature of the 5–dimensional Anti–deSitter space–time is given by
the parameter k. In this model, spin–2 excitations with masses of the order of a few hundred
GeV couple to the SM particles with weak scale. These heavy gravitons can decay to pairs of
fermions or bosons. Results are presented
√ dependent on the parameter k/M P l , where M P l is
the reduced effective Planck mass MP l / 8π.
In grand unified theories, the SM gauge group is embedded into larger groups. In these
models, heavy gauge bosons (Z ′ , W ′ ) are predicted. These heavy bosons can couple to SM
fermions with electroweak strength, thus a Z ′ boson could be observed as a peak in the invariant
dilepton mass spectrum.
3.1

Search for High Mass Resonances

The CDF collaboration has searched for a heavy resonance in the dielectron 12 and the dimuon
channel 13 . The process under consideration is σ(pp̄ → X) · BR(X → ℓ+ ℓ− ), where X can be a
spin–0 (e.g. a sneutrino), spin–1 (e.g. a Z ′ boson) or spin–2 particle (e.g. a RS graviton). The
searches are based on 2.5 and 2.3 fb−1 of data, respectively.
A RS graviton G∗ would show up as a deviation in the dimuon invariant mass spectrum.
Figure 3 (left) shows the inverse invariant dimuon mass, where no deviation from the SM can be
observed. The inverse invariant mass is used because the muon resolution is flat in this variable.
The invariant dielectron mass is pictured in Fig. 3 (right).
While no deviation from the SM prediction is observed in the dimuon channel, a small excess
corresponding to a significance of 2.5σ at a mass of 240 GeV is found in the dielectron channel.
The RS model is tested for values of k/M P l in the range of 0.01 to 0.1. Assuming k/M P l = 0.1,
RS gravitons with masses MG∗ below 848 GeV and 921 GeV can be excluded in the dielectron
and dimuon channel, respectively.
The same analyses can also be used to search for heavy gauge bosons, for example the Z ′
bosons predicted in the E6 model. Using this model, Z ′ masses below 735 GeV for the lightest
and 877 GeV for the heaviest Z ′ boson are ruled out in the dielectron channel. The corresponding
limits from the dimuon channel are 789 GeV and 982 GeV. Assuming SM like couplings, the
limits increase to 963 GeV and 1030 GeV in the dielectron and dimuon channel, respectively.
In the dimuon channel, the result is also interpreted in an R–parity violating SUSY model.
¯ coupling in the superpotential (compare Eq. 1)
For a value of λ2 · BR = 0.01, where λ is the ddν̃
+
and BR denotes the branching ration ν̃ → µ µ− , sneutrinos with masses below 810 GeV are
forbidden.
The DØ experiment has also searched for heavy gauge bosons in a dataset corresponding
to 1 fb−1 of integrated luminosity 14 . Studying the distribution of the transverse mass in the
electron+E
/T channel, W ′ bosons with masses below 1000 GeV are excluded.
As mentioned earlier, the RS gravitons can also decay into a pair of Z bosons. To cover this
decay, CDF has looked at final states consisting either of four leptons or two leptons and two
jets 15 . To increase the sensitivity, very loose lepton identification criteria have been imposed.
Using a dataset corresponding to integrated luminosities of 2.5 to 2.9 fb−1 , RS gravitons with
masses below 491 GeV can be excluded for k/M P l = 0.1.
4

Conclusion and Outlook

In this report, many searches for physics beyond the SM have been presented. So far, no indication of new physics have been found, but many models have been probed in so far untouched
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territory. Thus, many new exclusion limits well beyond previously existing bounds have been
established.
With the Tevatron running smoothly, the datasets collected by the CDF and DØ collaborations are increased by a factor of 2 to 6 compared to the results presented here. In addition,
improved analyses techniques and reduced systematics as well as combinations of CDF and DØ
results will allow further probing of new parameter space. Thus there is still the possibility of a
discovery before the LHC turns on.
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Searches for New Physics at the Tevatron in Photon and Jet Final States
Shin-Shan Eiko Yu
Fermi National Accelerator Laboratory
Batavia, IL 60510, U.S.A.
for the CDF and DØ Collaborations

We present the results of searches for non-standard model phenomena in photon and jet final
−1
states.
of pp̄ collisions
√ These searches use data from integrated luminosities of 0.7–2.7 fb
at s = 1.96 TeV, collected with the CDF and DØ detectors at the Fermilab Tevatron. No
significant excess in data has been observed. We report limits on the parameters of several
models, including: large extra dimension, compositeness, leptoquarks, and supersymmetry.

1

Introduction

To date, almost all experimental results have agreed with the predictions by the standard model
(SM) of particle physics. However, several limitations indicate that the SM is not the final
theory, for example: (i) Gravity is not yet described by the SM. (ii) The electroweak symmetry
is broken at energy ≈ 1 TeV, much smaller than the Planck scale MP l ≈ 1016 TeV (hierarchy
problem). (iii) The SM does not provide candidates for the dark matter or dark energy. In
this document, we present the results of searches inspired by extensions of the SM: large extra
dimension 1 , compositeness 2 , leptoquarks 3 , and supersymmetry (SUSY) 4,5,6 . Specifically, we
focus on the searches in final states that contain photons (γ), jets (j), or b-jets (b). These
√
searches are based on 0.7–2.7 fb−1 of pp̄ collisions at s = 1.96 TeV, recorded with the CDF
and DØ detectors at the Fermilab Tevatron. Sections 2–5 describe the basic ideas of the analysis
techniques and present the results of these searches. Section 6 gives the conclusion.
2

Searches for Large Extra Spatial Dimensions

In the large extra spatial dimensions model (LED) 1 , SM particles are confined to a 4-dimensional
membrane and graviton propagates in the 4+nd dimension, where nd stands for the number of

additional compactified spatial dimensions. The observed Planck scale Mpl , the fundamental
Planck scale MD , and the size of the extra dimensions R are related by the Gauss Law: [Mpl ]2 =
8πRnd [MD ]nd +2 . If R is large compared to the Planck length ≈ 1.6 × 10−33 cm, MD can be as
low as 1 TeV and effectively solves the hierarchy problem. The graviton appears to us, who live
in the 4 dimension, like series of Kaluza-Klein (KK) states with meV to MeV of mass splittings
that can be integrated into a massive KK graviton (GKK ). In hadron colliders, we can use two
methods to search for indications of LED:
1. Look for deviations of the production cross-sections from the SM either in absolute values or in shapes, due to exchange of the virtual graviton that travels through the extra
dimensions. The interference and direct gravity terms in the LED cross section are parameterized by F/MS4 , where MS is the ultraviolet cutoff of the sum over KK states, or
the so-called effective Planck scale. The formalisms of F include: (i) F = 1 (GRW) 7 , (ii)
F = ln(MS2 /ŝ) for nd = 2 and F = 2/(nd − 2) for nd > 2, where ŝ is the center-of-mass
energy of the partonic subprocess (HLZ) 8 , and (iii) F = ±2/π (Hewett) 9 . Sections 2.1 and
2.2 describe this type of LED search using the invariant mass and angular distributions of
di-electromagnetic (di-EM) and dijet channels, respectively.
2. Look for emission of real GKK through the production channels q q̄ → gGKK , qg → qGKK ,
and q q̄ → γGKK , with signatures of mono-jet or mono-photon and large E/T . Section 2.3
describes this type of LED search using the γE/T final state.
2.1

Search for LED in the Dielectron and Diphoton Channels

The DØ Collaboration has looked for LED in 1.1 fb−1 of pp̄ collisions, using the two-dimensional
distributions of invariant mass Mee,γγ and angular variable |cos θ ∗ | a of two EM objects (combining dielectron and diphoton channels) 10 . The two EM objects must have ET > 25 GeV
each,b and are reconstructed either both in the central EM calorimeter (|η| < 1.1) or one in
the central and one in the forward EM calorimeters (1.5 < |η| < 2.4). For the background
from SM Drell-Yan and diphoton production, the shapes and absolute normalizations of their
distributions are modeled with the PYTHIA event generator 11 , followed by a DØ detector full
simulation and a mass-dependent k-factor (∼ 1.34) for the next-to-leading order effect. For the
QCD background from γ+jet and multi-jet events, the shapes of their spectra are modeled using
the data with at least one EM object that fails the requirement on the shower profile. The normalization of the QCD background is obtained by fitting Mee,γγ in the range of 60–140 GeV/c2 ,
where we expect no LED signal, to a linear combination of the SM ee/γγ production and QCD
background. Then, the fit result is extrapolated to the mass region above 140 GeV/c2 . Figure 1
shows the Mee,γγ and |cos θ ∗ | distributions. Without observing discrepancy from the background
prediction, lower limits on MS are obtained at the 95% confidence level (C.L.): 1.62 TeV using
the GRW formalism, and 2.09–1.29 TeV using the HLZ formalism for nd = 2 − 7. These are
currently the best limits on MS .
a
Here, cos θ∗ = tanh(y ∗ ), where ±y ∗ is the rapidity of each EM object in the center-of-mass frame and
y ∗ = 12 (y1 − y2 ).
b
We use a cylindrical coordinate system in which φ is the azimuthal angle, r is the radius from the nominal
beam line, z points in the proton beam direction, and θ is the polar angle measured with respect to the interaction
vertex. The pseudorapidity η is defined as − ln(tan(θ/2)). Transverse momentum and energy are the respective
projections of momentum measured in the tracking system and energy measured in the calorimeter system onto
the r − φ plane,
P and are defined as pT = p sin θ and ET = E sin θ. Missing ET (E/T ) is defined as the magnitude of
the vector − i ETi n̂i , where ETi is the transverse energy deposited in the ith calorimeter tower for |η| < 3.6 at
CDF and |η| < 4.0 at DØ, and n̂i is a unit vector perpendicular to the beam axis and pointing at the ith tower.

Data
Total background
LED: Ms = 1 TeV
LED: Ms = 2 TeV
Drell-Yan
Diphoton
Multijet

CC-CC

3

10

DØ, 1.05 fb-1

102
10

Events/0.1

Events/10 GeV

104

9000

Data
Multijet
Total Background
LED: Ms = 1 TeV
LED: Ms = 2 TeV

CC-CC

8000
7000
6000
5000

DØ, 1.05 fb-1

4000

1

3000
-1

10

2000

10-2

1000
200

400

600

800

1000

00

0.2

0.4

0.6

0.8

*

di-EM Mass (GeV)

|cos(θ )|

Figure 1: The DØ LED search: the Mee,γγ (left) and |cos θ∗ | (right) distributions, where both EM objects are
reconstructed in the central calorimeter. The distributions of the LED signal are obtained by weighting the
SM-only full simulation with the ratio of LED+SM to SM parton-level simulations, for nd = 4.

2.2

Search for LED in the Dijet Channel

The DØ Collaboration has also used the shape of χdijet c distribution to look for LED in the dijet
channel in 0.7 fb−1 of pp̄ collisions 12 . The shape of χdijet is flat for Rutherford scattering, and
more strongly peaked at small value of χdijet in the presence of LED. Using the shape instead of
the absolute distribution makes the search less sensitive to the jet energy scale, luminosity, PDF,
and renormalization scale. Jets are reconstructed using the midpoint cone algorithm with cone
radius of R = 0.7.d The four-vectors of jets are corrected for the effects of calorimeter response,
additional energy from multiple pp̄ interactions, shifts in |y| due to detector effects, and bin-tobin migration due to finite resolutions. Two leading jets are required to have |y| < 2.4 each,
invariant mass Mjj > 0.25 TeV/c2 , χdijet < 16, and 12 |y1 + y2 | < 1. The shapes of the corrected
χdijet distributions are compared with the SM prediction in bins of Mjj from 0.25 TeV/c2
to above 1.1 TeV/c2 . Since no significant discrepancy is observed between the data and SM
prediction, limits on MS are obtained using the GRW, HLZ, and Hewett formalisms. However,
the limits are not as stringent as those from the dielectron and diphoton channels. The same
technique is also used to set the world’s best limits on the compositeness scales (see Section 3).
2.3

Search for LED in the Mono-photon and Large Missing Energy Channel

The CDF and DØ Collaborations have searched for LED in 2.0 fb−1 and 2.7 fb−1 of pp̄ collisions,
respectively, using events with mono-photon and large E/T 13,14 . The analyses require one central
photon with ET > 90 GeV and E/T > 50/70 GeV for CDF/DØ. Events with extra high
pT tracks or jets are removed. The exclusive γE/T final state suffers from large amount of
cosmic rays and beam halos and the analysis would have been impossible if an effective rejection
was not applied. The CDF analysis requires the photon to be in time with a pp̄ collision
and uses topological variables to separate signal from non-collision background, such as track
multiplicity, angular separation between the photon and the closest hit in the muon chamber, and
energy deposited in the calorimeters. The DØ analysis utilizes the transverse and the unique
longitudinal segmentation of the EM calorimeter. The photon trajectory is reconstructed by
fitting one measurement in the preshower detector and four in the EM calorimeter to a straight
line. The z position and the transverse impact parameter of the photon, at the point of closest
approach with respect to the beam line, are required to be within 10 cm and 4 cm of a pp̄
c
d

Here, χdijet ≡ (1 + cos θ∗ )/(1 − cos θ∗ ).
The R is defined in the y and φ plane.

1

interaction vertex, respectively.e The distribution of the transverse impact parameter is further
used to estimate the amount of remaining non-collision background. After all selections, the
dominant background in both analyses is the SM Zγ → ννγ production. Both analyses have not
found significant excess in data: 40 observed vs. 46.3 ± 3.0 expected (CDF) and 51 observed vs.
49.9 ± 4.1 expected (DØ). The lower limits on the fundamental Planck scale, MD , are obtained
at the 95% C.L.: 1080–900 GeV for nd = 2 − 6 from CDF, and 970–804 GeV for nd = 2 − 8
from DØ. The CDF and DØ limits using the γE/T final state supersede the LEP combined
limits 15 when nd > 3 and nd > 4, respectively. The CDF Collaboration further combines
the mono-photon+E/T and mono-jet+E/T channels and excludes MD below 1400-940 GeV for
nd = 2 − 6.

3

Searches for Quark Compositeness in the Dijet Channel

The proliferation of quarks and leptons suggests that they may be composite structures. The
compositeness scale ΛC characterizes the physical size of composite states. The shapes of χdijet
distributions in bins of Mjj as described in Section 2.2 are also used to set limits on ΛC , using
the matrix elements in Ref. 2 . Data with large Mjj are more sensitive to large ΛC since the
deviation from the SM dijet cross section increases as a function of Mjj /ΛC . The best lower
limits on ΛC have been obtained: 2.73 TeV for positive and 2.64 TeV for negative interference
between the new physics and the SM.

Searches for Leptoquarks in the ℓℓjj and ℓE/T jj Channels

4

Leptoquarks (LQs) are predicted in many models to explain the observed symmetry between leptons and quarks, such as technicolor, grand unification theories, superstrings, and quark-lepton
compositeness 3 . The DØ Collaboration has looked for pair production of scalar leptoquarks
for all three generations in 1.0 fb−1 of pp̄ collisions, assuming LQs couple to quarks and leptons within the same generation. The LQ1 LQ1 → eejj 12 , LQ2 LQ2 → µµjj+µE/T jj 16 , and
LQ3 LQ3 → τ τ bb 17 channels are studied, respectively. The cross section of pair production
depends only on mass of LQ, MLQ . The coupling of LQ to charge lepton B(LQ → ℓq) is defined as β and the coupling to neutral lepton B(LQ → νq) is 1 − β. Therefore, the final event
rates of ℓℓjj and ℓE/T jj are proportional to β 2 and β(1 − β). The lepton selections are: (i)
e | < 1.1 or |η e | < 1.1 and 1.5 < |η e | < 2.5, (ii) µµjj and µE/ jj:
eejj: ETe > 25 GeV, |η1,2
T
1
2
µ
µ
pT > 20 GeV/c, |η1,2 | < 2.0, E/T > 30 GeV, (iii) τ τ bb: a hadronic and a leptonic (decaying to µ)
τ candidate with pT > 15 GeV/c each, |ηhad | < 3.0, |ηµ | < 2.0. All jets are reconstructed using
the midpoint cone algorithm with R = 0.5 and required to have ETj > 25 GeV and |ηj | < 2.5;
the τ τ bb analysis requires at least one jet tagged as b-jet. The variable ST , which is the scalar
sum pT of the two leptons (either ℓℓ or ℓE/T ), and two highest pT jets, is then used as a discriminant to set lower limits on MLQ . The lower limits on MLQ assuming fixed values of β are:
β=1
β=1
β=0.5
β=1
> 292 GeV/c2 , MLQ
> 316 GeV/c2 , MLQ
> 270 GeV/c2 , and MLQ
> 210 GeV/c2 ,
MLQ
1
2
2
3
β=0.5
> 207 GeV/c2 . For the second generation, the µµjj and µE/T jj final states are also
MLQ
3
combined to exclude region in the β vs. MLQ2 plane. The cross-talk of µµqq in the µE/T jj
events due to the missing muon is taken into account. See Figure 2 for the ST of µE/T jj final
state and the exclusion region in the β − MLQ2 plane.
e

The resolution of the z position is ≈ 3 cm and the resolution of the transverse impact parameter is ≈ 2 cm.

-1
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Figure 2: The DØ leptoquark search: the ST distribution of the µE/T jj events (left) and the exclusion region in
the β vs. MLQ2 plane (right).

5

Searches for Supersymmetry

Supersymmetry (SUSY) aims to solve the hierarchy problem by introducing superpartners of SM
particles 4 . The spin of SUSY particles differs from the original particles by 1/2. For example,
e and
the SUSY partners of gluon, graviton, and bottom quark are: gluino (ge), gravitino (G),
e
sbottom quark (b), and carry spin 1/2, 3/2, and 0, respectively. The mixtures of SUSY partners
of Z boson (zino), photon (photino), and the neutral Higgs (higgsino) form four mass eigenstates
e0i , i = 1 − 4). In the R-parity conserving SUSY,f
with spin 1/2, and are called neutralinos (χ
the lightest SUSY particle (LSP) is stable and will not decay into SM particles, which leaves
E/T and provides possible candidates for dark matter. Section 5.1 and Section 5.2 describe the
e respectively.
e01 and gravitino G,
search for SUSY when the LSPs are the lightest neutralino χ
5.1

Search for Gluino-mediated Sbottom Production

In several SUSY models 5 , sbottom may be light due to the large mixture between the left- and
right-handed sbottom quarks. If eb is light enough, it may be produced via the gluino decay:
ge → ebb. For similar mass, the gluino pair-production cross section is an order of magnitude larger
than that of sbottom, due to gluino’s larger color charge and spin. The CDF Collaboration has
e01 ,
searched for production of gluino-mediated sbottom via the decay chain, gege → bbebeb and eb → bχ
which results in a final state with 4 b-jets and large E/T . Event selections are at least two jets
with ET > 25 GeV (leading jet ET > 35 GeV) and |η| < 2.4, of which two must be tagged as
b-jets by the SECVTX algorithm 18 , and E/T > 70 GeV. Two types of neural network (NN)
are employed to suppress backgrounds from top pair-production and QCD multi-jet events,
respectively. The requirements on the NN outputs are optimized for two different regions of
∆m ≡ m(ge) − m(eb): (i) small ∆m, m(ge) = 335 GeV/c2 and m(eb) = 315 GeV/c2 , (ii) large
∆m, m(ge) = 335 GeV/c2 and m(eb) = 260 GeV/c2 . After these requirements, 2 (5) events
are observed in data, consistent with the background prediction 2.4 ± 0.8 (4.7 ± 1.5) events for
small (large) ∆m optimization. The excluded region on sbottom mass vs. gluino mass from this
analysis shows a significant improvement to the results from previous 156 pb−1 analysis and the
search for direct pair-production of sbottom (see Figure 3).
f
R-parity is defined by the spin (j), baryon number (B) and lepton number (L): R ≡ (−1)2j+3B+L . By
definition, R = +1 for SM particles and R = −1 for SUSY particles.
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Figure 3: The CDF gluino-mediated sbottom search (left): the exclusion region of sbottom mass vs. gluino mass.
e01 mass.
The CDF GMSB search (right): the exclusion region of χ
e01 lifetime vs. χ

5.2

Search for GMSB in the Diphoton and Large Missing Energy Channel

The CDF Collaboration has searched for gauge-mediated supersymmetry breaking (GMSB) 6 in
e01 may decay
2.0 fb−1 of pp̄ collisions. In GMSB, the next-to-lightest supersymmetry particle χ
0
e (with a mass of a few keV) via χ
e
e1 → Gγ.
Assuming R-parity conservation, pair
to the LSP G
±
0
e2 χ
e−
e1 or χ
e+
production of massive SUSY particles, such as χ
1 , results in a final state with two
1χ
e
photons and large E/T due to the escape of the G from the detector. This analysis considers
e01 mass
a minimal GMSB model (Snowmass Slope SPS 8 19 ) to quote results as a function of χ
and lifetime. The requirements are two isolated central photons with ET > 13 GeV each,
∆φ(γ1 , γ2 ) < π − 0.15, HT > 200,g and E/T significance > 3. The latter three requirements
have been optimized to obtain the best significance of GMSB signal, and also to reduce the
background from W γ events.h In order to calculate the E/T significance, ten pseudo-experiments
for each event in data are performed. The E/T significance is defined as − log(P), where P
is the probability for the E/T drawn from the expected mis-measured E/T distributioni to be
equal to or larger than the observed E/T . Further selections are applied to suppress non-collision
background (cosmics, beam halo, photo-tube spikes). After all selections, one event is observed
in the data, which is consistent with the background prediction, 0.62 ± 0.29 event. Figure 3
e01 lifetime (up to 2 ns) vs. χ
e01 with zero
e01 mass. For χ
shows the exclusion region in the plane of χ
2
lifetime, the mass below 138 GeV/c is excluded at 95% C.L. These are the best limits to date.
e01 with more than 2 fb−1 is work in progress.
Analysis to search for long-lived χ
6

Conclusion

The CDF and DØ collaborations have a broad program of searching for new physics in photon
and jet final states. We have not yet found significant excess in 0.7–2.7 fb−1 of pp̄ collisions.
g

The HT is the scalar sum pT of all identified objects in the events.
The electron from W is mis-identified as a photon and the two photons are back-to-back due to the large HT
requirement.
i
The expected mis-measured E/T distribution is modeled by studying: (i) the resolution of unclustered energy
with zero-jet events in the Z → ee and fake photon data, (ii) the resolution of jet energy with the dijet and Z+jet
data.
h

We have set the best limits to date on parameters predicted by large extra dimension, quark
compositeness, leptoquarks, and supersymmetry. As more data data are being collected, we
expect many new and interesting results from both CDF and DØ.
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BEYOND THE STANDARD MODEL: A NONCOMMUTATIVE APPROACH
C.A. STEPHAN
Institut für Mathematik, Universität Potsdam
14469 Potsdam, Germany
During the last two decades Alain Connes developed Noncommutative Geometry (NCG)2 ,
which allows to unify two of the basic theories of modern physics: General Relativity (GR) and
the Standard Model (SM) of Particle Physics as classical field theories1 . In the noncommutative
framework the Higgs boson, which had previously to be put in by hand, and many of the ad
hoc features of the standard model appear in a natural way. The aim of this presentation is to
motivate this unification from basic physical principles and to give a flavour of its derivation.
One basic prediction of the noncommutative approach to the SM is that the mass of the
Higgs Boson should be of the order of 170 GeV if one assumes the Big Desert1 . This mass
range is with reasonable probability excluded by the Tevatron3 and therefore it is interesting
to investigate models beyond the SM that are compatible with NCG. Going beyond the SM
is highly non-trivial within the NCG approach but possible extensions have been found4,5 and
provide for phenomenologically interesting models. We will present in this article a short
introduction into the NCG framework and describe one of these extensions of the SM. This
model contains new scalar bosons (and fermions) which constitute a second Higgs-like sector
mixing with the ordinary Higgs sector and thus considerably modifying the mass eigenvalues.

1

Noncommutative Geometry

The aim of NCG: To unify GR and the SM (or suitable extensions of the SM) on the same
geometrical footing. This means to describe gravity and the electro-weak and strong forces as
gravitational forces of a unified space-time.
First observation, the structure of GR: gravity emerges as a pseudo-force associated to the
space-time (= a manifold M ) symmetries, i.e. the diffeomorphisms on M . If one tries to put
the SM into the same scheme, one cannot find a manifold within classical differential geometry
which is equivalent to space time.
Second observation: one can find an equivalent description of space-time when trading the
differential geometric description of the Euclidean space-time manifold M with metric g for
/ H). A spectral triple consists of the
the algebraic description of a spectral triple (C ∞ (M ), ∂,
following entities:
• an algebra A (= C ∞ (M )), the equivalent of the topological space M
• a Dirac operator D (= ∂/), the equivalent of the metric g on M
• a Hilbert space H, on which the algebra is faithfully represented and on which the Dirac
operator acts. It contains the fermions, i.e. in the space-time case, it is the Hilbert space
of Dirac 4-spinors.

• a set of axioms 2 , to ensure a consistent description of the geometry
This allows to describe GR in terms of spectral triples. Space-time is replaced by the algebra of
C ∞ -functions over the manifold and the Dirac operator plays a double role: it is the algebraic
equivalent of the metric and it gives the dynamics of the Fermions.
The Einstein-Hilbert action is replaced by the spectral action 1 , which is the simplest invariant action, given by the number of eigenvalues of the Dirac operator up to a cut-off.
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Gravity
Spectral Action =
E-H Act.+Cosm.Const.
Connes’ key observation is that the geometrical notions of the spectral triple remain valid, even
if the algebra is noncommutative. A simple way of achieving noncommutativity is done by
multiplying the function algebra C ∞ (M ) with a sum of matrix algebras
Af = M1 (K) ⊕ M2 (K) ⊕ . . .

(1)

with K = R, C or H. These algebras, or internal spaces have exactly the O(N )-, U (N )- or
SU (N )-type Lie groups as their symmetries that one would like to obtain as gauge groups in
particle physics. The particular choice
Af = C ⊕ M2 (C) ⊕ M3 (C) ⊕ C

(2)

allows to construct the SM. The combination of space-time and internal space can be considered
as a discrete Kaluza-Klein space where the product-manifold of space-time with extra dimensions is replaced by a product of space-time with discrete spaces represented by matrices, see
Fig. 1. These discrete spaces allow just for a finite number of degrees of freedom and avoids the
infamous Kaluza-Klein towers.
These product spaces the spectral triple approach, combined with the spectral action 1 , unify
GR and the SM as classical field theories:

F

.

.

. . .

.

Af

. . . .

M

C ∞ (M )

Figure 1: A noncommutative geometry can be pictured by imagining a Kaluza-Klein space where the compact
extra dimensions F are replaced by discrete matrix spaces Af and space-time M by the algebra of smooth
functions C ∞ (M ) over M .
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Spectral Action =
E-H Act.+Cosm.Const.
+ Stand. Model Action
The SM in the NCG setting automatically produces:
• The combined GR and SM action
• A cosmological constant
• The Higgs boson with the correct quartic Higgs potential
The Dirac operator turns out to be one of the central objects and plays a multiple role:
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Physical Consequences of the NCG formalism

Up to now one could conclude that NCG consists merely in a fancy, mathematically involved
reformulation of the SM. But the choices of possible Yang-Mills-Higgs models that fit into the
NCG framework is limited. Indeed the geometrical setup leads already to a set of restrictions
on the possible particle models:
• mathematical axioms => restrictions on particle content

• symmetries of finite space => determines gauge group
• representation of matrix algebra => representation of gauge group
(only fundamental and adjoint representations)

• Dirac operator => allowed mass terms / Higgs fields
Further constraints come from the Spectral Action which results in an effective action valid at
a cut-off energy Λ 1 . This effective action comes with a set of constraints on the standard model
couplings, also valid at Λ, which reduce the number of free parameters in a significant way.
The Spectral Action contains two parts. A fermionic part (Ψ, DΨ) which is obtained by
inserting the Dirac operator into the scalar product of the Hilbert space and a bosonic part
SD (Λ) which is just the number of eigenvalues of the Dirac operator up to the cut-off:
• (Ψ, DΨ) = fermionic action includes Yukawa couplings & fermion–gauge boson interactions
• SD (Λ) = the bosonic action given by the number of eigenvalues of D up to cut-off Λ
= the Einstein-Hilbert action + a Cosmological Constant
+ the full bosonic SM action + constraints at Λ
The bosonic action SD (Λ) can be calculated explicitly using the well known heat kernel expansion
Note that SD (Λ) is manifestly gauge invariant and also invariant under the diffeomorphisms
of the underlying space-time manifold.
For the SM the internal space is taken to be the matrix algebra Af = C⊕M2 (C)⊕M3 (C)⊕C.
The symmetry group of this discrete space is given by the group of (non-abelian) unitaries of
Af : U (2) × U (3). This leads, when properly lifted to the Hilbert space, to the SM gauge group
U (1)Y × SU (2)w × SU (3)c . It is a remarkable fact that the SM fits so well into the NCG
framework!
Calculating from the geometrical data the Spectral Action leads to the following constraints
on the SM parameters at the cut-off Λ
1.

g22 = g32 =

Y22 λ
1
= Y2
H 24
4

(3)

Where g2 and g3 are the SU (2)w and SU (3)c gauge couplings, λ is the quartic Higgs coupling,
Y2 is the sum of all Yukawa couplings squared and H is the sum of all Yukawa couplings to the
fourth power.
Assuming the Big Desert and the stability of the theory under the flow of the renormalisation
group equations we can deduce that g22 (Λ) = g32 (Λ) at Λ = 1.1 × 1017 GeV (where we used the
experimental values g2 (mZ ) = 0.6514, g3 (mZ ) = 1.221). Having thus fixed the cut-off scale
Λ we can use the remaining constraints to determine the low-energy value of the quartic Higgs
coupling and the top quark Yukawa coupling (assuming that it dominates all Yukawa couplings).
This leads to the following conclusions:
• mHiggs = 168.3 ± 2.5 GeV
• mtop < 190 GeV
• no 4th SM generation
Note that the prediction for the Higgs mass is already problematic in the light of recent data
from the Tevatron 3 . Thus it seems plausible to consider also models beyond the SM. We will
present one recently discovered model which may have an interesting phenomenology.

3

Beyond the Standard Model

The general strategy to find models beyond the SM within the NCG framework can be summarised as follows:
• find a finite geometry that has the SM as a sub-model (tricky)
=> particle content, gauge group & representation

• (make sure everything is anomaly free)
• compute the spectral action => constraints on the parameters at Λ
• determine the cut-off scale Λ with suitable sub-set of the constraints
• use renorm. group equations to obtain the low energy values of interesting parameters
• check with experiment!

This general strategy led, among other models 4 , to the following extension of the SM 5 : The
model contains in addition to the SM particles a new scalar field and a new fermion singlet in
each generation. These particles are neutral with respect to the SM gauge group but charged
under a new U (1)X gauge group under which in turn the SM particles are neutral.
The discrete space is a slight extension of the SM space, Af = C⊕M2 (C)⊕M3 (C)⊕C⊕C⊕C,
which results in a U (1) extension of the SM gauge group: G = U (1)Y ×SU (2)w ×SU (3)c ×U (1)X .
The new fermions carry a U (1)X charge which is vector-like (we call them X-particles), with
masses MX ∼ Λ. Note that very similar models have been considered before 6 . The new scalar
ϕ also transforms under U (1)X and couples to the SM Higgs field H:
λ2
λ3
λ1
|H|4 − µ22 |ϕ|2 +
|ϕ|4 +
|H|2 |ϕ|2
6
6
3
This Lagrangian leads to the following symmetry breaking pattern for the model:
Vscalar = −µ21 |H|2 +

U (1)Y × SU (2)w × SU (3)c × U (1)X → U (1)el. × SU (3)c .

(4)

(5)

For the X-particles and for the U (1)X gauge bosons one finds the standard Lagrangian:
Lferm+gauge = X̄L MX XR + gν,X ν̄R ϕXL + h.c. +

1 µν
F FX,µν
g42 X

(6)

Calculating the Spectral Action leads to a set of constraints very similar to the SM constraints,
g22 = g32 =

λ1 (3gt2 + gν2 )2
λ2
λ3 3gt2 + gν2 1
=
=
(3gt2 + gν2 ),
24 3gt4 + gν4
24
24
gν2
4

(7)

where for the sake of simplicity we have only kept the top quark Yukawa coupling gt and the τ neutrino Yukawa coupling gν . The latter can be of order one and leads via the seesaw mechanism
to a small neutrino mass. The relevant free parameters in this model are the vacuum expectation
value |hϕi| of the new scalar field ϕ and the U (1)X gauge coupling g4 at given energy (for example
at the Z-mass).
One notes that the potential Vscalar of the scalar sector has a non-trivial minimum. But
the vacuum expectation values of the new scalar ϕ and the Higgs H do no longer constitute
the mass eigenvalues. The physical scalar fields mix, thus leading to a dependence of the mass
eigenvalues on the vacuum expectation value of the new scalar, |hϕi|. The vacuum expectation
value of the SM Higgs field is still dictated by the W -boson mass.
Two examples of the dependence of the mass eigenvalues on |hϕi| are depicted in Fig. 2, for
the exemplary values of the U (1)X gauge coupling, g4 (mZ ) = 0.3 (left figure) and g4 (mZ ) = 0.7
(right figure). For a detailed analysis of this model we refer to 5 .
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Figure 2: Mass eigenvalues of the scalar fields in dependence of v2 = 2 |hϕi|. For the√U (1)X gauge coupling we
choose g4 (mZ ) = 0.3 (left) and g4 (mZ ) = 0.7 (right). From the W -mass follows 2|hHi| = 246 GeV.

4

Outlook

We conclude this paper with a “to-do-list” of some open questions that are worth to be addressed
in the future:
• Full classification of models beyond the SM in NCG (LHC signature and/or dark matter?)
• Mechanisms for Neutrino masses (Dirac/Majorana masses or something different?)
• Renormalisation group flow for all couplings in the spectral action (Exact Renorm Groups,
M. Reuter et al.)
• Spectral triples with Lorentzian signature (A. Rennie, M. Paschke, R. Verch,...)
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SEARCHES FOR NEW PHYSICS AT HERA
TRINH Thi Nguyeta
LPNHE CNRS-IN2P3, 4 Place Jussieu,
Paris cedex 05, France

The high energy program of the HERA ep collider ended in March 2007, where a combined
total integrated luminosity of 1 f b−1 was collected by the H1 and ZEUS experiment together.
In this context, a summary of the most recent results of both experiments converning searches
for new physics is presented. The topics covered are searches for leptoquarks, excited leptons,
single top quark, as well as studies of the isolated lepton and multi-lepton topologies, and a
general signature based search.

1

Introduction

At HERA electrons or positrons of 27.6 GeV and protons of 920 GeV are collided, resulting in
√
a center-of-mass energy s of 319 GeV (301 GeV). After two running periods, the high energy
data taking ended in March 2007. The integrated luminosity collected by each experiment have
recorded 500 pb−1 of data, shared between e+ p and e− p collision modes. These high energy ep
interactions provide a testing ground for the Standard Model (SM) complementary to e+ e− and
pp̄ scattering, giving access to rare processes with cross sections below 1 pb. They are therefore
used to pursue a rich variety of searches for new phenomena.
2

Leptoquarks

An intriguing characteristic of the Standard Model is the observed symmetry between the lepton
and quark sectors. This could be a possible indication of a new summetry between the lepton
and quark, leading to ”lepto-quark” interactions. Leptoquarks (LQs) are color triplet bosons of
a

On behalf of the H1 and ZEUS Collaborations

spin 0 or 1, carrying lepton (L) and baryon (B) number and fractional electric charge. They
couple to lepton-quark pairs and appear naturally in many extentions of SM. Several types of
LQs might exist, differing in their quantum numbers. A classification of LQs has been proposed
by Buchmüller, Rückl and Wyler (BRW) 1 under the assumptions that LQs have pure chiral
couplings to SM fermions of a given family. The interaction of the LQ with a lepton-quark
pair is of Yukawa or vector nature and is parametrised by a coupling λ. At HERA, LQs can
be resonantly produced in the s-channel or exchanged in the u-channel between the incoming
lepton and a quark coming from the proton. The resonant production shows up as a peak in
the mass spectrum or an enhancement in x distribution at the value corresponding to the mass
M of leptoquark: x = M 2 /s. As a consequence of quark densities in the proton, e− p and e+ p
collisions offer respectively best sensitivities to F = 2 and F = 0 leptoquarks.
H1 searched for leptoquarks 2 studying the inclusive Neutral Current (NC) and Charged
Current (CC) Deep Inelastic Scattering high Q2 e± p samples from HERA I and HERA II and
using an integrated luminosity of 449 pb−1 . No signal is observed, in agreement with previous
investigations at HERA I. The limits are derived within the phenomenological model proposed
by BRW. The constraints on the S0,L LQs are presented in figure 1 and compared to the results
obtained at LEP 3 and Tevatron 4 colliders.
λ

Leptoquark Search, HERA I+II (449 pb-1)
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Figure 1: Exclusion limits at 95% CL on the coupling λ as a
function of the leptoquark mass for S0,L in the BRW model.
The indirect limit from LEP (OPAL and L3) 3 and the direct
limts from Tevatron (D0) 4 are shown. The published H1 limit
from HERA I data 5 is also shown for comparision.
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Excited fermions

The direct observation of excited states of fermions (f ⋆ ) as a natural consequence of the compositeness models 6,7,8 via their decay into a fermion and a gauge boson would be an evidence
for new level of substructure. The interaction of an f ⋆ with a gauge boson is described by
a magnetic coupling proportional to 1/Λ where Λ is the compositeness scale. Proportionality
constants f , f ′ and fs result in different couplings to U (1), SU (2) and SU (3) gauge bosons.
Excited leptons and quarks may be produced in electron(positron)-proton collisions at HERA
via t-channel γ(Z) or W ± gauge boson exchange. Excited quark may also be exchanged in the uchannel with a non negligible cross section for high q ⋆ masses and low values of Λ. H1 searched
for excited electrons 9 and quarks 10 using all e± p data, corresponding to a total integrated
luminosity of 475 pb−1 . In the case of excited neutrinos, the cross section is much larger in
e− p collisons than in e+ p collisions due to the favourable valence u-quark and the helicity
enhancement, specific to CC-like processes. Therefore the search for excited neutrinos 11 used
only e− p sample data with an integrated luminosity of 184 pb−1 . No evidence for the production
of excited fermions are observed. The new bound on the ν ⋆ , e⋆ and q ⋆ masses obtained as a
function of f /Λ are presented in figure 2, under the assumptions f = −f ′ , f = +f ′ and f = +f ′
and fs = 0, respectively. Assuming f /Λ = 1/Mν ⋆ and f = −f ′ , masses below 213 GeV are ruled
out for ν ⋆ . Excited electrons of mass below 272 GeV are excluded if we assume f /Λ = 1/Me⋆
and f = +f . Excited quarks with masses upto 259 GeV are excluded at 95% CL considering
the assumption f /Λ = 1/Mq⋆ and fs = 0, f = f ′ . As observed in figure 2, the H1 analysis

has probed new parameter space regions and limits set extend at high masses previous bounds
reached at LEP and Tevatron colliders.
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Figure 2: Exclusion limits at 95% CL on the coupling f /Λ as
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Anomalous single top production

At HERA top quarks can only be singly produced. SM single-top production proceeds via the
CC interaction ep→νtb̄X. As the SM expectation for the production of top quarks at HERA
is negligible, this process provides an ideal testing ground for the search for Flavor Changing
Neutral Current (FCNC). H1 searched for single top events in a sample of isolated leptons with
high transverse momentum PT using all e± p data corresponding to an integrated luminosity
of 482 pb−1 . The analysis 12 searched for anomalous production of t decaying into b̄ and W
with subsequent decay of W into an electron or muon. An upper limit on the cross section set
by H1 is σep→etX < 0.16 pb, leading to the most stringent limit on ktuγ < 0.14 at 95% CL.
Figure 3 represents the constraints on the couplings ktuγ and vtuZ . The top mass is assumed to
be mt = 175 GeV in order to compare with previous results. The figure shows that HERA has
an unique discovery potential for anomalous magmetic couplings of the top quark in a parameter
space not excluded by other colliders.
5

Isolated leptons and missing transverse momentum events

Events with isolated leptons and missing transverse (PTmiss ) momentum are selected by requiring
an isolated high transverse momentum lepton (electron, muon or tau) and large PTmiss . For the
remaining hadronic final state (jet) the transverse momentum (PTX ) is measured. The main
SM “background” contribution to such a signature comes from the production of a W boson
with subsequent leptonic decay. Of particular interest are events with a hadronic system of

|vtuZ |

H1 Preliminary (HERA I+II)
Excluded

1

Excl. by ZEUS
Excl. by CDF

Figure 3: Exclusion limits at 95% CL on the anomalous ktuγ
and vtuZ couplings from H1 and ZEUS 13 compared to limits
from LEP 14 and Tevatron 15 . Anomalous couplings of the
cherm quark are neglected ktuγ = vtuZ = 0. Limits are shown
assuming a top mass mt = 175 GeV.
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large PTX . An abnormally large rate of high PTX events is observed by the H1 experiment 16
in the electron and muon channels. Searches have been performed, using now the full HERA
data corresponding to an integrated luminosity of 474 pb−1 by the H1 experiment in the decay
channels into electrons and muons and taus 17 . For PTX > 25 GeV, 53 data events are observed
compared to a SM prediction of 54.1±7.4, where 40.4±6.3 are expected from signal processes,
dominated by single W production. In this region, an excess of e+ p data events is observed,
equivalent to a fluctuation of order 2.4σ. The observation in the e− p data is consistent with
the SM expectation. In the tau channel, at PTX > 25 GeV one event is observed in the data,
compared to a SM expectation of 1.5±0.2.
The ZEUS experiment has carried out a similar analysis using 504 pb−1 of 1996-2007 data 18 .
Figure 4 shows the observed PTX distributions of the isolated electron(a) and muon(b) events
compared to the SM expectation for the e± p collision data. At high PTX in the combined electron
and muon channels the number of data events observed by ZEUS is in agreement with the SM
expectation in both e+ p and e− p collisions (5/5.5±0.8 and 6/7.4±1.0, respectively).

(a)

(b)

Figure 4: The hadronic transverse momentum PTX distributions in the electron(a) and muon(b) channels for all
e± p collision data. The total SM expectation is represented by the color shaded histograms and the contribution
from W by the dark-shaded histogram.

6

Multi-lepton events

Multi-lepton production has also been studied at HERA. The main production mechanism is
photon-photon collisions. All event topologies with high PT electrons and muons have been
investigated by the H1 experiment 19 using all HERA data with an integrated luminosity of
463 pb−1 . The measured yields of di-lepton and tri-lepton events are in good agreement with
the SM prediction, except in the tail of the distribution of the scalar sum of transverse momenta
P
P
of the leptons ( PT ).In e+ p collisions, five data events have a PT > 100 GeV, whereas the

corresponding SM expectation is 0.96±0.12. No such events are observed in e− p collisions for a
similar SM expectation of 0.64±0.09.
Multi-Leptons at HERA (e p, 178 pb-1)
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Figure P
5: Distribution of the scalar sum of the transverse momenta
PT for combined di-lepton and tri-lepton event samples compared to expectations separately for events
recorded
P
PT distribuby H1 in e+ p(a) and e− p(b) collisions. The
tion of the di-tau event sample (c) recorded by ZEUS in e± p
collisions.

The analysis of di-lepton and tri-lepton topologies in the electron and muon channels is also
P
carried out by ZEUS using 480 pb−1 of data 20 . Two data events are observed with
PT >
100 GeV compared to a SM prediction of 0.99±0.11 in e+ p collisions. No such events are observed
in e− p collisions for a similar SM expectation of 0.57±0.07. In the tau channel, a search for
events containing two high PT taus is performed by ZEUS using the full HERA II data 21 ,
corresponding to 360 pb−1 of data.21 data events are observed compared to a SM prediction of
27.2±7.1, where 13.2±1.0 are expected from di-tau MC expectations.
7

A general search for new phenomena

A model independent general search for deviations from the SM has been performed by H1
using now all HERA I and HERA II data 22 . Following 23 , all final states containing at least two
objects (e, µ, j, γ, ν) with PT > 20 GeV in the central region of the detector are investigated.
The observed and predicted yields in each channel are presented in figure 6(a) and (b) for e+ p
and e− p collisions, respectively. The good agreement observed between data and SM prediction
demonstrates the good understanding of the detector and of the contributions of the SM backgrounds. A statistical analysis is then used to quantify the significance of observed deviations.
The largest deivation is found in the e-e event class, in e+ p collisions.
8

Conclusion

The complete statistics of 15 years of data taking is being exploited by H1 and ZEUS to improve
the sensitivity of the searches for new physics in the unique HERA environment. The recent
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(a)

Figure 6: The data and the SM expectation in event classes investigated by the H1 general search. All channels
with observed data events or a SM expectation greater than 0.01 event are displayed. The results are presented
separately for e+ p(a) and e− p(b) collisions modes.

results of searches for new physics performed at the HERA collider have been presented. Most
of the analyses fully exploit the complete data sample available which amounts to 500 pb−1 per
experiment. HERA appears to be very well suited to search for new phenomena in specific cases,
complementary to stringent bounds set at LEP and Tevatron. Nevertheless, no convincing evidence for the existence of new phenomena has been observed so far. Among all event topologies
investigated, the largest deviation to the SM expectation is observed by the H1 experiment for
isolated lepton events in e+ p collisions only. After having analysed all data recorded by H1, this
deviation corresponds to a 2.4σ significance.
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THE “4th GENERATION”, B-CP ANOMALIES & THE LHC
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Upton, NY 11973, USA

Attention is drawn to the several 2-3 “anomalies” in B, Bs mixings and decays involving
CP-observables. Perhaps the most interesting theoretical scenario that could cause such effects
is based on warped extra-dimensional models and indeed some of the effects were predicted
there. However, a rather simple explanation is that based on a fourth family of quarks with
masses in the range of (400 - 600) GeV. The built-in hierarchy of the 4×4 mixing matrix
!
is such that the t′ readily provides a needed perturbation (≈ 15%) to sin 2 as measured in
B → ψKs and simultaneously is the dominant source of CP asymmetry in Bs → ψφ. The
latter mode is theoretically very clean (unlike the others) and therefore it would be extremely
desirable that Fermilab gives a very high priority to clarify this anomaly at the earliest. 4th
family explanation allows, with relative ease, to accomodate the stringent flavor changing
constraints which usually can be quite challenging for new physics scenarios. Implications for
the LHC are briefly discussed; t′ and b′ lead to high pt multilepton events, in particular b′
decays produce rather distinctive same sign leptons with asymmetric energies.

1

Introduction

The spectacular performance of the two asymmetric B-factories allowed us to reach an important
milestone in our understanding of CP-violation phenomena. For the first time it was established
that the observed CP-violation in the B and K systems was indeed accountable by the single,
CP-odd, Kobayashi-Maskawa phase in the CKM matrix 1,2 . In particular, the time dependent
CP-asymmetry in the gold-plated B 0 → ψKs can be accounted for by the Standard Model (SM)
CKM-paradigm to an accuracy of around 15% 3,4 . It has then become clear that the effects of
a beyond the standard model (BSM) phase can only be a perturbation. Nevertheless, in the
past few years as more data were accumulated and also as the accuracy in some theoretical
calculations was improved it has become increasingly apparent that several of the experimental

results are difficult to reconcile within the SM with three generations [SM3] 5,6,7 . It is clearly
important to follow these indications and to try to identify the possible origin of these discrepancies especially since they may provide experimental signals for the LHC which is set to start
quite soon. While at this stage many extensions of the SM could be responsible, it seems that
a very simple explanation is provided by the addition of a fourth family of quarks 8,9 . In fact
in 8 it is shown that the data suggests that the charge 2/3 quark of this family needs to have a
mass in the range of (400 - 600) GeV. New physics scenarios with warped extra dimension also
provide a very interesting and viable explanation; indeed some of the effects were predicted in
these models. We will briefly discuss these as well.
2

B-CP anomalies

Below we briefly summarize the experimental observations involving B, Bs -CP asymmetries that
are indicative of possible difficulties for the CKM picture of CP-violation.
1. The predicted value of sin 2β in the SM seems to be about 2-3 σ larger than the directly
measured values. Using only ǫk and ∆Ms /∆Md from experiment along with the necessary
hadronic matrix
elements, namely kaon “B-parameter” BK and using SU (3) breaking
√
prediction
fbs √Bbs
=
ratio ξs ≡ f B , from the lattice, alongwith Vcb yields a prediction, sin 2βnoV
ub
bd

bd

is also included as an input
0.87 ± 0.09 7 in the SM; see Fig. 1. If along with that VVub
cb
then one gets a somewhat smaller central value but with also appreciably reduced error:
sin 2βfprediction
= 0.75 ± 0.04; see Fig. 2
ullf it

Figure 1: Unitarity triangle fit in the SM. All constraints are imposed at the 68% C.L.. The solid contour is
obtained using the constraints from εK and ∆MBs /∆MBd . The regions allowed by aψK and a(φ+η′ +2Ks )Ks are
superimposed; see 7,16 for more details.

2. The celebrated measurement, via the “gold-plated” mode B → ψKs , gives sin 2βψKs =
0.672 ± 0.024 which is smaller than either of the above predictions by ≈ 1.7 to 2.1 σ 7 .
3. As is well known penguin-dominated modes, such as B → (φ, η′ , π 0 , ω, Ks Ks , ...)Ks also
allow an experimental determination of sin 2β in the SM. 10,11 . This method is less clean as
it has some hadronic uncertainty. which was naively estimated to be at the level of 5% 11,? .
Unfortunately, this uncertainty cannot be reliably determined in a model-independent

Figure 2: Unitarity triangle fit in the SM. All constraints are imposed at the 68% C.L.. The solid contour is
obtained using the constraints from εK , ∆MBs /∆MBd and |Vub /Vcb |. The dashed contour shows the effect of
excluding |Vub /Vcb | from the fit. The regions allowed by aψK and a(φ+η′ +2Ks )Ks are superimposed; see 7,16 for
more details.

manner. However, several different estimates 13 find that amongst these modes, (φ, η ′ ,
Ks Ks )Ks are rather clean up to an error of only a few percent. In passing, we note also
another intriguing feature of many such penguin-dominated modes is that the central value
of sin 2β that they give seems to be below the two SM predicted values given above in #1
and in fact, in many cases, even below the value measured via B → ψKS (given in #2).
To further exhibit this more clearly we show a direct comparison between the fitted value
of sin 2β and the one obtained by direct measurements via ψKs and via the penguin
dominated modes; see Fig. 3. A crucial test of the CKM paradigm of CP violation is that
the single CP-odd phase in the 3×3 mixing matrix must be able to explain simultaneously
the CP violation in K-decays as well as in B, Bs decays. This means that directly measured
values of sin 2β whether they are obtained from ψKs or from clean penguin modes such
as η ′ Ks or φKs must agree with the fitted value of sin2β. We see that whether we use
Vub or not the fitted value is not only high compared to the ψKs one but in fact is higher
even more compared to the penguin modes. It is also striking that the central value of the
sin 2β from almost all ten or so penguin modes is lower than the fitted value. The only
exception to this is the mode Bd → φπ 0 Ks but here the negative error is huge, O(50%),
so its meaningless to pay attention to the central value right now.
We also want to emphasize that, strictly speaking, a comparison of sin 2β from ψKs with
the one from penguin-modes need not reveal New Physics (NP) beyond CKM if NP is
confined to Bd mixing only and does not affect b → s penguin transtions or b → c c̄ s tree
decay. Therefore, direct comparison with the fitted value of sin 2β obtained by using ǫK
is essential.
4. Another apparent difficulty for the SM is understanding the rather large difference in the
direct CP asymmetries ∆ACP ≡ ACP (B − → K − π 0 )− ACP (B¯0 → K − π + ) = (14.4± 2.9)%
3 . Naively this difference is supposed to be zero, since the two decaying B’s are related
by switching of the spectator u and d quark, but it is not by almost five σ. Using QCD
factorization 14 in conjunction with any of the four scenarios for 1/mb corrections that have
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Figure 3: Results of the fit to the unitarity triangle within the SM. In the table on top we collect the results
we obtain for different selection of inputs. The plot is a graphical comparison between the SM predictions given
above and the direct determinations in b → cc̄s and b → s penguin modes. In bottom-right table we show the
deviation of the clean sin 2β measurements from the SM predictions obtained using εK , ∆MBq , |Vcb , α, γ. The
last column shows the impact of |Vub |; taken from 16 .

been proposed 15 , we were able to estimate ∆ACP = (2.2 ± 2.4)% 16 which is several σ’s
away from the experimental observations. It is important to understand that by varying
over those four scenarios one is actually spanning the space of a large class of final state
interactions; therefore the discrepancy with experiment is serious 17 . Note also that this
result for the ∆ACP is quite consistent with results obtained when a completely different
approach is used to estimate final state rescattering effects giving rise to the non-leading
corrections 18 . However, given our limited understanding of hadronic decays still makes
it difficult to draw compelling conclusions from this difficulty for the SM (with three
generations).
5. Finally, recently the possibility of the need for a largish non-standard CP-phase has been
raised 19,20 in the study of Bs → ψφ at Fermilab by CDF 21 and D0 22 experiments. Since
the presence of a beyond the SM CP odd phase in b → s transitions as (for example)
already emphasized in 5 , such non-standard effects in Bs decays are quite unavoidable.
Given that this effect (i.e a non-vanishing CP-asymmetry in Bs → ψφ) is theroretically
very clean, it has special importance. Unfortunately, at present it is quite limited by
statistics and stands at around ≈ 2.2 σ. Fortunately the Tevatron is running very well and

Table 1: Scale of New Physics, accompanied by a CP-odd phase, relevant to different scenarios to account for CP
anomalies in the data; taken from Ref. 16.

Scenario
Bd mixing
Bd = Bs mixing

Operator
(d)

O1
(d)
O1

&

(s)
O1

(K)

K mixing
Ab→s

O1
(K)
O4
O4b→s
b→s
O3Q

ϕ (o )

Λ (TeV)



1.1 ÷ 2.1
1.4 ÷ 2.3
1.0 ÷ 1.4
1.1 ÷ 2.0

no Vub
with Vub



no Vub
with Vub



< 1.9
< 24

.25 ÷ .43
.09 ÷ .2

15 ÷ 92
6 ÷ 60
25 ÷ 73
9 ÷ 60

no Vub
with Vub
no Vub
with Vub

130 ÷ 320
0 ÷ 70
0 ÷ 30

accumulating luminosity. If analysis with increased luminosity lead to an enhancement
of the significance of this asymmetry, that could be very important. Thus running the
Tevatron to resolve this issue deserves a very high priority.
3

Theoretical interpretations of the anomalies

In the following we discuss a few theoretical scenarios that could be the underlying cause for the
observed anomalies. However, we first very briefly consider a model independent point of view
and then some specific models that appear to be relevant.
3.1

Brief Summary of the model independent analysis

One of the important issue is how these B-CP anomalies will impact search for New Physics
at the LHC. For this purpose it is vitally important to understand the scale of NP. With
this in mind we 16 write down dimension-6 operators under the general assumptions of NP in
∆F lavor = 2 effective Hamiltonian for K, Bd or Bs mixing or for the case of ∆F lavor = 1
Hamiltonian relevant for b → s penguin transitions 16 . Table 1 summarises results of such a
model independent analysis. We see that the scale of NP is only a few hundred GeV if it
orginates from b → s, ∆F lavor = 1 penguin Hamiltonian. It rises to about a few TeV if it
originates from Bd and/or Bs mixing. From the perspective of LHC the scneario that is the
most pessimistic, with NP scale in the range of a few tens of TeVs, is when all of the NP resides
only in the dimension-6 LR-operator relevant for the K − K̄ mixing 23 . But in this case the
indications for a non-vanashing CP-asymmetry in the CDF and D0 data for Bs → ψφ or for
the large value of ∆ACP [Kπ] or for the smallish value of sin 2β from penguin modes becomes
difficult to reconcile.
3.2

Warped Flavordynamics & duality

Perhaps the most interesting and even compelling BSM scenario is that of warped extra dimensional models24 as they offer a simultaneous resolution to EW-Planck hierarchy as well as flavor
puzzle 25,26 . While explicit flavor models are still evolving, potentially this class of models does
have extra CP-violating phase(s) 27 that can have important repercussions for flavor physics. Indeed in the simplest scenario (with the assumption of “anarchic” Yukawas i. e. in the 5D theory
the entries in the Yukawa matrices are roughly of similar order) it was predicted 28 that there
should be smallish (i.e. O(20%)) deviations from the SM in Bd decays to penguin-dominated
final states such as φKs , η ′ Ks etc as well as the possibility of largish CP-odd phase in Bs mixing

which then of course has manifestations in e.g. Bs → ψφ; forward-backward asymmetry in
Xs l+ l− etc27,28 . However, in this original study, for simplicity it was assumed that Bd mixing
was essentially described by the SM. More recently there have been two extensive studies of
the possibilty of warped models being the origin of the several hints in B, Bs decays mentioned
above29,30,31 .
A common feature of these warped models is that they also imply the existence of various
Kaluza-Klein states, excitated counterparts of the gluon, weak gauge bosons and of the graviton
with masses heavier than about 3 TeV 32 . Note also that unless the masses of these particles are
less than about 3 TeV their direction detection at LHC will be very difficult 33,34,35,36,37,?,39,40,41 .
An extremely interesting subtelty about these 5-dimensional warped modeles is that they
are supposed to be dual to some 4-dimensional models with strong dynamics 42,43,44,45 . This
motivates us to search for effective 4-dimensional models that seem to provide a good description
of the data.
3.3

Two Higgs doublet model for the top quark

Another interesting BSM scenario that was studied in the context of such hints of new physics
in Bd , Bs physics is that of a two higgs doublet model. Such class of models are of course a
very simple extension of the SM and in fact in SUSY they find a natural place as there the
2HDM’s become a necessity. However, a specific such model, the two higgs doublet model for
the top-quark (T2HDM)46 is also of interest for a variety of reasons. It naturally accomodates
mt >> mb by postulating that the second Higgs doublet has a much larger VEV (v2 ) compared
to the VEV (v1 ) of the “first” doublet that couples with all the fermions other than the top
quark. This of course means that this model does not preserve “natural flavor conservation” 47 ;
so, indeed it has tree-level flavor changing-Higgs couplings. However, these are restricted to the
charge + 2/3 sector only. Thus the severe K − K̄, Bd − B̄d , Bs − B̄s constraints are respected
but the model predicts enhanced D0 − D̄ 0 mixing48 and enhanced flavor changing decays of the
type Z→ b s̄, t → c Z etc49 . Furthermore, the model has additional CP violating phases that
can have many interesting effects in flavor physics51,5
Specifically, the relevance of this model for some of the aforementioned anomalies in B
decays, was examined in 5 .
3.4

Possible relevance of a “4th generation” of quarks

Interestingly SM with a fourth generation [SM4] provides a rather simple explanation for many
of the observed deviations in B, Bs decays from the predictions of Standard Model’s CKMparadigm, the SM3 (Standard Model with 3 generations). Indeed the data is suggestive for the
need of a t′ in the range (400 - 600) GeV 8 .
For completeness, let us note that SM4 is a simple extension of SM3 with additional up-type
(t′ ) and down-type (b′ ) quarks. It retains all the features of the SM. The t′ quark, like u, c, t
quarks, contributes in the b → s transition at the loop level 52 . The addition of fourth generation
means that the quark mixing matrix will become a 4 × 4 matrix and the parametrization of this
unitary matrix requires six real parameters and three phases. The two extra phases imply the
possibility of extra sources of CP violation 53 . In order to constrain these extra parameters we
use experimental inputs from processes such as, Bd − B̄d and Bs − B̄s mixing, BR(B → Xs γ),
BR(B → Xs ℓ+ ℓ− ) , indirect CP violation in KL → ππ described by |ǫk |, Z → bb̄ etc. Table 2
summarizes complete list of inputs that we have used to constrain the SM4 parameter space.
Using these input parameters we have obtained the constraints on various parameters of the
4×4 mixing matrix. In Table 3 we present the one sigma allowed ranges of |Vt∗′ s Vt′ b | and φ′s (the
phase of Vt′ s ), which follow from our analysis 57 .

Table 2: Inputs used to constrain the SM4 parameter space; the error on Vub is increased (to 2 σ) to reflect the
disagreement between the inclusive and exclusive methods; taken from 8 .

BK√= 0.72 ± 0.05
fbs Bbs = 0.281 ± 0.021 GeV
∆Ms = (17.77 ± 0.12)ps−1
∆Md = (0.507 ± 0.005)ps−1
ξs = 1.2 ± 0.06
γ = (75.0 ± 22.0)◦
|ǫk | × 103 = 2.32 ± 0.007
sin 2βψKs = 0.672 ± 0.024
+0.130
BR(K + → π + νν) = (0.147−0.089
) × 10−9
BR(B → Xc ℓν) = (10.61 ± 0.17) × 10−2
BR(B → Xs γ) = (3.55 ± 0.25) × 10−4
BR(B → Xs ℓ+ ℓ− ) = (0.44 ± 0.12) × 10−6
( High q 2 region )
Rbb = 0.216 ± 0.001
|Vub | = (37.2 ± 5.4) × 10−4
|Vcb | = (40.8 ± 0.6) × 10−3
ηc = 1.51 ± 0.24 54
ηt = 0.5765 ± 0.0065 55
ηct = 0.47 ± 0.04 56
mt = 172.5 GeV
The SM3 expressions for ǫk and Z → bb̄ decay width have been taken from 60 and 61 respec∆Ms
, along with the other observables can be found
tively whereas the relevant expressions for ∆M
d
62
in . The corresponding expressions in SM4 i.e., the additional contributions arising due to
t′ quark can be obtained by replacing the mass of t-quark by mt′ in the respective Inami-Lim
functions. For concreteness, we use the parametrization suggested by Botella and Chau in 63 for
4×4 CKM matrix [VCKM 4 ]. In ∆Md and ∆Ms , apart from the other factors, we have the CKM
elements Vtq Vtb∗ and ∆Ms respecitively, contains the term Vts Vtb∗ (with q=d or s),
∗
Vtq Vtb∗ = −(Vuq Vub
+ Vcq Vcb∗ + Vt′ q Vt∗′ b )

∗
Vts Vtb∗ = −(Vus Vub
+ Vcs Vcb∗ + Vt′ s Vt∗′ b ),

(1)

∗ . using
which is replaced by using the unitarity relation, λu + λc + λt + λt′ = 0 where λq = Vqb Vqs
the 4×4 CKM matrix unitarity relations. The phase of Vtd and Vts will also be obtained by
using this unitarity relation. In this way we have reduced the number of unknown parameters
by using information from known parameters.
With a sequential fourth generation, the effective Hamiltonian describing, as an example,
the decay modes B − → π 0 K − and B̄ 0 → π + K − becomes

Hef f

=

10
X
GF
√ [λu (C1u O1 + C2u O2 +
Ciu Oi )
2
i=3

+λc

10
X
i=3

Cic Oi − λt′
′

10
X

′

∆Cit Oi ] ,

(2)

i=3

where Ciq ’s are the Wilson coefficients, ∆Cit ’s are the effective (t subtracted) t′ contributions
and Oi are the current-current operators. Using the above effective Hamiltonian, for the b → s
transition and following 5 we use the S4 scenario of QCD factorization approach 15 for the

Table 3: Allowed ranges for the parameters, λst′ (×10−2 ) and phase φ′s (in degree) for different masses mt′ ( GeV),
that has been obtained from the fitting with the inputs in Table 2; taken from 8 .

mt′
λst′
φ′s

400
(0.08 - 1.4)
-80 → 80

500
(0.06 - 0.9)
- 80 → 80
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(0.05 - 0.7)
-80 → 80

0.8
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Figure 4: The left panel shows the allowed range for Sψφ in the (Sψφ − φst′ ) plane for mt′ = 400 (red), 500 (green),
600 (magenta) and 700 (blue) GeV respectively. Black and red horizontal lines in the figure indicate 1-σ and
2-σ experimental ranges for Sψφ respectively. The right panel shows the correlation between SφKs and Sψφ for
mt′ = 400 (red), 500 (green), 600 (magenta) and 700 (blue) GeV respectively. The horizontal lines represent the
experimental 1σ range for SφKs whereas the vertical lines (Black 1-σ and red 2-σ ) represent that for Sψφ ; taken
from 8 .

.
evaluation of hadronic matrix elements and the amplitudes for the decay modes B → πK and
B → φKs for mt′ = 400 , 500, 600, 700 GeV respectively.
Using the ranges of λst′ ≡ |Vt∗′ s Vt′ b | and φ′s , the phase of Vt′ s as obtained from the fit for
different mt′ (Table 3), the allowed regions in the ∆ACP − λst′ plane for different values of mt′
were studied. With the 4th family there is some enhancement and ∆ACP up to about 8% may
be feasible which is till somewhat small compared to the observed value (14.4 ± 2.9)%. Again,
as we mentioned before this could be due to the inadequacy of the QCD factorization model we
are using.
In Fig.4 we have shown the allowed regions in the Sψφ − φst′ plane for different values of
mt′ and also the correlation between CP asymmetries in B → ψφ and B → φKs . We follow
ef f , where φ∆ is the phase coming from mixing and
the notation Sψφ = sin(φ∆
s − 2βs ) = sin 2βs
s
∗V
Vtb
◦ ± 0.3◦ , is the phase of b → cc̄s decay amplitude 64,? . The range for
βs = arg(− V ∗ Vts
)
=
1.1
cs
cb

◦
◦
∆
∆
new Bs mixing phase φ∆
s is given (@68% CL) by φs ∈ (−18 ± 7) or, φs ∈ (−70 ± 7) . The
corresponding 2-σ and 1-σ ranges for Sψφ is given by [-0.90, -0.17] and [-0.78, -0.40] respectively.
The large error on SφKs and Sψφ does not allow at present to draw strong conclusions on mt′ ,
nevertheless the present experimental bounds seem to mildly disfavor mt′ > 600 GeV.
A very appealing feature of the 4th family hypothesis is that it quite readily explains the
pattern of the observed anomalies. First of all the heavy mt′ generates a very important new
source of electroweak penguin (EWP) contribution since, as is well known, these amplitudes
are able to avoid the decoupling theorem and grow as m2t′ 66,52 . This helps to explain two
of the anomalies in b → s transitions. The enhanced EWP contribution helps in explaining
the difference in CP-asymmetries, ∆ACP as it is really the K ± π 0 that is enhanced because of
the color allowed coupling of the Z to the π 0 . A second important consequence of t′ is that
b → s penguin has a new CP-odd phase carried by Vt′ b Vt∗′ s . This is responsible for the fact that
sin 2β measured in B → ψKs differs with that measured in penguin-dominated modes such as
B → (φ, η′ , Ks Ks )Ks .
Note also that ∆B = 2 box graph gets important new contributions from the t′ since these

amplitudes as mentioned before are proportional to m2t′ . Furthermore, they are accompanied by
new CP-odd phase which is not present in SM3. This phase is responsible for the fact that the
sin 2β measured in B → ψKs seems to be bigger than the value(s) “predicted” in SM3 7 given
in item # 1 on page 1.
Finally, we note briefly in passing how SM4 gives a rather simple explanation for the size of
the new CP-phase effects in Bd versus Bs mesons. In Bd oscillations resulting in B → ψKs , top
quark plays the dominant role and we see that the measured value of sin 2β deviates by ≈ 15%
from predictions of SM3. It is then the usual hierarchical structure of the mixing matrix (now
in SM4) that guarantees that on sin 2β, t′ will only have a subdominant effect. However, when
we consider Bs oscillations then the role of t′ and t get reversed. In Bs mixing the top quark
in SM3 has negligible CP-odd phase, therein then the t′ has a pronounced effect. SM4 readily
explains that just as t is dominant in sin 2β and subdominant in sin 2βs , the t′ is dominant in
sin 2βs and subdominant in sin 2β.
Improved prospects for baryogenesis
In SM3 a well known difficulty for baryognesis is that the process is driven by product of square
of mass differences of the 3 up-type quarks and the 3 down-type quarks:
QB ≈ AU T −SM 3 [(m2c − m2u )(m2t − m2c )(m2t − m2u )(m2s − m2d )(m2b − m2s )(m2b − m2d )/m12
W

(3)

where AU T −SM 3 is twice the (invariant) area of the unitarity triangle for the 3-generation SM69 .
As is well known, AU T −SM 3 s multiplied by an extremely small number making it very difficult
for baryogenesis to occur. However, in SM4 since each set of 3-generations (of three linearly
independent ones) will have its own associatd CP-odd phase 2 . In the corresponding quantity
with new CP-odd phase(s), therefore, masses of the first family no longer need to enter leading
to a huge enhancement by the ratio,
4
2
2
′4
4
16
(m2t /m2c )(m′4
t /mt )(mb /ms )(mb /mb ) ≈ 10

(4)

So, at least from this point of view the chances of baryogenesis in SM4 are significantly improved 70,71 though its claimed that other difficulties may still need to be confronted 72 .
Repurcussions for SBF
We now briefly summarize some of the definitive signatures of the 4th family scenario in flavor
observables 58 at the flavor facilities of today or tomorrow, such as LHCb and Super-B Factory
(SBF). The need for new CP phase(s) beyond the single KM phase2 of course must continue to
persist. This means that the three values of sin 2β, the fitted one, the one measured via ψKs
and the one measured via penguin dominated modes (e.g. φKs , η ′ Ks etc.) should continue
to differ from each other as more accurate analysis become available. Furthermore, Bs mixing
should also continue to show the presence of a non-standard phase (e.g. in Bs → ψφ) as higher
statistics are accumulated. For sure SM4 will have many more interesting applications in flavor
physics, for example, direct CP asymmetry in KL → π 0 ν ν̄, forward-backward asymmetry in
B → Xs l+ l− etc. which need to be explored 58 .
Repurcussions for the LHC
For the LHC, one definitive pediction of this analysis is a 4th family of quarks in the range of ≈
400-600 GeV and the detection of these heavier quarks and their leptonic counterparts deserves

attention. EW precision constrains the mass-splitting between t′ and b′ to be small, around 50
GeV 67 . This constraint will clearly have important repercussions for their decays and therefore
their signals at the LHC.
For 500 GeV quarks the cross-section for pair production by gluon fusion is estimated to
be around 4pb 79 . The final states via their decays should have pair of opposite sign charged
′
′
leptons with missing energy carried by neutrinos and a t − t̄ pair. Since the t − b mass splitting
′
is likely to be less than mW , the 2-body decays of the t (assuming it is heavier) may not be
kinemattically allowed. This should have the indirect consequence of boosting BR for the 2-body
mode, t′ → bW .
For the b′ we should expect prominent 2-body mode, b′ → t + W . The partial width will
be suppressed by Vb′ t boosting its lifetime. Flavor changing b′ → bZ may also be enhanced and
quite interesting.
′
′
′
The decays of t and/or b should lead to hgh Pt multilepton final states. Decays of the t
′
are likely to be dominated by t → b + W , followed by decays of the W. Thus we should expect
′
′
opposite sign dilptons from pairs of t . From the pair production of b followed by their decays,
we can get both opposite sign or same sign dileptons. The same sign ones arise (e.g.) when
one lepton comes from W − originating from the b′ and the other from the W + originating from
the t̄ on the opposite side. These high pt same sign dileptons clearly provide very distinctive
signatures. Futhermore, the opposite sign leptons tend to have similar energies, whereas same
sign tend to be asymmetric in energy with their average energies differing by a factor of about
two.
Another important consequence of the 4th generation scenario with such heavy quarks is
78
that correspondingly the higgs may be heavier with mH >
∼ 300GeV . This could make its
detection via decays to ZZ, WW final states more prominent and perhaps easier than the light
mass case.
Possibilty for a dark matter candidate
As far as the lepton sector is concerned, it is clear that the 4th family leptons have to be quite
different from the previous three families in that the neutral leptons have to be rather massive,
with masses > mZ /2. This may also be a clue that the underlying nature of the 4th family
may be quite different from the previous three families68 . KM 2 mechanism taught us the crucial
role of the three families in endowing CP violation in SM3. It is conceivable that 4th family
plays an important role 70,72 in yielding enough CP to generate baryogenesis which is difficult
in SM3. Of course it also seems highly plausible that the heavy masses in the 4th family play
a significant role in dynamical generation of electroweak symmetry breaking. In particular,
the masses around 500 or 600 GeV that are being invoked in our study, point to a tantalizing
possibility of dynamical electroweak symmetry breaking as the Pagels-Stokar relation in fact
requires quarks of masses around 500 or 600 GeV for dynamical mass generation to take place
73,74,75,76,77 . For such heavy masses the values of Yukawa coupling will be large but not so large
to break down perturbation theory. Clearly all this brief discussion is signaling is that there is
a lot of physics involving the new family that needs to be explored and understood.
Does need some tuning
While from the point of view of dynamical EW symmetry breaking, baryogenesis and the possibilty of a dark matter candidate, a pair of 4th generation-like heavy quarks may be quite
interesting, to put things in perspective we should also recall that some degree of cancellations
or tuning will be needed to accomodate such a family. First of all the EWP constraints show
that some of the contribution of the heavier quarks to the S and T-parameters may have to
cancel against a heavier higgs. Moreover, the EWP constraints also require that for such heavy

quarks, the mass difference between the t′ and the b′ cannot be more than around 50 GeV 78 .
This means their masses may be degenerate to about 10%. While such a tuning may be a
cause for concern, it may be worth remembering that this degeneracy is a lot less than protonneutron mass difference which we now understand results from isospin symmetry of the strong
interactions.
Cannot be a conventional 4th generation
Since LEP experiments tell us that there cannot be another squential, essentially masslss neutrino, the underlying nature of this “4th generation” that we need for fixing B-CP anomalies
must be quite different. In fact, from our point of view, all that is really needed is a heavy charge
+ 2/3 quark that paricipates in the EW interactions through the 4×4 mixing matrix 80 . Thus
the underlying nature of this 4th generation may be quite different from the previous three82 .
4

Summary & Outlook

Attention is drawn to several 2-3 σ indications for new CP violatng physics in B, Bs and possibly
in K-mixings and decays. Heavier quarks of another (“4th”) family offer a simple explanation
for these effects. These indications should be resolved with high priority. In particular, the hints
in Bs → ψφ are very clean from a theoretical standpoint and since the fermilab Tevatron is also
working very well and acumulating data at a high luminosity, it is highly desirable to let the
Tevatron run for another few years so that we can get to the bottom of this anomally as soon
as possible.
If these signals for NP are confirmed they will obviously have a large impact on flavor and
on collider physics. It is useful to note that the flavor structure of warped model is sufficiently
intricate that signals such as those highlighted here could originate from this class of new physics.
However, our current understanding of these models is such that the Kaluza-Klein particles are
likely to have masses heavier than about 3 GeV making their direct verification at the LHC
rather challenging. In that case, higher sensitivity experiments in the flavor sector, at high
luminosity machines may be our only way to seek confirmation. In contrast, if a 4th family
explanation is the underlying cause then the masses of the new particles need only be around
600 GeV making their detection at LHC also quite feasible.
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CKM fits as of winter 2009 and sensitivity to New Physics
Vincent Tisserand, on behalf of the CKMfitter group
LAPP (UMR5814), Université de Savoie, CNRS/IN2P3, Annecy-le-Vieux, France
We present the status of the CKM matrix parameters in the framework of the Standard Model.
We perform a model independent analysis to set constraints on additional effective parameters
accounting for possible New Physics effects and to evaluate the present allowed space for these
effects both from Bd and Bs mesons.

The unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix 1 describes the mixing of the quark
flavors within the framework of the Standard Model (SM). Profs. Kobayashi and Maskawa
have just been awarded the Nobel prize for their early 70’s work on such a 3 × 3 (3 quark
generations) unitary matrix that accounts for violation of CP symmetry through Electro-Weak
(EW) couplings. It has 4 real parameters, among which one single non-vanishing phase. We
employ an exact Wolfenstein-like parametrization 2,3 that describes the strong hierarchy in these
couplings where unitarity holds to an arbitrary power of the Cabibbo angle λ = sin(θC ), it is
also re-phasing invariant:
λ2 =

|Vus |2
,
|Vud |2 + |Vus |2

A2 λ4 =

|Vcb |2
,
|Vud |2 + |Vus |2

ρ̄ + iη̄ = −

∗
Vud Vub
.
∗
Vcd Vcb

The parameter λ is accurately determined (at 0.3 % level) from super-allowed nuclear transitions
(|Vud |) and in semi-leptonic kaon decays (|Vus |). The parameter A (|Vcb |) is measured from
charmed B semi-leptonic decays with an accuracy at the level of 3 %. The apex of the Unitary
Triangle (UT), i.e. the complex number (ρ̄ + iη̄), is less constrained.
The accurate measurement of these parameters and especially of the UT sides and angles,
possibly in a redundant way, allows to check the consistency of the Kobayashi-Maskawa (KM)
mechanism within the SM. Any significant departure could suggest contributions from New
Physics (NP). The challenge, both for experimentalists and theorists, is that precise extraction of
observables related to these EW parameters is complicated by the presence of strong interaction
effects.
We perform a global fit to the CKM parameters within a frequentist approach including a
specific treatment to deal with theoretical uncertainties (i.e. flat likelihood à la Rfit)3 , where we
only use the observables from K and B sectors on which we have a good theoretical control, to
avoid to claim pseudo departures from SM. Table 1 displays the various key ingredients used
(more details on the world averages (WA) exp. and theo. inputs and related references are given
at 3 ). Among all these observables, only the branching ratio (BR) of the B + → ρ+ ρ0 channel
updated by the BaBar collaboration 4 is a new input since our last summer 2008 update.
Several hadronic inputs are mandatory for the fits. They mainly limit the precision on
the determination of the observables involving processes with loops such as ∆md , ∆ms , |εK |,

Phys. params.
|Vud |
|Vus |
|Vcb |
|Vub |SL

Experim. input
super-allowed β decays
Kl3 SL kaon decays (WA, Flavianet 5 )
B → Xc lν (HFAG 6 : excl. + incl.)
B → Xd lν (HFAG 6 : excl. + incl.)

|Vub |lept.
∆ms
∆md

BR(B + → τ + ν) annihilation (B-factories)
Bs − B̄s mixing (CDF II)
Bd − B̄d mixing (HFAG 6 )

|εK |
β/φ1
α/φ2
γ/φ3

K K̄ mixing (PDG 08 7 : KLOE, NA48, KTeV...)
Charmonium B decays (HFAG 6 )
B → ππ, ρρ, ρπ (B-factories: rates + asym.)
B − → D(∗) K (∗)− (B-factories: rates + asym.)

Theory method/ingredient
Towner and Hardy (08)
Kπ (0) = 0.964(5) (RBC-UKQCD (07))
f+
40.59(38)(58) × 10−3 (FF and/or OPE)
3.87(9)(46) × 10−3 (FF and/or OPE)
and own syst. treatment
[fBs = 228(3)(17) MeV, fBs /fBd = 1.196(8)(23)]
∆B=2 amp. [B̂s = 1.23(3)(5), fBs , m̄t , ηB ]
∆B=2 amp. [B̂Bs /B̂Bd = 1.05(2)(5),
fBs /fBd , ηB ]
∆S=2 amp. [BK = 0.721(5)(40), ηcc , ηct , ηtt ]
Isopsin SU (2) (Gronau, London (90))
GLW/ADS/GGSZ

Table 1: Various relevant inputs to the CKMfitter global fit. Many LQCD inputs in these table are from our own
average (see text). The upper (lower) part of the table corresponds to CP conserving (violating) parameters.

and also the tree decay B + → τ + ν. The hadronic contributions to Kl3 decay are surprisingly
under excellent control. We mostly rely on lattice QCD (LQCD) simulations to estimate these
quantities, since the accuracy of such first-principle computations can be improved in a controlled
way (at least in principle). The presence of results from different collaborations with various
statistics and systematics makes it all the more necessary to combine them in a careful and
reproducible way. It has been pointed out8 that “if experts cannot agree, it is unlikely the rest
of the community would believe a claim of NP”. Therefore we have recently set up our own
average of these results a .
Figure 1 (Left) shows the global CKM fit results in the (ρ̄,η̄) plane. The CKM parameters
+0.0097
+0.025
+0.016
are: A = 0.8116−0.0241
, λ = 0.22521 ± 0.00082, ρ̄ = 0.139−0.027
, and η̄ = 0.341−0.015
. A good
overall consistency at 95 % CL is seen, probing the fact that the KM mechanism is at work for
CP violation and dominant in B decays. It is also visible that there is a tension between the
measurement of sin(2β) from charmonium B decays and the determination of |Vub | from the
decay B + → τ + ν. When removing one of the last paramaters from the global fit, the χ2 at
minimum drops respectively by 2.3 and 2.4 σ.
This tension is mainly originated from the recent BR(B + → τ + ν) measurements by BaBar
a

We apply the averaging procedure 3 :
• First of all, we collect the relevant calculations of the quantity that we are interested in: we take only
unquenched results with 2 or 2+1 dynamical fermions, from published papers or proceedings. In these
results, we separate the error estimates into a Gaussian part and a flat part (Rfit). The Gaussian part should
collect the uncertainties from purely statistical origin, but also the systematics that can be controlled and
treated in a similar way (e.g., interpolation or fitting in some cases). The remaining systematics constitute
the Rfit error. If there are several sources of error in the Rfit category, we add them linearly, keeping
in mind that in many papers in the literature, this combination is done in quadrature and the splitting
between different sources is not published. If Rfit is taken stricto sensu and the individual likelihoods are
combined in the usual way (by multiplication), the final uncertainty can be underestimated, in particular
in the case of marginally compatible values.
• We correct this effect by adopting the following averaging recipe. We first combine the Gaussian uncertainties by combining likelihoods restricted to their Gaussian part. Then we assign to this combination
the smallest of the individual Rfit uncertainties. The underlying idea is twofold: (1) the present state of
art cannot allow us to reach a better theoretical accuracy than the best of all estimates, and (2) this best
estimate should not be penalized by less precise methods (as it would happen be the case if one would
take the dispersion of the individual central values as a guess of the combined theoretical uncertainty). It
should be stressed that the concept of a theoretical uncertainty is ill-defined, and the combination of them
even more. Thus our approach is only one among the alternatives that can be found in the literature. In
contrast to some of the latter, ours is algorithmic and can be reproduced. We found a very good agreement
between our previous inputs (taken from lattice reviews) and our current set (obtained from the above
recipe).
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Figure 1: 95 % CL individual and global constraints in the (ρ̄,η̄) plane from the global CKM fit (Left). The red
hashed region of the global combination corresponds to 68 % CL. CL profile for α with the present world average
of the 3 B → ππ, ρρ, ρπ channels (Right).

and Belle 3,9 . All these measurements are consistent and their WA is (1.73 ± 0.35) × 10−4 ,
+0.15
while our global CKM fit predicts it to be at a lower value of (0.80−0.09
) × 10−4 . Such a higher
BR is not necessarily accommodated for by models with 2 Higgs boson doublets 10 (2HDM).
In addition one can see on Fig. 1 that both semi-leptonic and purely leptonic B decays |Vub |
determinations agree pretty well. In between the 2 semi-leptonic methods sin(2β) prefers the
exclusive one, while the inclusive one is still compatible in the CKMfitter approach. Doing the
computation of the ratio of the BR of this B annihilation decay over the mixing parameter ∆md
removes the dependance to the decay factor fBd . The combination of these 2 constraints releases
therefore partially some LQCD related uncertainties and gives a direct access to the parameter
BBd 9 . When doing so we obtain the value BBd = 1.18 ± 0.14 that is 2.7 σ away from the CKM
+
+
global fit: 0.52+0.15
−0.11 . The tension arising from the BR(B → τ ν) is clearly not yet an evidence
for NP, but it motivates more accurate measurements at BaBar and Belle and at possible future
super-B factories.
It has been suggested 11 that the recent LQCD improvements in the determination of the
parameter B̂K alights a so far neglected additional multiplicative factor in the determination of
the parameter |εK |, this is the so called κε parameter computed and estimated to be equal to
0.92 ± 0.02 . This factor accounts for CP violation effects in K − K̄ mixing and may hint for CP
violation contributions originated from NP. The computed value of |εK | from this recent work and
within the SM is (1.78±0.25)×10−3 , while the current experimental WA 7 is (2.229±0.10)×10−3 .
This suggests an additional tension at the level of 2 σ mainly with respect to sin(2β). Our fit10 ,
even while accounting for κε , shows that the uncertainty of |εK | is rather likely to be of the order
of 0.5 × 10−3 . This tension arises while dealing with pure convoluted Gaussian uncertainties for
all the parameters and including all the uncertainties on LQCD computations, that are obviously
not overwhelmed by statistical effects. It therefore vanishes while using the Rfit procedure.
Figure 1 (Right) shows that the angle α is now determined with a good accuracy, at the
+4.4 ◦
level of 5 % or less: α = (89.0−4.2
) , while the angle β is measured within a precision of 4 %.
The isospin analysis on the ρρ channels almost fully drives it. It is in excellent agreement with
+3.3 ◦
the global fit (95.6−8.8
) (without the related measurement in the fit) and the uncertainties
have been reduced by more than 20 % with respect to last summer. This is due to the new
measurement on the BR(B + → ρ+ ρ0 ) by BaBar 4 that dominates the WA for this observable. It
has increased from (18.2 ± 3.0) × 10−6 up to (24.0 ± 1.9) × 10−6 . In the ρρ system, the Penguin
to Tree amplitude ratio is much more favorable than in the case of charmless B decays to ρπ
and ππ 3,12 , allowing therefore a relatively smaller |∆α| isospin bound.

The BR of both channels ρ+ ρ0 and ρ+ ρ− are now very similar 6 and almost 25 times as
big as that of ρ0 ρ0 (the Penguin transition), the B and B̄√ related isospin amplitudes triangles
are basically flat and do not close, i.e. for B : |A+− |/ 2 + |A00 | < |A+0 | (but this is still
consistent within uncertainties). As a consequence the mirror solutions that possibly arise while
experimentally measuring the effective angle αef f (Penguin dilution), are degenerated into a
single peak. As it can be seen on Fig. 1 the expected 8-fold ambiguities from the isospin analysis
degenerate into the only 4 ∆α geometric solutions, in the vicinity of 0◦ , ± 90◦ , and ± 180◦ .
The isospin analysis for the ρρ system is performed using 6 the 3 BRs, time-dependent CPasymmetry parameters C +− , S +− , C 00 , and C 00 , and the 3 longitudinal fractions (fL ) of these
V V channels that are not stricto-sensu CP-eigenstates, thought the fL are very close to 1 which
eases the analysis. The α angle is determined to be (89.9 ± 5.4)◦ and the isospin bound ∆α
+6.7 ◦
) ). To
close to 0◦ with a good accuracy: (1.4 ± 3.7)◦ (at summer time we had: α = (90.9−14.9
test what is the expected uncertainties for this measurement, we have performed 1000 pseudo
experiments (toys). We have generated the above experimental observables with ±1 σ around
their best fitted value (from global fit), where the σ are the currently measured uncertainties.
We measure that the average expected uncertainty is 7.5◦ , slightly higher than the 5.4◦ that
we measure. The uncertainty distribution has a long tail up to about 20◦ , it corresponds to
revival of pseudo mirror solutions, above the 1 σ CL(α). About 34 % of the toys where isospin
triangles close and have similar uncertainties or higher than that of last summer configuration.
This is a message for future experiments, such as LHCb, that better uncertainties of the various
ρρ observables may not necessarily lead to better accuracy on α.
Due to the reached precision, it is legitimate to investigate for possible isospin breaking
effects 12 beyond the Gronau-London SU (2) method. Not all the breaking effects can be calculated at present, but we can list a few of them: the u and d quarks have different electric
charges and masses (breaking of the order: (mu − md )/ΛQCD ∼ 1 %), the isospin transitions
∆I = 5/2 may be no more negligible, we may need to extend the basis of EW-Penguin operators:
Q7,...,10 (∆αEW P ∼ 1.5◦ ), the mass and isospin eigenstates are different (ρ − ω mixing at the
level of 2 %), the ρ natural width is large enough such that I = 1 contributions are possible
(O(Γ2ρ /m2ρ ) ∼ 4 %) ... There are possible ways out such as exploiting the B + → K ⋆ ρ+ channels
through SU (3) constraints. In order to break the triangle closure we apply the procedure as
described in 3 . The amplitudes A+0
Ā+0 are corrected by additional Tree (∆T ) and Penguin
√ and +0
⋆ ∆ T +− + V V ⋆ ∆ P +− (the strong phases
(∆P ) contributions weighted as: 2∆A = Vud Vub
T
td tb P
are set arbitrarily). We tested |∆A+0 | as big as 4, 10, and 15 %. The 2 first corrections break
SU (2) at 90◦ and restore it in the vicinity of 0◦ , while the largest is needed to restore it at
the α SM solution. Anyway when combining the ππ and ρπ the determination on α is mostly
unaffected at 1 σ CL.
We have updated 3 the constraint on |Vtd /Vts | accessible through the ratio of branching
ratio for B → V γ decays, where V holds respectively for (ρ, ω) and K ⋆ vector mesons. These
penguins processes complement the box diagrams involved in the measurement of ∆m(d,s) . Any
inconsistency in between the 2 approaches would teach us in which direction to look for NP. We
use the parametrization for hadronic effects as described in 13 . The sophisticated description of
the amplitudes has non trivial sensitivity to the CKM parameters. Our new analysis benefits
from the recent updated BR measurements of all of the above decays 6 . The improvement is
such that at 95 % CL these new measurements constrain the (ρ̄,η̄) plane as accurately as ∆md
alone, and at 68 % CL they have similar precision as that from ∆m(d,s) at 95 % CL.
There has been a standing issue due to apparently non SM BR measurements for leptonic
decays of Ds mesons 13,14 , by the B-factory and the CLEO-c experiments. These decays give
access to the measurement of the decay parameter fDs and to |Vcs |. The charm sector, where
mc ∼ ΛQCD , is an ideal laboratory to validate LQCD against experiment. The recent most
accurate BR measurements by CLEO-c 15 on annihilation decays Ds → (τ, µ)ν allow to compute

fDs = (259.5 ± 6.6 ± 3.1) MeV, while our average on LQCD results is (246.3 ± 1.2 ± 5.3) MeV.
There is still some discrepancy at the 2 σ level, but it is almost twice as less as what it used to
be. Converting this into a |Vcs | determination and averaging CLEO-c and LQCD measurements
of fDs , one computes |Vcs | = 1.027 ± 0.051, in good agreement with the global fit that yields
0.97347 ± 0.00019. This comparison alighted a 2 σ tension one year ago and the measurements
led to a unitarity violation of the CKM matrix 13 .
We also updated the constraint from the measured BR of the K + → π + ν ν̄ rare decay,
for which a recent update of the E789 and E949 experiments has been done with 5 signal
candidates 16 . We parameterize the BR using the calculations by Brod and Gorbahn at NLO
QED-QCD and accounting for EW corrections to the charm quark contribution. The global fit
−10 while the experiments measure (1.73+1.15 ) ×
predicts BR=(0.811+0.027
−0.021 exp. ± 0.096theo. ) × 10
−1.05
10−10 . The agreement is good and the constraint in the (ρ̄,η̄) plane is such that in the vicinity
of the point (1,0) a non negligible area is forbidden at 95 % CL for the first time. This effect
clearly motivates a O(100) signal event experiment, such as the future NA62.
Finally we reiterate 9 the analysis to compute the constraints set on NP from Bq=d,s -meson
mixing. We consider that NP only affects the short distance part of the ∆B = 2 transitions.
In addition we assume that the tree-level mediated decays proceeding through a Four Flavor
Change get only SM contributions (SM4FC hypothesis: b → qi q̄j qk (i 6= j 6= k)), the observables
|Vij | (including B + → τ + ν), γ, and γ(α) = π − βcc̄ − α are not affected by the NP contribution
and can be used in a (SM+NP) global fit to fix the SM CKM parameters. We also consider
only 3 generations of quarks. The oscillation parameters, the weak phases, the semi-leptonic
asymmetries and the B-meson lifetime differences are affected by the phase and/or the amplitude
of the NP contribution and allow to constrain the NP deviation to SM quantified through out
SM+NP
SM
|B̄q i = ∆NP
the model-independent parametrization: hBq |M12
q hBq |M12 |B̄q i.
excluded area has CL > 0.68
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Figure 2: 68 % CL contours for ∆NP
q

In Figure 2 we present the deviations to the SM (∆NP
q = 1) using the intuitive Cartesian
NP
=
(Re
+
i
Im)
∆
coordinates parametrization: ∆NP
.
This
parametrization is statistically more
q
q
robust as uncertainties have Gaussian behavior in the vicinity of |∆NP
q | = 0. In the Bd case, the
2.1
σ away from the SM point
tension in between sin(2β) and |Vub |τ ν pushes the best fitted ∆NP
d
(while it is only 0.6 σ away when B + → τ + ν is removed). In the case of Bs , the deviation is 1.9 σ,
it’s mainly driven by the recent TeVatron measurements of (2βs , ∆Γs ) 6 . This measurement is
performed with the time dependent analysis of the decay Bs → J/ψφ. It deviates by 2.2 σ
from the SM expected value. In both cases ∆mq=d,s constrain the modulus |∆NP
q=d,s | to be in the
vicinity of 1 or below. this is the evidence of the KM mechanism dominance for the sensitivity

to NP effects. If one tests the Minimal Flavor Violation (MFV) scenario (i.e. no additional NP
NP
NP
phase and Yukawa couplings only: Im∆NP
q = 0 and ∆d = ∆s ), no tension with respect to
SM is observed, as theses effects arise at the present time only through EW phases: sin(2β) vs.
|Vub |τ ν and φs , in both Bq=d,s systems.
To conclude the KM mechanism is at work and dominates the sensitivity to CP violation
and to NP in the b quark sector. Anyway there is still substantial room for NP both in Bd meson and Bs -meson physics. Some few deviations to the SM global fit exist at the present time
and at most at the 2 σ level. It is therefore fundamental to finalize the analyzes of the present
B-factory datasets and to wait for the next generation experiments at the LHC (huge b quark
cross-section production), or at the future super-B factories, at KEK and possibly at Frascati
(L = 1035−36 cm−2 s−1 ). They will allow for high precision measurements of rare effects. Finally,
continuous progress in LQCD are currently achieved, but even more accurate calculations, in a
coherent motion of that community, are mandatory and expected to fully exploit the potential
of the physics program in that field.
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CKM ELEMENTS FROM SQUARK-GLUINO LOOPS
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D-76128 Karlsruhe, Germany

I present results for the finite renormalization of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix induced by gluino–squark diagrams in the MSSM with non-minimal sources of flavour
violation. Subsequently I derive bounds on the flavour–off–diagonal elements of the squark
mass matrices by requiring that the radiative corrections to the CKM elements do not exceed
d LR
,
the experimental values. The constraints on the associated dimensionless quantities δij
j > i, are stronger than the bounds from flavour-changing neutral current (FCNC) processes
if gluino and squarks are heavier than 500 GeV. The results imply that it is still possible to
generate all observed flavour violation from the soft supersymmetry-breaking terms without
conflicting with present-day data on FCNC processes. Therefore we reappraise the idea that
q
is different from zero at tree-level and all other Yukawa couplings are generated
only Y33
radiatively. This model solves the SUSY flavour as well as the SUSY CP problem. The
presented results are published in 1 .

1

Introduction

The generic Minimal Supersymmetric Standard Model (MSSM) contains a plethora of new
sources of flavour violation, which reside in the supersymmetry–breaking sector. Especially the
additional flavour violation in the squark sector can be dangerously large because the squarkquark-gluino vertex, which involves the strong coupling constant, is in general not flavour diagonal. This potential failure of the MSSM to describe the small flavour violation observed in
experiment is known as the ”SUSY flavour problem”.
We have only partial information from experiment about the quark mass matrices and
therefore also about the Yukawa matrices. Not the whole matrices but only their singular values
(physical masses) and the misalignment between the rotations of left-handed fields, needed to
obtain the mass eigen-basis, (the CKM matrix) are known. This is the reason why it is useful
to work in the so called super-CKM basis. We arrive at the super-CKM basis by applying the
same rotations which are needed to diagonalize the quark mass matrices to the squark fields:

q̃

int

=

q̃Lint
int
q̃R

!

→ q̃

SCKM

ULq 0
0 URq

=

!

q̃Lint
int
q̃R

·

!

q̃LSCKM
SCKM
q̃R

=

!

(1)

q
Here the superscript ”int” means interaction eigenstates and the matrices UL,R
are determined by the requirement that they diagonalize the tree-level quark mass matrices:
(0)

(D)

(0)

ULu† mu URu = mu ,

(D)

ULd† md URd = md

(2)

In the super-CKM basis the squark mass matrices in the down and in the up sector contain
bilinear terms M2q̃ , M2ũ and M2d˜ as well as the trilinear terms Au,d which originate from the soft
SUSY breaking and are flavour non-diagonal, in general. All other terms are flavour diagonal
in the super-CKM basis and originate from the spontaneous breakdown of SU (2)L . Since the
squark mass matrices are hermitian they can be diagonalised by a unitary transformations of
the squark fields:
2 (D)

q̃ SCKM → q̃ mass = W q̃ · q̃ SCKM ,

Mq̃

= W q̃† Mq̃2 W q̃

(3)

In the conventions of Ref. 2 the full 6 × 6 mass matrix is parametrized by
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(4)

Anticipating the smallness of the off-diagonal elements ∆q̃ijXY (with X, Y = L or R) it is
possible to treat them pertubatively as squark mass terms 2,3,4,5 . It is customary to define the
dimensionless quantities
q XY
δij

=

∆q̃ijXY
1
6

Ph
s

Mq̃2

i .

(5)

ss

q XY
Note that the chirality-flipping entries δij
with X 6= Y , even though they are dimensionless, do not stay constant if all SUSY parameters are scaled by a common factor of a, but rather
decrease like 1/a.
q XY
In the current era of precision flavour physics stringent bounds on the parameters δij
have
been derived from FCNC processes, by requiring that the gluino–squark loops do not exceed the
measured values of the considered observables 2,6,7,8,9,10,11
We will show in the next section that even more stringent bounds on these quantities can
be obtained if we apply a fine-tuning argument which assumes the absence of large accidental
cancellations between different contributions to the CKM matrix.

2

Renormalization of the CKM matrix

The simplest diagram (and at least for our discussion the most important one) in which this
new flavour and chirality violations induced by the squark mass matrices enters is a potentially
flavour-changing self-energy with a squark and a gluino as virtual particles. Since the SUSY

di

dj

uf

uj

di

W

uf

W

Figure 1: One-loop corrections to the CKM matrix from the down and up sectors contributing to ∆ULd and ∆ULu
in Eq. (9), respectively.

particles are much heavier than the five lightest quarks, it is possible in the calculation of these
diagrams to expand in the external momentum, unless one external quark is the top. In the
following we consider the self-energies with only light external quarks. The case with a top
quark as an external quarks is discussed in 1 . Direct computation of the diagram gives:

Σqf iLR (p2 = 0) =

6
X
2mg̃
Wfq̃+3,s Wisq̃∗ B0 (mg̃ , mq̃s )
αs (MSUSY )
3π
s=1

Σqf iRL (p2 = 0) =

6
X
2mg̃
q̃
q̃∗
Wf,s
Wi+3,s
B0 (mg̃ , mq̃s )
αs (MSUSY )
3π
s=1

For our definition of the loop-function B0 see appendix of
important properties:

1.

(6)
(7)

This self-energy has several

• It is finite and independent of the renormalization scale.
• It is always chirality-flipping.
• It does not decouple but rather converges to a constant if all SUSY parameter go to infinity.
• It satisfies Σqf iLR = ΣqifRL ∗ .
• It is chirally enhanced by an approximate factor of

Aqf i
MSU SY Yfqi

or

v tan β
MSU SY

compared to the

tree-level quark coupling. These factors may compensate for the loop suppression factor
of 1/(16π 2 ).
In the case when this self-energy is flavour conserving, it renormalizes the corresponding
quark mass in a rather trivial way:
q LR
(0)
m(0)
qi → mqi = mqi + Σii

(8)

Since the self-energy is finite the introduction of a counter-term is optional. In minimal
renormalization schemes the counter-term is absent and in the one-shell scheme it just equals
−ΣqiiLR . Since we will later consider the possibility that the light quark masses are generated
exclusively via these loops, meaning mqi = ΣqiiLR , it is most natural and intuitive to choose a
minimal renormalization scheme like MS.
The renormalization of the CKM matrix is a bit more involved. There are two possible
contributions, the self-energy diagrams and the proper vertex correction. The vertex diagrams
involving a W coupling to squarks are not chirally enhanced and moreover suffer from gauge

q XY
Table 1: Comparisons of our constraints on δij
with the constraints obtained from FCNC processes and vacuum
stability bounds.

quantity

our bound

bound from FCNC’s
7

d LR |
|δ12

≤ 0.0011

≤ 0.006

K mixing

d LR |
|δ13

≤ 0.0010

≤ 0.15

Bd mixing

d LR |
|δ23

≤ 0.010

≤ 0.06

B → Xs γ; Xs l+ l−

d LL |
|δ13
u LR |
|δ12
u LR |
|δ13
u LR |
|δ23

≤ 0.032
≤ 0.011

≤ 0.5
≤ 0.016

bound from VS
≤ 1.5 × 10−4

9

Bd mixing

9

D mixing

11

15

≤ 0.05
10

≤ 0.05
−
≤ 1.2 × 10−3

≤ 0.062

—

≤ 0.22

≤ 0.59

—

≤ 0.22

cancellations with non-enhanced pieces from the self-energies. Therefore we only need to consider
self-energies, just as in the case of the electroweak renormalization of V in the SM 12 . The two
diagrams shown in Fig 1 contribute at the one loop level. According to 13 they can be treated
in the same way as one-particle-irreducible vertex corrections. Computing theses diagrams we
receive the following corrections to the CKM matrix:






V (0) → V = 1 + ∆ULu† V (0) 1 + ∆ULd
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∆ULq
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q RL
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 mq2 Σ21

−1 q RL
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0
−1 q RL
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1
mq3 Σ13
q LR
1
mq3 Σ23

0

(9)








(10)

In Eq. (10) we have discarded small quark-mass ratios. Just as in the case of the massrenormalization we choose a minimal renormalization scheme which complies with the use of
the super-CKM basis (see 1 for details). It is easily seen from Eq. (10) that the corrections are
antihermitian which is in agreement with the demanded unitarity of the CKM matrix at oneloop. Our corrections are independent of the renormalization scale µ. The choice µ = MSU SY
avoids large logarithms in ΣqijLR , so that we have to evaluate it at this scale. This means we
must also evaluate the quark masses appearing in Eq. (10) at the scale MSU SY .
We can now receive constraints on the off-diagonal elements of the squark mass matrices
from Eq. (9) by applying a fine-tuning argument. Large accidental cancellations between the SM
and supersymmetric contributions are, as already mentioned in the introduction, unlikely and
from the theoretical point of view undesirable. Requiring the absence of such cancellations is a
commonly used fine-tuning argument, which is also employed in standard FCNC analyses of the
q XY
’s 2,6,7,8,9,10,11 . Analogously, we assume that the corrections due to flavour-changing SQCD
δij
self-energies do not exceed the experimentally measured values for the CKM matrix elements
quoted in the Particle Data Table (PDT) 14 . To this end we set the tree-level CKM matrix V (0)
equal to the unit matrix and generate the measured values radiatively. For mq̃ = mg̃ = 1000GeV
we receive the constraints quoted in table 1.
Note that our constraints are all much stronger than the FCNC bounds. The FCNC bounds
in addition decouple. This means they vanish like 1/a2 if all SUSY masses are scaled with a.

q LR
elements and they are nonThe vacuum stability bounds are stronger than our ones for the δ12
decoupling like our bounds. However, the analysis of 15 only takes tree-level Yukawa coupling
into account and the small Yukawa couplings are modified by the very same loop effects which
q
enter ∆UL,R
in Eq. (10).

3

The Model

The smallness of the Yukawa couplings of the first two generations suggests that these couplings
are generated through radiative corrections 16 . In the context of supersymmetric theories these
loop-induced couplings arise from diagrams involving squarks and gluinos. Although the B
factories have confirmed the CKM mechanism of flavour violation with very high precision,
leaving little room for new sources of FCNCs, the possibility of radiative generation of quark
masses and of the CKM matrix still remains valid as proven in section 2, even for SUSY masses
well below 1 TeV, if the sources of flavour violation are the trilinear terms 1 . Of course, the
heaviness of the top quark requires a special treatment of Y t and the successful bottom-tau
Yukawa unification suggests to keep tree-level Yukawa couplings for the third generation. At
large tan β, this idea gets even more support from the successful unification of the top and
bottom Yukawa coupling, as suggested by some GUT models. Radiative Yukawa interactions
from SUSY-breaking terms have been considered earlier in Refs 17,18,19 .
In the modern language of Refs. 20,21 the global [U (3)]3 flavour symmetry of the gauge sector
(here we do not consider neutrinos) is broken to [U (2)]3 × [U (1)] by the Yukawa couplings of the
third generation. Here the three U (2) factors correspond to rotations of the left-handed doublets
and the right-handed singlets of the first two generation quarks in flavour space, respectively.
This means we have








1 0 0
0 0 0




Y q =  0 0 0  , V (0) =  0 1 0 
0 0 1
0 0 yq

(11)

in the tree-level Lagrangian. We next assume that the soft breaking terms ∆q̃ijLL and ∆q̃ijRR
possess the same flavour symmetry as the Yukawa sector, which implies that Mq̃ , Md˜ and Mũ
are diagonal matrices with the first two entries being equal. For transitions involving the third
generation the situation is different because flavour violation can occur not only because of a
misalignment between Au and Ad but also due to a misalignment with the Yukawa matrix. So
the elements Au,d
j3 do not only generate the CKM matrix at one-loop, they also act as a source
of non-minimal flavour violation and thus can be constrained by FCNC processes.
This model has several advantages compared with the generic MSSM:
• Flavour universality holds for the first two generations. Thus our Model is minimally
flavour violating according to the definition of 20 with respect to the first two generations
since the quark and the squark mass matrices are diagonal in the same basis. This provides
a explanation of the precise agreement between theory and experiment in K and D physics.
q RL
. However, these flavour• The SUSY flavour problem is reduced to the quantities δ13,23
changing elements are less constrained from FCNCs and might even explain a possible
new CP phase indicated by recent data on Bs mixing.

• The flavour symmetry of the Yukawa sector protects the quarks of the first two generations
from a tree-level mass term.
• The model is economical: Flavour violation and SUSY breaking have the same origin.
Small quark masses and small off-diagonal CKM elements are explained by a loop suppression.

• The SUSY CP problem is substantially alleviated by an automatic phase alignment 19 .
In addition, the phase of µ does not enter the EDMs at the one-loop level, because the
Yukawa couplings of the first two generations are zero.
4

Conclusions

We have computed the renormalization of the CKM matrix by chirally-enhanced flavour-changing
SQCD effects in the MSSM with generic flavour structure 1 . We have derived upper bounds on
the flavour-changing off-diagonal elements ∆q̃ijXY of the squark mass matrices by requiring that
the supersymmetric corrections do not exceed the measured values of the CKM elements. For
˜
MSUSY ≥ 500 GeV our constraints on all elements ∆dijLR , i < j, are stronger than the constraints
from FCNC processes. As an important consequence, we conclude that it is possible to generate
the observed CKM elements completely through finite supersymmetric loop diagrams 17,18 without violating present-day data on FCNC processes. In this scenario the Yukawa sector possesses
a higher flavour symmetry than the trilinear SUSY breaking terms. Additional applications to
charged Higgs and chargino couplings are considered in 1 .
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Status of the Unitarity Triangle analysis in UTfit
V. SORDINI, on behalf of the UTfit collaboration
ETH - Zurich

We present here the status of the Unitarity Triangle analysis by the UTfit collaboration in
and beyond the Standard Model.

1

Inputs to Unitarity Triangle Analysis

Many experimentally accessible quantities are related to the angles and sides of the Unitarity
Triangle (UT) and their measurement can hence put constraints on the UT plane coordinates
(ρ̄, η̄).
The main experimental and theoretical inputs to the UT Analysis performed by the UTfit collaboration are summarized in tables 1 and 2, respectively. The choice of lattice QCD quantities
used in UTfit is motivated in 2 . The relation between ρ̄ and η̄ and the measured quantities is
discussed for example in 1 .
2

Results of the Unitarity Triangle Analysis in the Standard Model

The UT analysis performed by UTfit determines the region in which the apex of the UT has to
be with a given probability a . The increasing precision of the measurements and of the theoretical
calculations in the last twenty years significantly improved the knowledge on the allowed region
for the apex position (ρ, η). The measurements of CP -violating quantities from the B-factories
are nowadays so abundant and precise that the CKM parameters can be constrained using
only the determination of the UT angles, as can be seen in Fig. 1, left plot. On the other
hand, an independent determination can be obtained using experimental information on CP ub |
conserving processes ( |V
|Vcb | from semileptonic B decays, ∆md and ∆ms from the Bd − B̄d and
Bs − B̄s oscillations) and the direct CP violation measurements in the kaon sector, ǫK (see Fig. 1,
a

There we follow a bayesian approach. More details are given in 1

Input
|Vud |
|Vus |
|Vcb | exclusive [×10−3 ]
|Vcb | inclusive [×10−3 ]
|Vub | exclusive [×10−3 ]
|Vub | inclusive [×10−3 ]
B(B + → τ + ν)
∆ms
∆md
|ǫK | [×10−3 ]
sin 2β
B, CP parameters
(x± , y ± ), B, A

Source
Nuclear decays
SL kaon decays
SL charmed B decays
SL charmed B decays
SL charmless B decays
SL charmless B decays
Leptonic B decays
Bs B̄s mixing
Bd B̄d mixing
K K̄ mixing
B → Jψ
B → ππ, ρρ, ρπ decays
B → D(∗)0 K (∗)± (GGSZ, GLW, ADS)

Value
0.97418 ± 0.00026
0.2246 ± 0.0012
(39.2 ± 1.1)
(41.68 ± 0.39 ± 0.58
(3.50 ± 0.4)
(3.99 ± 0.15 ± 0.40)
(1.73 ± 0.35) × 10−4
(17.77 ± 0.12) ps−1
(0.507 ± 0.005) ps−1
(2.232 ± 0.007)
0.668 ± 0.028 ± 0.012
-

Reference

2
3
2
3
4
3
5

6
3
3

Table 1: Most relevant inputs for the global UT analysis.

Input
fBs
B̂Bs
fBs /fBd
B̂Bs /B̂Bd
BK

Value
(245 ± 25) MeV
1.22 ± 0.12
1.21 ± 0.04
1.00 ± 0.03
0.75 ± 0.07

Reference
2
2
2
2
2

Table 2: Phenomenological quantities obtained from the Lattice QCD calculation.

center plot). This was indeed the strategy used to predict the value of sin 2β before the precise
Babar and Belle measurements ? . In Fig. 1, right plot, we show the allowed regions for ρ̄ and η̄,
as given by all the available measurements.
Parameter
ρ̄
η̄

Angles measurements
0.120 ± 0.034 [0.053, 0.194]
0.334 ± 0.020 [0.296, 0.375]

Vub /Vcb , ∆md , ∆ms , ǫK
0.175 ± 0.027 [0.119, 0.228]
0.360 ± 0.023 [0.316, 0.406]

All
0.154 ± 0.022 [0.110, 0.198]
0.342 ± 0.014 [0.315, 0.371]

Table 3: Values obtained at 68%[95%] probability for ρ̄ and η̄ from a UT analysis using only angles measurement
(first column, labeled ”angles”) are compared with the ones obtained from a UT analysis using semileptonic B
decays measurements, ∆md , ∆ms and ǫK (second column, labeled ”others”). In the third column are also shown
the results from the complete UT analysis, using all the available measurements.

It can be observed that the Standard Model (SM) description of CP violation through the
CKM matrix appears very successful and able to account for all the measured observables up to
the current precision. In this situation, any effect from physics beyond the SM should appear
as a correction to the CKM picture. These remarks do not apply to the observables that have
no or very small impact on ρ̄ and η̄, as the Bs mixing phase, which will be discussed in section
5.
3

Compatibility within different measurements

We quantify the agreement among all the measured quantities is quantified using the compatibility plots ? . The indirect determination of a particular quantity is obtained performing the full
UT, including all the available constraints except from the direct measurement of the parameter
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Figure 1: Allowed regions for ρ − η, as given by different sets of measurements: |Vub |/|Vcb |, ∆md , ∆ms and ǫK
(left plot); α, sin 2β, γ, 2β + γ, β and cos 2β (center plot); all these measurements combined (right plot). The
closed contours show the 68% and 95% probability regions for the triangle apex, while the colored zones are the
95% probability regions for each constraint.

of interest. This fit gives a prediction of the quantity, assuming the validity of the SM. The comparison between this prediction and a direct measurement can thus quantify the agreement of
the single measurement with the overall fit and possibly reveal the presence physics phenomena
beyond the SM. Given the present experimental measurements, no significant deviation from
the CKM picture is observed.
The compatibility plots for α, sin 2β, γ and ∆ms are shown in Fig. 2. The direct values
obtained for α and ∆ms are in very good agreement, within 1σ, with the indirect determination,
although for the latter the effectiveness of the comparison is limited by the precision on the
theoretical inputs, inducing a big error (compared to the experimental one) on the prediction
from the rest of the fit. The determination of γ from direct measurement yields a value slightly
higher, (78 ± 12)o , than the indirect one from the overall fit, (64 ± 3)o ; the two determinations
are compatible within 1σ. We also observe that the direct determination of sin 2β from the
measurement of the CP asymmetry in B 0 → J/ψK 0 is slightly shifted, with respect to the
indirect determination, still being compatible with it within 2σ. This effect is visually evident
in Fig. 3, left, where the 68% and 95% probability regions for ρ̄ and η̄, as given by |Vub |/|Vcb |,
∆md , ∆ms and ǫK are compared with the 95% probability regions given by the measurements
of angles.
This slight tension (see Fig. 3, left plot) in the UT fit can be related ? to the fact that the
present experimental measurement of sin 2β favours a value of |Vub | that is more compatible with
the direct determination of |Vub | using exclusive methods rather than the one obtained using
the inclusive ones. In Fig. 3, right, we show the compatibility for the exclusive and the inclusive
direct determination of |Vub |.
4

Unitarity Triangle analysis and theoretical inputs

Given the abundance of constraints now available for the determination of the CKM parameters,
ρ̄ and η̄, we can remove from the fitting procedure the hadronic parameters coming from lattice.
In this way we can compare the uncertainty obtained on a given quantity through the UT fit
to the present theoretical error on the same quantity. The aim of this exercise is to quantify
the impact that eventual improvements on the lattice calculation errors will have on the UT
analysis.
In Fig. 4, we show the 68% and 95% probability regions for different lattice quantities,
obtained from a UT fit using all the measurements of angles and the constraints coming from
semileptonic B decays. The relations between observables and theoretical quantities used in this
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Figure 2: Compatibility plots for α, sin 2β, γ and ∆ms . The color code indicates the compatibility between direct
and indirect determinations, given in terms of standard deviations, as a function of the measured value and its
experimental uncertainty. The crosses indicate the direct world average measurement values respectively for α,
sin 2β from the measurement of the CP asymmetry in B 0 → J/ψK 0 , γ and ∆ms .
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fit are obtained assuming the validity of the SM. Numerical results are given in table 4.
Parameter
BK p
fBs BBs [MeV]
ξ
fBd [MeV]

UT (angles+Vub /Vcb )
0.75 ± 0.07
264.7 ± 3.6
1.26 ± 0.05
191 ± 13

Lattice QCD results
0.75 ± 0.07
270 ± 30
1.21 ± 0.04
200 ± 20

Table 4: The values obtained for the theoretical parameters from a UT analysis using the angles and Vub /Vcb
measurements are compared with the results of lattice calculations.

5

Results of the Unitarity Triangle Analysis beyond the Standard Model

Thanks to the abundance of experimental information, the UT analyses can put bounds to NP
parameters, simultaneously to the determination of the CKM ones. We do not consider here NP
models with large tree-level effects. The starting point for such studies is a New Physics (NP)
free determination of ρ̄ and η̄, in which we only use the constraints from the angle γ and the
semileptonic B decays. These quantities are measured from the study of decay channels that
proceed only through tree amplitudes and can hence be considered free from NP contributions.
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Figure 4: The dark and light colored
p areas show the 68% and 95% probability regions in the 2-dimensional
plane (ξ, BK ) (left plot) and (ξ, fBs BBs ) (right plot). The points with error bars show the results of lattice
calculations.

The possible contributions of NP effects to K K̄, Bd B̄d and Bs B̄s mixing are then parametrized
in a model-independent way in terms of only two parameters describing the difference, respectively in absolute value and phase, of the amplitude with respect to the SM one. In the case of
Bq B̄q mixing (q = d, s), the two parameters CBq and φBq are defined as follows:
CBq e2iφBq =

f ull
< Bq |Hef
f |B̄q >
SM |B̄ >
< Bq |Hef
q
f

SM

=

2iφq
ASM
q e

N P +φSM )
q

P 2i(φq
+ AN
q e
SM

2iφq
ASM
q e

The case of the SM is recovered for CBq = 1 and φBq = 0 and any significant deviation from
these values is an indication of the presence of NP. The advantage of this parametrization is
the factorization of the sources of errors, CBq (φBq ) error being determined from the theoretical
(experimental) precision. In the case of K-K̄ mixing, two parameters can be defined in a similar
way:
C∆mK =

f ull
0
Re[< K 0 |Hef
f |K̄ >]
SM |K̄ 0 >]
Re[< K 0 |Hef
f

, CǫK =

f ull
0
Im[< K 0 |Hef
f |K̄ >]
SM |K̄ 0 >]
Im[< K 0 |Hef
f

.

How the expression of the different observable change in this generic NP scenario is described
in table 5 (as explained γ, Vub and Vcb stay unchanged).
SM
SM + NP

ǫSM
K
CǫK ǫSM
K

∆mSM
K
C∆mK ∆mSM
K

β SM
β SM + φBd

αSM
αSM − φBd

∆mSM
d
CBd ∆mSM
d

βsSM
βsSM − φBs

∆mSM
s
CBs ∆mSM
s

Table 5: Expression for the different observables in the model-independent NP parametrization.

The additional experimental inputs used for this analysis are listed in table 6.
Input
ASL [×102 ]
Aµµ [×103 ]
τBFsS [ps]
∆Γs ,φs

Source
Semileptonic Bs decays
pp̄ → µµX
Flavor specific Bs final states
Bs → J/Ψφ

Value
−0.20 ± 1.19
−4.3 ± 3.0
1.461 ± 0.032
2-dimensional likelihoods

Reference
7
8,9
10
11,12

Table 6: Additional inputs to the UT fit for NP analyses.

Figure 5 shows the result of the NP analysis for the Kaon, Bd and Bs sectors. Numerical
results for the additional NP parameters are summarized in table 7.
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Figure 5: The dark and light colored areas show the 68% and 95% probability regions in the 2-dimensional plane
(C∆mK , CǫK ) (left plot), (CBd ,φBd ) (center plot), (CBs ,φBs ) (right plot).

Parameter
Value

CǫK
0.91 ± 0.13

C∆mK
0.96 ± 0.34

CBd
0.90 ± 0.23

φBd [◦ ]
−2.7 ± 1.9

CBs
0.99 ± 0.23

φBs [◦ ]
(−70 ± 7)U(−18 ± 7)

Table 7: Numerical results (at 68% probability) for the NP parameters.

Given the experimental measurements, the results for φBs show a discrepancy of 2.9σ from
the SM value, pointing to NP contributions with new sources of flavor violation in the transition
within 2nd and 3rd generation. The results for φBd show a slight discrepancy from the SM value,
of the order of 1.5 σ, which is a consequence of the tension in the UT global fit mentioned in
section 3. As a consequence, NP contributions in transitions within 1st and 3rd generations
are not yet excluded, but are limited to be of the order of 10% at most. Finally, generic NP
contributions in the transitions within 1st and 2nd generations are strongly suppressed b .
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Phenomenology of A4 and S4 based models
Federica Bazzocchi
VUA Amsterdam, The Netehrlands

In this talk we compare some relevant A4 and S4 based models, predicting the Tri-Bimaximal
lepton mixing. We show that an analysis on the ν2β-decay parameters could distinguish
among all these realizations. Furthermore a combined measurement of the effective mass and
of the lightest neutrino mass could indicate in the next future which is the preferred flavour
symmetry group.

1

Introduction

From the original belief of the past century of neutrinos as massless and weakly interacting
particles, neutrino experiments managed to measure appearance and disappearance of different
flavour neutrinos with good sensitivity [1]. The extremely singular behaviour of these particles
became evident with the so-called atmospheric and solar anomalies, which can be well explained
through the neutrino oscillations. In table 1, we can read the results of two independent global
fits to neutrino oscillation data from [2] and [3].
The pattern of the mixing angles is quite particular, indeed two of them are large while the
third is extremely small: the atmospheric angle θ23 is compatible with a maximal value, but
the accuracy admits relatively large deviations; the solar angle θ12 is large, but about 5σ errors
far from the maximal value; the reactor angle θ13 has only an upper bound. We underline that
there are contrasting indications for a vanishing value of the reactor angle: in [2] we can read a
suggestion for a positive value of sin2 θ13 ≃ 0.016±0.010 [1.6σ], while in [3] the authors find a best
fit value consistent with zero within less than 1σ. Therefore we need for a direct measurement
by the future experiments like DOUBLE CHOOZ [4], Daya Bay [5] and MINOS [6] in the νe
appearance channel.
A very attractive approximation of the experimental data is provided by the Harrison-Perkins-

Ref. [2]
parameter

Ref. [3]

best fit (1σ)

3σ-interval

best fit (1σ)

3σ-interval

∆m2sol [10−5 eV2 ]

+0.16
7.67−0.19

+0.23
7.65−0.20

|∆m2atm | [10−3 eV2 ]

+0.11
2.39−0.80

7.14 − 8.19

7.05 − 8.34

2

sin θ12
sin2 θ23
sin2 θ13

0.312+0.019
−0.018
+0.073
0.466−0.058
0.016+0.010
−0.010

2.06 − 2.81
0.26 − 0.37
0.331 − 0.644
≤ 0.046

+0.12
2.40−0.11
+0.022
0.304−0.016
+0.07
0.50−0.06
0.010+0.016
−0.011

2.07 − 2.75
0.25 − 0.37
0.36 − 0.67
≤ 0.056

Table 1: Neutrino oscillation parameters from two independent global fits [2, 3].

Scott or Tri-Bimaximal (TB) mixing pattern [7]

UT B

√

2/3
0√
√ 1/√3
=  −1/√6 1/√3 −1/√2  ,
−1/ 6 1/ 3 +1/ 2
 p

(1)

which provides the following mixing angles:
TB
sin2 θ13
=0

TB
sin2 θ23
= 1/2

TB
sin2 θ12
= 1/3 .

(2)

These values are inside the 2σ-ranges of the measured angles and therefore the presence of some
little perturbations to the TB scheme could improve the agreement with the experimental data: in
particular, if a non vanishing value for the reactor angle θ13 is measured in the future experiments,
some new ingredient will be necessary in addition to the TB pattern. On the other hand, the
T B of more than
solar angle, θ12 , is known with the lowest uncertainty and any deviation for θ12
0.05 in the wrong direction would rule out this mixing scheme. As a result, without assuming a
particular setting for the corrections, the allowed maximal perturbation in the TB angles is about
0.05.
In the last years there has been lot of effort in searching for a model which gets the TB
patter as the neutrino mixing matrix and a fascinating way seems to be the use of some discrete
non-Abelian flavour groups added to the gauge groups of the Standard Model. There is a series of
models based on the symmetry group A4 [8–15] and S4 [16,17,19], which are extremely attractive:
they derive the TB mixing by assuming that the A4 /S4 symmetry is realized at a very high
energy scale Λ and that leptons transform in a non trivial way under this symmetry; afterward
the group is spontaneously broken by a set of scalar multiplets Φ, the flavons, whose vacuum
expectation values (VEVs) receive a specific alignment. The flavour group is broken down to
some its subgroups, one in the neutrino sector and a different one in the charged lepton sector:
it is just this breaking chain, distinguishing the two sectors, that produces the TB pattern at the
Leading Order (LO). When considering the higher order terms, the TB mixing matrix receives
small corrections of order of hΦi/Λ < 1 and as a result the reactor angle is no longer vanishing
and becomes proportional to hΦi/Λ.
In this talk we compare three and two relevant realizations in the context of A4 and S4 flavour
symmetry respectively which predict the TB pattern and present a neutrino mass matrix with
only two parameters.

We show that an analysis on the 0ν2β-decay parameters could distinguish among all these
realizations. Besides a combined measurement of the effective mass and of the lightest neutrino
mass could indicate in the next future which is the preferred flavour symmetry group.
2

Comparison among A4 based models

The Altarelli-Feruglio Model
The first proposal we consider is the Altarelli-Feruglio (AF) model. We do not enter into the
details of the model building aspects, for which we refer to the original papers [9–11], but we only
briefly resume the main aspects. The AF model is based on the symmetry group A4 ×Z3 ×U (1)F N ,
under which the leptons transform in a non-trivial way. When the flavour symmetry is broken
the charged lepton mass matrix is diagonal while the following neutrino mass matrix is recovered


Y + 2Z
−Z
−Z
2Z
Y −Z  ,
(3)
mν ∼  −Z
−Z
Y −Z
2Z

which is diagonalized by the TB pattern. This model is realized both through the five-dimensional
Weinberg effective operator and through the standard type I See-Saw mechanism.

(a) AF model — See-Saw case.

(b) AF model — Effective case.

Figure 1: In both figures, |mee | as a function of the lightest neutrino mass is plotted. The light colored regions
represent the allowed areas considering only the exact TB pattern: in red the NH and in blue the IH. The dark
colored bands are the predictions of the AF model: on the left the case with the See-Saw scheme and on the right the
effective case. In green is represented the NH and in orange the IH. The present bound from the Heidelberg-Moscow
experiment is shown in dark gray and the future sensitivity of CUORE (∼ 15 meV), Majorana and GERDA III
(∼ 20 meV), and GERDA II (∼ 90 meV) experiments are represented by the horizontal dashed lines, while the
future sensitivity of 0.2 eV of KATRIN experiment is shown by the vertical dashed line.

The two realizations, with and without right-handed neutrinos, will be difficult to distinguish one from each other: indeed only precise combined measurements of |mee | and the lightest
neutrino mass could discriminate between them.

The Niemeyer Model
We move now to another analysis based on the A4 symmetry group and recently presented in [15].
In this paper, the authors deal only with the type I See-Saw mechanism where the Dirac neutrino
mass matrix, mD
ν , and the right-handed Majorana neutrino one, MR , are the following:




1 0 0
Y 0 0
 0 Y Z 
mD
(4)
MR ∼  0 1 0  ,
ν ∼
0 0 1
0 Z Y
from which the light neutrino mass matrix is given through the traditional relation
−1 D
T
mν = −(mD
ν ) MR m ν .

(5)

The charged leptons are initially not diagonal, but they can be rotated in the diagonal form by
the use of the unitary matrix Uω ,


1 1
1
1 
1 ω ω2  .
(6)
Uω = √
3
1 ω2 ω

Moving to this basis, Uω has to be applied to mν and the final result is a light neutrino mass
matrix which is diagonalized by the TB pattern.

(a) The Niemeyer model.

(b) The “Niemeyer” plot.

Figure 2: On the left, |mee | as a function of the lightest neutrino mass is plotted in the Niemeyer model. The
light colored areas represent the possible regions considering only the exact TB pattern: in red the NH and in blue
the IH. The purple band is the prediction of the model. Only the NH and the QD can be accommodated. The
experimental bounds are the same as in figure 1. On the right, |mee | as a function of the Majorana phase is plotted.

3

Comparison among S4 based models

In this part we compare two phenomenological interesting S4 based models which predict at LO
the TB pattern in the lepton sector and present a neutrino mass matrix with only two parameters

as the A4 models presented in the previous section. Both models are based on a flavour group Gf
in addition to the gauge groups of the SM. The complete flavour group is Gf = S4 × Z5 × U (1)F N ,
where the three factors play different roles. Here we do not enters into the details of the two
models and we refer to the original papers where they have been presented [17, 18]. The two
models differ in the way the light neutrino majorana mass matrix is realized: in [17] neutrino
mass matrix is realized through the use of an effective five-dimensional Weinberg operator, while
in [18] through the standard type I See-Saw mechanism. Moreover from the point of view of the
phenomenological analysis the effective approach presented in [17] is equivalent to a realization
through type II See-Saw mechanism, while the results obtained in [18] would have been obtained
even with a realization through type III See-Saw.
In [18] the Dirac neutrino and right handed neutrino mass matrices are given by




2c
b−c b−c
1 0 0
 0 0 1 ,
−c  ,
MN ∼  b − c b + 2c
(7)
mD
ν ∼
0 1 0
b−c
−c
b + 2c
while in [17] the light neutrino majorana mass matrix presents a structure given by


2c
b−c b−c
−c  .
mν ∼  b − c b + 2c
b−c
−c
b + 2c

(a) Analysis from [18]—See-Saw case

(8)

(b) Analysis from [17]—Effective approach

Figure 3: In both figures, |mee | as a function of the lightest neutrino mass is plotted. The red corresponds to the
NH case and the blue to the IH one. The light colored bands represent the possible regions considering only the
exact TB pattern, while the dark colored ones are the predictions of the specific models: on the left the type I
See-Saw realization and on the right the effective one.The experimental bounds are the same as in figure 1.

4

Conclusion

In this talk we focused on the possibility that the next future experiments should be able to
distinguish among different flavour model realizations. The predictions for the lower bound on

|mee | are close to the future experimental sensitivity and could hopefully indicate the favorite
flavour symmetry in describing the mixing pattern in the lepton sector.
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CLEO’s Impact on CKM
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George Mason University
Fairfax, VA 22030 USA
For the CLEO-c Collaboration

In the six-quark Standard Model, flavor changing due to the weak force is described by a
unitary transformation represented by the 3 × 3 matrix, known as the Cabibbo-KobayashiMaskawa (CKM) matrix. The elements of this matrix, constrained theoretically by unitarity,
must be determined experimentally. By investigating e+ e− collisions around the charm-quark
threshold, the CLEO-c experiment has gleaned results relevant to the elements Vcs , Vcd , Vub ,
and Vcb from semi-leptonic, leptonic, and multi-hadronic decays of D mesons. We present
these results.

1

Introduction
(∗)

The CLEO-c program of running the e+ − e− collider CESR just above D(s) D̄(s) threshold has
yielded a number of results which increase, or can increase, the precision of our knowledge of
the Cabibbo-Kobayashi-Maskawa mixing matrix elements.
Measurements of D → (K/π)eν rates lead directly to measurements of the elements |Vcd |
and |Vcs | and afford the opportunity to determine form factors:
3
G2F PK/π
dΓ(D → (K/π)eν)
=
|Vcs(cd) |2 |f+ (q 2 )|2 .
dq 2
24π 3

(1)

Comparison of such determinations with LQCD calculations may build confidence in the application of the latter to measurements of |Vub |, in which the b → u rate is too small to measure
the form factor.
Similarly, measuring the leptonic decay Ds+ → ℓ+ ν allows a determination of the decay

constant fDs+ :

Γ(Ds+

+

→ ℓ ν) =

G2F mDs+ m2ℓ



1−

8π

m2ℓ
m2 +
Ds

2

2
|Vcs |2 fD
+.
s

(2)

This can be compared to LQCD predictions. LQCD also predicts fB and the ratio fBs /fB ,
which values are needed to pull out |Vub | from B leptonic decays, |Vtd | from B − B̄ mixing, and
|Vts | from Bs − B̄s mixing.
The mixing matrix is unitary, and this leads to relationships between its (complex) elements.
One such relationship,
∗
+ Vcd Vcb∗ + Vtd Vtb∗ = 0,
Vud Vub

(3)

can be visualized as a triangle in the complex plane. The interior angles of this triangle, two
of which, α ≡ φ1 and β ≡ φ2 , are well measured,
 give ∗the
 relative phases between pairs of
Vud Vub
matrix elements. The third angle, γ ≡ φ3 ≡ arg − Vcd V ∗ , the phase of Vub relative to Vcb ,
cb
is not yet sufficiently well-measured to confirm relationship (3). It is accessible as a result of
interference between b → c and b → u transitions, and, through such loop diagrams, sensitive to
physics beyond the Standard Model. One obvious approach to measuring γ is with the decays
B ± → D̃0 K ± , where D̃0 indicates that the B ± can decay to either D0 or D̄0 :
A(B ± → D̃0 K ± ) ∝ AD0 + rB ei(δB ±γ) AD̄0 ,

(4)

where rB is the relative rate for B ± going to D0 or D̄0 . The D0 and D̄0 can decay into the same
final state of KL/S (K/π)nπ, where n can be 0, 1,. . . . For the case of D̃0 → KL/S ππ there is
a strong phase difference between the D0 and D̄0 transitions, and the uncertainty of its value,
presently 7% − 9%, will limit the precision of the γ measurement. For K + π − there is a strong
phase:
2
Kπ 2
Kπ
+ (rD
) + 2rB rD
cos (δB + δ Kπ
Γ(B ± → (K + π − )D̃0 K ± ) ∝ rB
D − γ),

(5)

and for K + π − π − π + there is a strong phase and a coherence factor:
2
K3π 2
K3π
Γ(B ± → (K + π − π − π + )D̃0 K ± ) ∝ rB
+ (rD
) + 2RK3π
cos (δB + δ K3π
− γ),
D rB r D
D

2

(6)

Data

The CLEO investigations around charm threshold were carried out at Cornell University’s CESR,
which was built to run at Υ energies. To run at lower energies with reasonable luminosities
required the insertion into the ring of a series of wiggler magnets, as well as new beamline optics
(particularly around the CLEO detector), and upgraded beam monitoring tools. In addition, the
silicon vertex array of the CLEO-III detector was replaced by an inner wire chamber, and the
solenoid field was lowered from 1.5 to 1 Tesla for the typically lower momentum tracks produced
at the lower collision energies.
During the CLEO-c era, then, CESR primarily operated just above the ψ(3770) → DD̄
threshold, where some 818 pb−1 of integrated luminosity were collected, and near the Ds D̄s∗
threshold, Ec m = 4170 MeV, where about 600 pb−1 of integrated luminosity were collected.
This latter energy choice was based on an energy scan above the Ds D̄s threshold which found
it to yield the highest number of Ds mesons.
CESR ceased its particle physics service in March, 2008.

Figure 1: (left)Charged tagging
modes; (right)Neutral tagging modes. Shown are the projections on the beamp
2
constrained mass (Mbc ≡ Ebeam
− |~
pD |2 ) axis after a mode-specific cut on energy difference (∆E ≡ ED −Ebeam ).
Estimated background is shown by a dashed curve.

2.1

Tagging

The primary advantages of running at these thresholds are that the production of two-body
states is optimized and the cross-sections are relatively high. Given these and the good luminosities provided by CESR and the hermiticity of the CLEO detector, the full reconstruction of
at least one member of the pair via one of several dominant decay modes was highly efficient.
Tagging of an event in this way reduces backgrounds and kinematic ambiguity when determining
what happens to the other member.

2.2

Coherence

The ψ(3770) is in a C = −1 state, so the D0 D̄0 pair is correlated quantum mechanically.
Thus, tags can give not only flavor and channel information, but also CP state information.
This increases the analyzing power of Dalitz plots by permitting model-independent access to
both the magnitude and phase of decay amplitudes. Ultimately, this can reduce systematic or
model-dependent uncertainties of analyses, such as measurements of unitarity triangle angles.

3
3.1

Semileptonic Branching Ratios and Form Factors, and |Vcs | and |Vcd |
Tagged Analysis

For the tagged Semileptonic analysis, six charged modes and eight neutral modes were used for
the tagging [see Figure 1]. Note that the ordinate is logarithmic in all cases.
Once the event is tagged as being DD̄, and a kaon or pion and an electron are identified,
a quantity, U ≡ Emiss − |~
pmiss |, related to missing mass squared, is calculated [see Figure 2].
Note that the quantities involved have been corrected for the ∼ 3 mrad crossing angle at the
interaction point. U = 0 indicates what is missing is a neutrino, and therefore the decay was
semileptonic.

Figure 2: U ≡ Emiss − |~
pmiss | for tagged events with, additionally, a kaon or pion and an electron. σU ≈ 12(24)
MeV for events with a K ± , π ± , or KS0 (π 0 ).

Figure 3: Beam-constrained mass from untagged semileptonic analysis.

3.2

Untagged Analysis

In the untagged analysis, all information available is used to reconstruct a neutrino 4-vector,
which is combined with those of a kaon or pion and an electron. The resulting energy is required
to be consistent with the beam energy, and the beam-constrained mass is computed [see Figure 3].
The event-finding efficiency is higher for this method than for the tagged analysis, but both the
background and systematic uncertainties are larger.

3.3

Branching Fractions

Table 1 gives the branching fractions (in %) from 281 pb−1 of data (the full data-set result is
coming soon). Notice that the resolutions of the two analysis approaches are comparable.

Table 1: Branching fractions (in %) from the two D → (K/π)eν analyses of the first 281 pb−1 of data. The
first uncertainty is statistical, the second combines systematical and theoretical uncertainties. Averages take into
account correlations.

π − e+ νe
π 0 e+ νe
K − e+ νe
K 0 e+ νe

Tagged
0.308 (13) (4)
0.379 (27) (23)
3.60 (5) (5)
8.87 (17) (21)

Untagged
0.299 (11) (9)
0.373 (22) (13)
3.56 (3) (9)
8.53 (13) (23)

Average
0.304 (11) (5)
0.378 (20) (12)
3.60 (3) (6)
8.69 (12) (19)

Figure 4: Differential decay rate as a function of q 2 . Curves are fits of the models to the data.

3.4

Form Factors

The rate of the decay D → (K/π)eν is related to the product of the mixing matrix element and
a q 2 -dependent form factor, f+ (q 2 ) [see Equation (1)]. Measuring this rate and fixing the value
of the matrix element, one can calculate f+ (q 2 ) as a function of q 2 [see Figure 4]. Fits are to
three models 1
Simple Pole : f+ (q 2 ) =
Modified Pole : f+ (q 2 ) =

Series Expansion : f+ (q 2 ) =

f+ (0)
1−

(7)

q2
2
Mpole


1−

q2
2
Mpole

f+ (0)


2
1 − α Mq2

a0
2
P (q )φ(q 2 , t0 )

(8)

pole

1+

X

ak (t0 )z(q 2 , t0 )k

k

!

(9)

In fact, these data are unable to distingish between the models, when all parameters are allowed
to float. However, the best fit to the pole models requires an unphysical Mpole .
3.5

|Vcd | and |Vcs |

Fixing, instead, f+ (q 2 ), in this case to a value calculated by LQCD, allows the mixing matrix
elements to be calculated:
|Vcd | = 0.233 ± 0.008stat ± 0.003syst ± 0.023theo
|Vcs | = 1.019 ± 0.010stat ± 0.007syst ± 0.106theo

(10)
(11)

The first of these is the best measurement from semileptonic D-meson decays, and the second
is the best determination regardless of technique. 2,3,4
4

fDs+ from Ds+ → ℓ+ νℓ

As Equation (2) shows, the form factor fDs+ can be determined from the rate of Ds+ → ℓ+ νℓ .
Two approaches were taken, a generic lepton measurement and a specific τ channel.
4.1

Ds+ → ℓ+ νℓ

Eight Ds− tag modes were used: K + K − π − , Ks0 K − , ηπ − , η ′ π − , K + K − π − π 0 , π + π − π − , K ∗0 K ∗− ,
and η ′ ρ− . Recall that the collision energy producing the Ds mesons was just above Ds D̄s∗ , so
that, in addition to the Ds+ partner to the tag, there will also be at least one high energy photon

Figure 5: Missing mass squared [see Equation (13)]. On the left, (a) events with a non-tag track depositing < 300
MeV in the calorimeter; (b) events with a track depositing > 300 MeV but not satisfying electron identification
criteria; and (c) events with an identified electron. On the right, data from cases (a) and (b) combined (black
dots); the solid blue curve sums µ+ νµ MC (black dot curve), τ + ντ , τ + → π + ν̄τ MC (purple double dash-dot
curve), Ds+ sidebands [see Equation (12)] (red dash curve), and other Dx+ channels (green dot dash curve).

in the final state. Combining a candidate photon with the tag allows the computation of a
missing mass squared, whose signal value would be around m2Ds :
M M ∗2 = (ECM − EDs− − Eγ )2 − (−~
pDs− − p~γ )2

(12)

Events selected in the signal region of this quantity are checked for the presence of at least
one additional charged track. Assuming it to be a muon, another missing mass squared quantity
is calculated:
pDs− − p~γ − p~µ )2
(13)
M M 2 = (ECM − EDs− − Eγ − Eµ )2 − (−~
If the track deposits less than 300 MeV in the calorimeter, it is likely a muon. If it deposits
more than 300 MeV, it is likely a pion from a tau decay or an electron (certain characteristics,
like E/p, allow the distinction to be made). The three possibilities for Equation (13) are shown
in the left plot of Figure 5, and the combination of the first two possibilities is shown in the
right plot.
4.2

Ds+ → τ + ντ , τ + → e+ νe ν̄τ

For this analysis, Ds− → φπ − , Ds− → K ∗0 K − , and Ds− → KS0 K − , were the only tags. If an
electron was identified with the good tag, extra energy in the calormeter, presumably from the
Ds∗ → (γ/π 0 )Ds , was plotted, and the signal region was defined as Esignal < 400 MeV. The yield
was the count in the signal region after tag sideband subtraction.
4.3

Branching Fractions and fDs+

The results of these searches are shown in Table 2. A comparison with selected predictions
Table 2: Branching fractions and fDs+ from Ds+ → ℓ+ νℓ .

Mode
(1) µν
(2) τ ν, τ → πν
(3) µν (eff) [τ ν/µν fixed to SM ratio]
(4) τ ν, τ → eνν
CLEO average from (3) and (4)

BF [%]
0.565 ± 0.045 ± 0.017
6.42 ± 0.81 ± 0.18
0.591 ± 0.037 ± 0.018
5.30 ± 0.47 ± 0.22

fDs+ [MeV]
257.3 ± 10.3 ± 3.9
278.7 ± 17.1 ± 3.8
263.3 ± 8.2 ± 5.2
252.5 ± 11.1 ± 5.2
259.5 ± 6.6 ± 3.1

(along with a similar comparison for fD+ ) can be seen in Figure 6. 5,6,7,8,9

Figure 6: Comparison of fDs+ and fD+ with selected predictions.

Figure 7: Binning for Dalitz analysis of D → KS/L ππ

5

Reducing γ/φ3 Measurement Uncertainties

Uncertainties from the strong phase in D-meson decay channels contribute as much as 10◦ to the
uncertainty of γ/φ3 . Sensitive studies of these channels can reduce this uncertainty significantly.
CLEO has taken two approaches to such studies. 13,14,15,16
5.1

Strong Phase Difference in D → KS/L ππ

The charged B-meson can decay to D̃K ± , where D̃ is either D0 or D̄0 . The D0 and the D̄0
may, in turn, decay into the same final state, say KS/L ππ. The relative rates are sensitive to a
strong phase difference, ∆δD0 , between the two channels. The interefence amplitudes of these
can be parameterized in terms of the phase difference through the transcendental functions
cos [∆δD0 (x, y)] and sin [∆δD0 (x, y)], where (x, y) are Dalitz-plot variables, here taken to be
(M 2 (KS/L π + , M 2 (KS/L π − ). The plot itself was divided into an even number of bins, indexed
from −i to i symmetrically around the line y = x, so that x ↔ y ⇔ −i ↔ i. 10 Furthermore, the
bin locations, sizes, and shapes were chosen so as to minimize ∆δD0 variatons within a bin and bin
population differences [see Figure 7]. 11,12 Because CP tags are sensitive to cos [∆δD0 (x, y)], while
D → KS/L ππ tags are sensitive to both cos [∆δD0 (x, y)] and sin [∆δD0 (x, y)], the dependence
on the functions can be extracted. The results have been estimated to decrease the uncertainty
on the strong phase difference to no more than 2◦ .
5.2

The Atwood-Dunietz-Soni Method

Coherent double-tag rates are sensitive to combinations of coherence factors and strong phases
[see Equation (6)]. 17 For example, the double-tag rate of K ± π ∓ π − π + vs. K ± π ∓ π − π + is sensitive

Figure 8: Preliminary values for coherence factors and strong phase.
K3π )2 , while that of K ± π ∓ π − π + vs K ± π ∓ is sensitive to RK3π cos (δ Kπ − δ K3π ).
to (RD
D
D
D
Kπ = (22.5+10.5 )◦ was reported in ICHEP08 HFAG. Here we give the prelimiA result for δD
−12.0
nary results [see Figure 8]:
K3π = 0.33+0.20
RD
−0.23
0

K3π
= (114+20
δD
−23 )
0

Kππ = 0.84 ± 0.7 δ Kππ = (227+14 )
RD
D
−17
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FLAVOR VIOLATION IN SUSY
G. HILLER
Institut für Physik, Technische Universität Dortmund, D-44221 Dortmund, Germany
I review recent opportunities from flavor for b-physics and collider searches.

1

Introduction: Flavor physics

The starting point for flavor physics is that known matter comes in generations Ψi , i = 1, 2, 3,
where each generation carries identical charges under the Standard Model (SM) gauge group.
Within the SM, the generations are solely distinguished by the Yukawa interactions, which couple
the fermions to the Higgs boson. The non-diagonal structure of the Yukawa matrices allows for
quark mixing and flavor change under the weak interaction. The strength of the transition of
(quark) flavor i → j is encoded in the CKM mixing matrix element Vji . In matrix form:








1
λ
λ3
Vud Vus Vub


 
λ2  ,
V =  Vcd Vcs Vcb  ∼  −λ 1
Vtd Vts Vtb
−λ3 −λ2 1

(1)

where the phenomenological parametrization in terms of the Wolfenstein parameter λ ≃ 0.22
reflects the strong hierarchy present in the quark mixing. The third generation (t, b) is decoupled
from the first two at order λ2 . Today, masses and mixings including CP-violation are known
input, with still improving accuracy through experimental and theoretical efforts. The origin of
the hierarchical quark mass pattern and mixing, however, remains unexplained within the SM.
Flavor changing neutral current (FCNC) processes are suppressed in the SM by several
effects: They arise only at the loop level, they are suppressed by flavor mixing and, except for
the top quark contribution, by small mass splittings ”GIM-mechanism”. Since existing FCNC
data are consistent with the SM, a mechanism to control FCNCs is required for any SM extension.
There are several possibilities and combinations thereof: i There is no flavor suppression
from contributions beyond the SM to FCNCs. They are small because the scale of New Physics
(NP) is high and not connected to the scale of electroweak symmetry breaking, hence, not in
reach of the Large Hadron Collider (LHC). Since much of our reasoning about extending the SM
is driven by electroweak symmetry breaking, we will not consider this any further and assume
a TeVish NP scale. ii There is no (significant) flavor suppression but we allow for contributions
to cancel to reproduce the data. Since not every sensible observable is measured yet (with
sufficient precision) there is the intriguing possibility that the SM breaks down in the next
round of experiments 1,2 . Especially promising here are rare decays and Bs − B̄s -mixing. iii
There is a flavor suppression in the NP contributions similar to the one of the SM, which is λn .
Models with the same amount of flavor violation as the SM with the only source of flavor being
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Figure 1: RG evolution of MFV coefficients within AMSB for tan β = 10. Figure taken from Ref. 5.

the Yukawa matrices are termed Minimal Flavor Violation (MFV)-type 3,4 . We discuss solutions
to the flavor problem and their signatures for the case of supersymmetry (SUSY) below.
2

Flavor in SUSY

The superpotential of the minimal supersymmetric standard model (MSSM) with unbroken Rparity, neglecting leptons, reads as WM SSM = Qi (YU )ij Hu Ūj + Qi (YD )ij Hd D̄j − µHd Hu . It
contains no further sources of flavor violation than the SM, that is, the up and down quark
Yukawas, YU and YD . Its supersymmetric contribution to the MSSM Lagrangian is therefore
always MFV. Whether the full model is MFV, depends then on the breaking of supersymmetry.
Within MFV, the SUSY-breaking greatly simplifies 4 , here for SU (2)-doublet masses, as 5
(m2Q̃ )T

= z1q 1 + z2q YU YU† + z3q YD YD† + z4q (YU YU† )2 + z5q (YD YD† )2 + . . . ,

(2)

up to terms involving higher powers of the Yukawas and analogous expressions for singlets and
the trilinear terms. For zi6=1 ≡ 0 the soft terms are called flavor blind. Well-known MFV
models are gauge and anomaly mediation and, by construction, mSUGRA and the CMSSM.
The constrained flavor structure of the MFV-type MSSM yields generic predictions: Highly
degenerate squarks of 1st and 2nd generation and a 3rd generation decoupled at order λ2 .
Renormalization group (RG) running modifies all MFV coefficients zi . In particular, a model
flavor blind at the scale of SUSY breaking such as gauge mediation develops squark masses
with non-trivial flavor structure at the weak scale 6 . While also being MFV, the behavior
of anomaly mediated SUSY breaking (AMSB) is of marked difference: The amount of flavor
violation decreases from the high to the weak scale, see Fig. 1, where we show ratios |zi>1 /z1 |
as a function of the scale. Moreover, for low tan β, AMSB becomes exactly flavor blind in the
quasi-infrared fixed point limit of the top Yukawa 5 .
3

Probing squark flavor

How to experimentally identify MFV and non-MFV variants?
3.1

With b-physics

It is well-known that within MFV, O(1) effects are possible in rare processes if tan β is largish.
With its UV insensitivity, AMSB is particularly predictive. Analytical expressions for the full
flavor structure, that is, the zi and the ”mass insertions” (δ)ij exist 5 . AMSB predictions for the
branching ratios of b → sγ and Bs → µ+ µ− decays are shown in Fig. 2. The leptonic mode will
place additional constraints on tan β (depending on the gravitino mass m3/2 ) for µ < 0 once the
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Figure 2: Rare decays within mAMSB with or without flavor for either sign of µ. Left: b → sγ, right: Bs → µµ.

upper bound on its branching ratio improves. Since in ASMB the squarks are generically heavy,
the impact of a flavor universal shift to avoid tachyonic sleptons on squark flavor is small 5 .
Deviations from the SM can be more dramatic in non-MFV models. Key indicators are
right-handed FCNCs, the presence of non-CKM CP-violation or the breakdown of relations
between observables linked by CKM. Recently, a lot of theory interest has focussed on angular
distributions in B → (K ∗ → Kπ)µ+ µ− 7 8 , also B → Kl+ l− 9 decays. Opportunities arise from
CP-asymmetries in semileptonic B → K ∗ and Bs → Φ transitions, which are doubly-Cabibbo
suppressed within MFV (and the SM) and sensitive to a multitude of NP couplings 7 : Four CPasymmetries are CP-odd, hence, can be extracted without flavor tagging. This is advantageous
for B̄s , Bs → (Φ → KK)µ+ µ− decays. Three CP-asymmetries are odd under TN , the naive
T-transformation. They can be order one with NP even if the strong phases are small such as
predicted in the framework of QCD factorization for low dilepton invariant mass.

3.2

At ATLAS/CMS: Long live the stop

It is an interesting question whether MFV and its CKM-like squark mixing can be measured at
colliders. In MFV, mixing between the stop and first two generations is suppressed (m̃2Q )23 /m̃2 ∼
yb2 Vcb Vtb∗ ∼ 10−5 tan β 2 , see Eq. (2). Such a tiny coupling can nevertheless be probed if t̃ → cχ0
is the dominant decay of the lightest stop t̃ and its rate is sufficiently suppressed 10 . Then,

τt̃ ∼ ps



mt̃
100 GeV



0.03
∆m/mt̃

2

10−5
Y

!2

,

∆m = mt̃ − mχ0 ,

YMFV ∼ yb2 Vcb Vtb∗ ,

(3)

the lifetime of the stop is long and yields a macroscopic decay length. The flavor diagonal decay
of the stop into top can be forbidden kinematically by having the stop-neutralino splitting ∆m
below the top mass. For ∆m > mb , also the 4-body decays t̃ → bχ0 lν open up. Approximately,
g6 |Vtb |2
(∆m − mb )8
Γ(t̃ → bχ0 lν)
≈
.
2(4π)4 [Y (∆m)]2 m4W m2χ+
Γ(t̃ → cχ0 )

(4)

Relevant regions of stop parameters are shown in Fig.3 for mt̃ = 100 GeV. The stop has decay
length βγτt̃ > 0.1 mm and dominant FCNC decay in the light shaded (blue) region. Experimental constraints exist for larger values of ∆m 11 . Observation of a long-lived stop would strongly
support MFV since other scenarios have generically much larger t̃cχ̃0 couplings Y 10 . A light
stop is ingredient of electroweak baryogenesis and supports coannihilation of the relic density
12 ; it can be realized in hypercharged anomaly mediation 13 , or with large trilinear A-terms.
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Figure 3: The t̃cχ̃0 coupling Y versus ∆m/mt̃ . The stop has macroscopic decay length below the solid curve and
decays dominantly through FCNCs to the left of the dark band. Figure adopted from Ref. 10.

4

Summary

What are the flavor quantum numbers of the new particles and SM partners related to electroweak symmetry breaking? Already strong constraints exist from K, D- and B-observables,
supporting models with flavor suppression not too far from the one in the SM, perhaps even
exactly as in the SM, called MFV. The LHCb experiment and possibly super flavor factories 2
will greatly contribute to clarifying this question, but also the ATLAS/CMS experiments, as the
possibility to learn about squark flavor mixing from a stop decay length measurement shows.
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2.2
Flavour Physics
K mesons

A STRINGENT TEST OF µ − e UNIVERSALITY IN K → lν DECAYS
BY NA62 AT CERN
A. WINHART
Institut für Physik, Johannes-Gutenberg-Universität,
Mainz, Germany

New interest has arisen in measuring the ratio RK = Ke2 /Kµ2 , as recent high-intensity kaon
experiments are able to largely improve the precision. With ∼150000 collected Ke2 decays,
the NA62 experiment has increased the world Ke2 sample by an order of magnitude, allowing
a stringent test of µ − e lepton universality. Here, we describe the experiment and summarize
the status of the analysis based on ∼40 % of the total data sample taken in 2007.

1

Introduction

In the Standard Model (SM), ratios of purely leptonic decay rates of K and π mesons (Rl =
Γ(l± → e± ν)/Γ(l± → µ± ν), l = K, π) are predicted with excellent sub-permille accuracy due to
the cancellation of hadronic uncertainties. The ratio RK , denoted as Ke2 /Kµ2 , is given as 1
SM
RK

m2
= 2e ·
mµ

m2K − m2e
m2K − m2µ

!2

· (1 + δRQED ) = (2.477 ± 0.001) × 10−5 ,

(1)

where δRQED = (3.78 ± 0.04) % is a correction due to the IB part of the radiative Kl2γ process.
By definition, the IB part is included in RK , while the DE structure-dependent (SD) part is not.
The factor (me /mµ )2 accounts for the strong helicity suppression of the electron channel, which
makes the Ke2 amplitude sensitive to contributions from physics beyond the SM. Recently, it
has been pointed out that in minimal supersymmetric extensions lepton flavour violating (LFV)
processes mediated by the charged Higgs could occur, in particular in the kaon decay to an
electron and a tau neutrino 2
LF V
RK

≈

SM
RK

"

1+

m4K
4
MH
±

!

m2τ
Me2

!

2

6

#

|∆13 | tan β .

(2)

In a large (not extreme) tan β regime with relatively massive charged Higgs, an enhancement of
RK by a few percent is possible, while analogous SUSY effects in the pion decay are suppressed
by a factor (mπ /MK )4 ≈ 6 × 10−3 .
Due to the helicity suppression, the thus rare Ke2 decay limited the experimental precision of
P DG = (2.45 ± 0.11) × 10−5 is based
RK measurements in the past; the current world average RK
3
on three experiments from the 1970’s . A series of preliminary results by the high-intensity
kaon experiments NA48/2 and KLOE has improved the situation, yielding a 1.3 % precision in

combination. Recently, the KLOE collaboration announced the final result on RK based on
∼14000 Ke2 candidates with 1.3 % accuracy 4 . For a stringent test of µ − e universality, however,
the uncertainty must be reduced even further. In order to reach this goal, the NA62 experiment
collected ∼150000 Ke2 decays in a dedicated run in 2007, aiming at measuring RK with a
precision better than 0.5 %. 5
The following results presented here are based on a partial data sample (∼ 40 %) with pure
+
K beam.
2

Data Taking, Beams and Detector

For the 2007 data taking, beam setup and detector of the NA48/2 experiment, located at the
North Area of the CERN SPS, were used. Based on the experience of previous NA48/2 studies,
the running conditions were optimized for the Ke2 measurement. The main sample was collected
during four months of data taking in 2007 with a minimum bias trigger condition to ensure high
trigger efficiencies. About 400k SPS spills were recorded with a data volume of ∼90 TB on tape.
Offline data reprocessing and preparation have been finished. Two more weeks of data taking
were allocated in 2008. A number of special data sets were recorded, which will provide a better
understanding of systematic effects whose precision is limited by statistics of the control samples
they are measured with.
Generally, the beam line delivered simultaneous K + and K − beams with narrow momentum
band (75 ± 2 GeV/c) by 400 GeV/c primary SPS protons interacting with a beryllium target.
However, the performance of the muon sweeping system was such that the beam halo background
−
+
was much higher for Ke2
(∼ 1%). As a result, most of the data (∼ 90%)
(∼ 20%) than for Ke2
were taken with K + beam only and about 10% with K − beam only. In both cases, the second
beam had been dumped upstream the decay volume. As a benefit of this method, samples
of reconstructed Kl2 candidates with the charge of the blocked kaon beam provide a direct
measurement of background from the corresponding beam halo, as it passed the beam dump
unaffectedly.
After passing a set of collimators, the kaon beam entered a fiducial decay volume in a 114 m
long cylindrical vacuum tank, which is followed by the main detector. The subdetectors relevant
for the Ke2 measurement are:
• A magnetic spectrometer consisting of four drift chambers (DCHs) with a central dipole
magnet and four views per chamber, used to measure the momenta of charged particles.
The resolution of the track momentum is σ(p)/p = (0.47 ⊕ 0.02 · p) %, with p in GeV/c.
• A plastic scintillator hodoscope with good time resolution to provide fast trigger signals.
• The liquid krypton electromagnetic calorimeter (LKr) used for γ detection and particle
identification. It’s a quasi homogeneous ionization chamber with 7 m3 of krypton as active
medium and transversally segmented into 13248 projective cells (2 × 2 cm2 each). The
calorimeter is 27 radiation lengths deep and fully contains electromagnetic√showers with
energies up to 100 GeV. The energy resolution obtained is σ(E)/E = (3.2/ E ⊕ 9.0/E ⊕
0.42) %, with E in GeV.
A detailed description of the apparatus can be found elsewhere 6 .
3
3.1

Data Analysis
Measurement method

In this experiment, Ke2 and Kµ2 decays were collected simultaneously, making the measurement
independent of the kaon flux and leading to cancellation (at first order) of several systematic

effects, e.g. parts of the trigger and detection efficiencies. Detailed Monte Carlo (MC) simulations have been performed to describe the data, however, they are used only to a limited extent
to rely on the simulation as little as possible. The MC is needed to 1) evaluate the geometric
acceptance corrections; 2) simulate the very special high energetic bremsstrahlung process of
muons, which will be discussed in detail below. Trigger and particle identification efficiencies
were measured directly from the data.
As a matter of principle, this is a counting experiment of reconstructed Ke2 and Kµ2 candidates. As the backgrounds and acceptances strongly depend on the momentum of the charged
track (ptrack), the analysis is performed in bins of this variable. In each bin, the ratio RK is
computed as follows:
RK =

N (Ke2 ) − NB (Ke2 ) A(Kµ2 ) × fµ × ǫ(Kµ2 )
1
1
·
·
· ,
N (Kµ2 ) − NB (Kµ2 ) A(Ke2 ) × fe × ǫ(Ke2 ) fLKr D

(3)

where N (Kl2 ) are the numbers of selected Kl2 candidates (l = e, µ), NB (Kl2 ) are the numbers of
background candidates, fl represent the particle (e/µ) ID efficiencies, A(Kl2 ) are the geometrical
acceptances determined with MC simulations, ǫ(Kl2 ) are the trigger efficiencies, fLKr is the
global readout efficiency of the LKr, and D is the downscaling factor of the Kµ2 trigger.
3.2

Event selection

Due to the topological similarity of Ke2 and Kµ2 decays, a large part of the event selection is
common for both channels, leading to cancellations of systematic uncertainties in the ratio RK .
Main common requirements:
• Exactly one charged track reconstructed by the spectrometer.
• The impact points of the extrapolated track must be within the geometrical acceptances
of the relevant subdetectors.
• The decay vertex is defined as the point of closest approach between the charged track
and the nominal beam axis. The minimum vertex position must be 18 m downstream the
final collimator to suppress the beam halo background.
• The track momentum must be between 15 and 65 GeV/c. The lower limit is due to the
requirement of at least 10 GeV energy deposit in the LKr calorimeter in the Ke2 trigger
condition, the upper restriction is close to the kinematical limit.
Ke2 /Kµ2 separation:
• Kinematical Kl2 identification by reconstruction of the squared missing mass (= neutrino
mass) assuming the track to be an electron or a muon:
2
Mmiss
(l) = (PK − Pl )2 ,

(4)

where PK , Pl (l = e, µ) are the kaon and lepton four-momenta. The kaon momentum was
measured with reconstructed K ± → 3π decays which had been recorded in parallel during
2
the data taking. The selection requires Mmiss
(l) < 0.01 (GeV /c2 )2 . A clear kinematical separation is possible only up to track momenta of 25 GeV/c (see Fig. 1, left plot),
corresponding to ∼15 % of the data.
• Particle identification by the ratio E/p (= LKr energy deposit over track momentum),
requiring E/p < 0.85 for muons and 0.95 < E/p < 1.10 for electrons. Fig. 1, right plot,
shows the E/p spectra for electrons and muons in log scale. It’s obvious that the particle
IDs have very low inefficiencies (∼1 % for electrons, a few 10−5 for muons).
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Figure 1: Variables for Ke2 /Kµ2 separation. Left: Missing mass (with electron mass hypothesis) vs. track
momentum for Ke2 (red) and Kµ2 candidates (blue). Right: Ratio E/p for electrons and muons.

3.3

Muonic background in the Ke2 sample

P(µ→e)

In very rare cases, a muon can deposit over 95 % of its energy in the LKr by high energetic
(’catastrophic’) bremsstrahlung, thus faking an electron. The probability P (µ → e) for such a
process is only a few 10−6 , however, due to the helicity suppression of the electron channel by
approx. five orders of magnitude, the background in the Ke2 sample originating from Kµ2 decays
naturally amounts to several percent and represents one of the major issues of this analysis.
A direct measurement of P (µ → e) with a few percent accuracy is a necessary requirement
for validation of the theoretical computation of the bremsstrahlung cross-section 7 in the highly
energetic γ region used to evaluate the Kµ2 background. For this purpose, a ∼9X0 thick lead
wall covering ∼20 % of the geometric acceptance had been installed between the hodoscope
planes during approx. 50 % of the data taking (see sketch in Fig. 2). Tracks traversing the wall
and depositing over 95 % of their energy in the calorimeter represent a sufficiently pure sample
of muons with catastrophic bremsstrahlung; the electron contamination is < 10−7 due to the
high energy loss in the lead wall.
The following pure muon samples with high E/p were collected: 1) from the Kµ2 decays
during the nominal data taking; 2) from special muon runs with the hadron beam absorbed. In
the present analysis, only a sample from a 20h long special muon run in 2007 has been used. In
2008, an additional sample has been collected, containing about twice as many muons.
The momentum-dependence of P (µ → e) measured with the lead wall technique is shown in
Fig. 2, right plot, and is in excellent agreement with the results obtained with a dedicated Geant46.5
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Figure 2: Left: Illustration of the lead wall installed between the two planes of the hodoscope. Tracks passing
the wall form a sample of pure muons. Right: Measured and simulated probability P (µ → e) for muons identified
as electrons due to catastrophic bremsstrahlung. Including modifications due to the lead wall (ionization losses,
bremsstrahlung), the simulation describes the data very well.

based MC simulation. To obtain this level of agreement, the pure P (µ → e) from the MC had
to be modified due to muon ionization losses (affects the low ptrack region) and bremsstrahlung
in the lead (high ptrack region).
The preliminary background to signal ratio is B/S = (7.4 ± 0.2) %; the uncertainty is mainly
due to the limited size of the data sample used to validate the simulation. Including the larger
2008 sample and studying muons from Kµ2 decays in the clear Ke2 /Kµ2 separation region
(p < 25 GeV/c) will clearly help to reduce the error in the future.
Other background sources in the Ke2 sample

3.4

Beam halo: Electrons produced by beam halo muons via µ → e decay are kinematically and
geometrically compatible with a genuine Ke2 decay. As described above, the halo background
can be measured directly with the K − only sample, yielding a background to signal ratio B/S =
(1.3 ± 0.1) %. The reasonably small uncertainty is due to the limited size of the control sample,
and will be further reduced by including the additional 2008 K − sample.
The beam halo background in the Kµ2 sample is measured with the same technique as for
Ke2 decays. With only ∼0.2 % it represents the only relevant background, i.e. the Kµ2 sample
is quasi background-free.
Ke2γ (SD+ ): The structure-dependent (SD) Ke2γ decay is considered a background by the
definition of RK , and its rate is similar to that of Ke2 . The existing theoretical predictions are
form factor model-dependent and have large uncertainties (∼15 %). The experimental precision
is of similar precision: BR = (1.52 ± 0.23) × 10−5 . 3
Only energetic electrons (Ee∗ > 230 MeV) are compatible with the Ke2 kinematic identification. The background contamination is estimated by a MC simulation to be B/S = (1.6±0.3) %,
where the uncertainty is due to the poor knowledge of the process. A measurement based on the
NA62 2007 data sample has started, and a strong improvement of the uncertainty is expected.
Kµ2 with µ → e decay in flight: The muon decay has been included in the MC, and
naı̈vely seems to be a major background. Fortunately, only energetic forward electrons, which
are strongly suppressed due to the muon polarization, can be selected as Ke2 candidates. The
background to signal ratio is estimated to be B/S = (1.3 ± 0.1) %.
Minor background sources: Two other background sources in the Ke2 sample have been
identified by MC simulations: K + → π 0 e+ ν (called Ke3 ) and K + → π + π 0 (called K2π ). Both
contributions to the signal are less than one percent.
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Figure 3: Reconstructed squared missing mass distributions for Ke2 (left) and Kµ2 (right) candidates. Data
(crosses) and expectations for backgrounds and signal (filled areas). The Kµ2 sample is quasi background-free.
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Figure 4: Left: 10 independent measurements of RK in track momentum bins for the 40 % data sample. An
overall offset is applied to hide the result, setting it to the SM expectation. The error band represents the total
error, including the correlated uncertainties. Right: Summary of the main uncertainties.

4

Summary and prospects

After applying all selection criteria, about 60000 Ke2 candidates and 17.5 M Kµ2 candidates
remain from the partial 40 % data sample. The total background to signal ratio in the Ke2 sample is estimated to be B/S(Ke2 ) = 12.3 %. The largest background fraction is at high track
momenta, and the systematic effect due to background is δRK /RK = 0.4 %. Fig. 3 shows the
squared missing mass distributions for Ke2 and Kµ2 candidates. For the Ke2 sample, the sum
of estimated background and Ke2 signal contributions describe the data well. The Kµ2 sample
is almost background-free. Improvements for each background source are foreseen as described
in the text above.
The ten independent measurements of RK in track momentum bins are presented in Fig. 4,
with an artificial offset being applied to hide the result. The stability of RK demonstrates that
the strongly momentum-dependent systematic effects (acceptances, backgrounds etc.) are under
control. The table in Fig. 4 summarizes the main systematic uncertainties. The estimated total
uncertainty for this data sample is 0.6 − 0.7 %, breaking the 1 % level for the first time.
The whole NA62 data sample of > 150000 Ke2 decay candidates is an order of magnitude
larger than the world sample and allows to push the statistical uncertainty below 0.3 %. The
analysis of the partial data sample is well advanced, significant improvements of various uncertainties are realistic. To conclude, an overall uncertainty of 0.4 %, as declared in the proposal,
is within reach.
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PRECISION TEST OF THE SM WITH Kl2 AND Kl3 DECAYS AT KLOE
T. SPADARO
Laboratori Nazionali di Frascati dell’INFN, Via E. Fermi, 40,
00044 Frascati (Roma), Italy

Kaon decay studies seeking new-physics (NP) effects in leptonic (Kl2 ) or semileptonic (Kl3 )
decays are discussed. A unitarity test of the first row of the CKM mixing matrix is obtained
from the KLOE precision measurements of Kl3 widths for K ± , KL , and (unique to KLOE)
KS , complemented with the absolute branching ratio for the Kµ2 decay. KLOE results lead
to constraints for NP models and can probe possible charged Higgs exchange contribution in
SM extensions with two Higgs doublets. The main focus in the present document is set on a
new measurement of RK = Γ(Ke2 )/Γ(Kµ2 ) with an accuracy at the % level, aiming at finding
evidence of deviations from the SM prediction induced by lepton-flavor violation NP effects.

1

Introduction

New precise measurements of K → lνl (γ) (Kl2 ) and K → πlνl (γ) (Kl3 ) decays can possibly shed
light on new physics (NP). The first indication of the need of improving the present knowledge
in this field was given by the 2004 version of the PDG: a deviation from unitarity of the CKM
matrix was observed in the first row, amounting to more than two standard deviations 1 ,
2
2
2
∆ = 1 − Vud
− Vus
− Vub
= 0.0043(16)V ud (11)V us .

(1)

This called for new precise determinations of the Vus parameter of the CKM matrix, traditionally
extracted from Kl3 decays using the following expression:
Γi (Ke3(γ), µ3(γ) ) = |Vus |2

Ci2 G2F M 5
0
i
i
SEW |f+K (0)|2 Ie3,
µ3 (1 + δe3, µ3 ),
3
128π

(2)

where i indexes K 0 → π − and K + → π 0 transitions for which Ci2 = 1 and 1/2, respectively, GF
is the Fermi constant, M is the appropriate kaon mass, and SEW is a universal short-distance
electroweak correction 2 . The δ i term accounts for long-distance radiative corrections depending on the meson charges and lepton masses and, for K ± , for isospin-breaking effects. These
0
corrections are presently known at the few-per-mil level 3 . The f+K (0) form factor parametrizes
the vector-current transition K 0 → π − at zero momentum transfer t, while the dependence of

vector and scalar form factors on t enter into the determination of the integrals Ie3, µ3 of the
Dalitz-plot density over the physical region.
After four years of analysis of KLOE data, we present the most comprehensive set of results
from a single experiment, including BR’s for Ke3 and Kµ3 decays for KL 4 and K ± 5 , and
the BR for KS → πeν 6,7 (unique to KLOE); form factor slopes from analysis of KLe3 8 and
KLµ3 9 ; lifetime measurements for KL 10 and K ± 11 ; the K 0 mass 12 . Using the KS lifetime
from PDG 13 as the only input other than KLOE measurements, we obtain five results for the
product f+ (0)|Vus | 14 , as shown in table 1. The average of these has been obtained taking all
correlations into account and it is f+ (0) × |Vus | = 0.2157(6). As a comparison, using data from
KLOE, KTeV, NA48, and ISTRA+ experiments, the world average 15 is 0.2166(5). From the
KLOE result and using f+ (0) = 0.9644(49) from the UKQCD/RBC collaboration 16 , we obtain
|Vus | = 0.2237(13).

(3)

Using the world average 17 Vud = 0.97418(26) from 0+ → 0+ nuclear β decays, CKM unitarity
can be seen to be satisfied: ∆ = 9(8) × 10−4 .
KLOE has provided the most precise determination of the Kµ2 BR 18 , which can be linked
to the ratio Vus /Vud via the following relation 19 :
³

mK 1 − m2µ /m2K

´2

Γ(K → µν)
=
³
´2
Γ(π → µν)
mπ 1 − m2µ /m2π

¯ 2
¯
¯ Vus ¯2 fK
¯
¯
¯ V ¯ f 2 C.
ud

π

The theoretical inputs are the form-factor ratio fK /fπ and the radiative corrections described
by the factor C. We use fK /fπ = 1.189(7) from lattice calculations 20 and C = 0.9930(35) 19 ,
thus obtaining
|Vus /Vud | = 0.2326(15).
(4)
From the KLOE results of Eqs. 3 and 4, and from the world-average value of Vud , a combined
fit to Vus and Vud has been done. The result is shown in left panel of Fig. 1: the fit χ2 is
2.34 for one degree of freedom (13% probability) and the results are: |Vus | = 0.2249(10) and
|Vud | = 0.97417(26), with a correlation of 3%. From these, not only can we now state that the
CKM unitary holds to within 10−3 , ∆ = 0.0004 ± 0.0005V ud ± 0.0004V us , but we can obtain
severe constraints for many NP models.
1.1

Unitarity and coupling-universality tests

In the SM, unitarity of the weak couplings and gauge universality dictate:
³

´

G2F |Vud |2 + |Vus |2 = G2µ

³

´

2
Vub
negligible ,

(5)

where G2µ is the decay constant obtained from the measurement of the µ lifetime 21 . The above
2 from KLOE inputs provides relevant tests for possible breaking of the CKM
measurement of Vus
unitarity (∆ 6= 0) and/or of the coupling universality (GF 6= Gµ ). This can happen in some NP
scenarios, some example of which we discuss below.
NP might lead to exotic and still unobserved µ decays contributing to the µ lifetime. The
resulting total BR for µ exotic modes equals the unitarity violation ∆. Some of these modes,
such as µ+ → e+ ν e νµ , are at present constrained to be less than ∼ 1%, so that information from
unitarity improves on that from direct searches by more than a factor of 10 22,23 .
The existence of additional heavy Z bosons would influence unitarity at the loop level entering
in muon and charged current semileptonic decays differently 24 : ∆ = −0.01λ ln[rZ2 /(rZ2 − 1)],
where rZ = mZ ′ /mW and λ is a model-dependent constant of order 1. In the case of SO(10)

grand unification, λ ∼ 1.9 and a unitarity test from KLOE results yields MZ ′ > 750 GeV at
95% of CL. In non-universal gauge interaction models, a tree-level contribution from Z ′ bosons
appears, so that the unitarity test is sensitive to even larger masses 25 .
In supersymmetric extensions of the SM (SUSY), loops affect muon and semileptonic decays
differently. Unitarity can constrain SUSY up to mass scales of the order of 0.5 TeV, depending
on the extent of cancellation between squark and slepton effects 26 .
Measurements of Kl2 widths can be linked to new physics effects, too. The ratio of Kµ2 to
πµ2 decay widths might accept NP contributions from charged Higgs exchange 27,28 in supersymmetric extensions of the SM with two Higgs doublets. In this scenario, the ratio Vus /Vud
extracted from Kµ2 , πµ2 should differ from that extracted from Kl3 and superallowed Fermi
transitions (“0+ ”):
¯ ¯
¯
¯
¯ V (K )V (0+ ) ¯ ¯
m2K (ms − md ) tan2 β ¯¯
¯ ¯
¯ us l2 ud
¯ = ¯1 −
¯
2 m (1 + ǫ tan β) ¯¯ ,
¯ Vus (Kl3 )Vud (πl2 ) ¯ ¯
MH
s
0

where tan β is the ratio of up- and down-Higgs vacuum expectation values, MH is the charged
Higgs mass, and ǫ0 ∼ 0.01 29 . The KLOE result of Eq. 4 can be translated into an exclusion plot
in the plane tan β vs MH (see right panel of Fig. 1), showing that this analysis is complementary
to and competitive with that 28 using the average BR(B → τ ν) = 1.73(35) × 10−4 of Babar and
Belle measurements 30 .
2
|Vus|

f+ × |Vus |
0.2155(7)
0.2167(9)
0.2153(14)
0.2152(13)
0.2132(15)

Error,%
0.3
0.4
0.7
0.6
0.7

Table 1: Five determinations
of f+ × |Vus | using the KS
lifetime (from PDG) as the
only input other than KLOE
measurements.
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Test of lepton-flavor violation

A significant effort has been devoted along the years to isolate signals from lepton flavor violating
(LFV) transitions, which are forbidden or ultra-rare in the Standard Model (SM). The sensitivity
to decays such as µ → eγ, µ → eee, KL → µe(+π 0 ’s), and others roughly improved by two orders
of magnitude for each decade 31 . No signal has been observed, thus ruling out SM extensions
with LFV amplitudes with mediator masses below ∼ 100 TeV.
These results allowed the focus to be put on the detection of NP-LFV effects in loop amplitudes, by studying specific processes suppressed in the SM. In this field, a strong interest for a
new measurement of the ratio RK = Γ(K → eν)/Γ(K → µν) has recently arisen, triggered by
the work of Ref. 32 . The SM prediction of RK benefits from cancellation of hadronic uncertainties to a large extent and therefore can be calculated with high precision. Including radiative
corrections, the total uncertainty is less than 0.5 per mil 33 :
RK = (2.477 ± 0.001) × 10−5 .

(6)

Since the electronic channel is helicity-suppressed by the V − A structure of the charged weak
current, RK can receive contributions from physics beyond the SM, for example from multi-Higgs

effects inducing an effective pseudoscalar interaction. It has been shown in Ref. 32 that deviations
from the SM of up to few percent on RK are quite possible in minimal supersymmetric extensions
of the SM and in particular should be dominated by lepton-flavor violating contributions with
tauonic neutrinos emitted in the electron channel:
RK =

SM
RK

"

× 1+

Ã

m4K
m4H

!Ã

m2τ
m2e

!

#
¯
¯
¯ 31 ¯2
6
¯∆R ¯ tan β ,

(7)

where MH is the charged-Higgs mass, ∆31
R is the effective e-τ coupling constant depending on
MSSM parameters, and tan β is the ratio of the two vacuum expectation values. Note that the
SM .
pseudoscalar constant fK cancels in RK
In order to compare with the SM prediction at this level of accuracy, one has to treat carefully
the effect of radiative corrections, which contribute to nearly half the Ke2γ width. In particular,
the SM prediction of Eq. 7 is made considering all photons emitted by the process of internal
bremsstrahlung (IB) while ignoring any contribution from structure-dependent direct emission
(DE). Of course both processes contribute, so in the analysis DE is considered as a background
which can be distinguished from the IB width by means of a different photon energy spectrum.
Two experiments are participating in the challenge to push the error on RK from the present
6% down to less than 1%. In 2007, KLOE and NA48/2 announced preliminary results 34 with
errors ranging from 2% to 3%. Moreover, the new NA62 collaboration collected more than
100 000 Ke2 events in a dedicated run of the NA48 detector, aiming at reaching an accuracy of
few per mil on RK 35 .
2

Measuring RK at KLOE

√
DAΦNE, the Frascati φ factory, is an e+ e− collider working at s ∼ mφ ∼ 1.02 GeV. φ mesons
are produced, essentially at rest, with a visible cross section of ∼ 3.1 µb and decay into K + K −
pairs with a BR of ∼ 49%.
Kaons get a momentum of ∼ 100 MeV/c which translates into a low speed, βK ∼ 0.2. K +
and K − decay with a mean length of λ± ∼ 90 cm and can be distinguished from their decays
in flight to one of the two-body final states µν or ππ 0 .
The kaon pairs from φ decay are produced in a pure J P C = 1−− quantum state, so that
observation of a K + in an event signals, or tags, the presence of a K − and vice versa; highly
pure and nearly monochromatic K ± beams can thus be obtained and exploited to achieve high
precision in the measurement of absolute BR’s.
The analysis of kaon decays is performed with the KLOE detector, consisting essentially of
a drift chamber, DCH, surrounded by an electromagnetic calorimeter, EMC. A superconducting
coil provides a 0.52 T magnetic field. The DCH 36 is a cylinder of 4 m in diameter and 3.3 m in
length, which constitutes a fiducial volume for K ± decays extending for ∼ 1λ± . The momentum
resolution for tracks at large polar angle is σp /p ≤ 0.4%. The c.m. momenta reconstructed from
identification of 1-prong K ± → µν, ππ 0 decay vertices in the DC peak around the expected
values with a resolution of 1–1.5 MeV, thus allowing clean and efficient K ∓ tagging.
37 consisting of a barrel and two
The EMC is a lead/scintillating-fiber sampling calorimeter
p
endcaps, with
p good energy resolution, σE /E ∼ 5.7%/ E(GeV), and excellent time resolution,
σT = 54 ps/ E(GeV) ⊕ 50 ps.
In early 2006, the KLOE experiment completed data taking, having collected ∼ 2.5 fb−1
of integrated luminosity at the φ peak, corresponding to ∼3.6 billion K + K − pairs. Using the
present KLOE dataset, a measurement of RK with an accuracy of about 1 % has been performed.
Given the K ± decay length of ∼90 cm, the selection of one-prong K ± decays in the DC
required to tag K ∓ has an efficiency smaller than 50%. In order to keep the statistical uncertainty
on the number of K → eν counts below 1%, a “direct search” for K → eν and K → µν decays
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is performed, without tagging. Since the wanted observable is a ratio of BR’s for two channels
with similar topology and kinematics, one expects to benefit from some cancellation of the
uncertainties on tracking, vertexing, and kinematic identification efficiencies. Small deviations
in the efficiency due to the different masses of e’s and µ’s will be evaluated using MC.
Selection starts by requiring a kaon track decaying in a DC fiducial volume (FV) with laboratory momentum between 70 and 130 MeV, and a secondary track of relatively high momentum
(above 180 MeV). The FV is defined as a cylinder parallel to the beam axis with length of 80 cm,
and inner and outer radii of 40 and 150 cm, respectively. Quality cuts are applied to ensure
good track fits.
A powerful kinematic variable used to distinguish K → eν and K → µν decays from the
background is calculated from the track momenta of the kaon and the secondary particle: as2 ) is evaluated. The distribution
suming Mν = 0, the squared mass of the secondary particle (Mlep
2
of Mlep is shown in Fig. 2 for MC events before and after quality cuts are applied. The selection
applied is enough for clean identification of a K → µν sample, while further rejection is needed
in order to identify K → eν events: the background, which is dominated by badly reconstructed
K → µν events, is ∼10 times more frequent than the signal in the region around Me2 .
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Figure 2: MC distribution of Mlep
before (left) and after (right) quality
cuts are applied. Shaded histogram:
K → eν events. Open histograms:
background. In MC, RK is set to the
SM value.

10000

0

x
0.0

0.2 0.4

0.6 0.8 1.0

1.2

Figure 3:
Left: cell distribution for 200 MeV e
(top) and µ (bottom) from two selected events from
KL → πℓν. Right: Distribution of NN output, NN,
for electrons of a KL → πeν sample from data (black
histogram) and MC (red histogram).

Information from the EMC is used to improve background rejection. To this purpose, we
extrapolate the secondary track to the EMC surface and associate it to a nearby EMC cluster.
For electrons, the associated cluster is close to the EMC surface and the cluster energy Ecl is
a measurement of the particle momentum pext , so that Ecl /pext peaks around 1. For muons,
clusters tend to be more in depth in the EMC and Ecl /pext tends to be smaller than 1, since
only the kinetic energy is visible in the EMC. Electron clusters can also be distinguished from µ
(or π) clusters, since electrons shower and deposit their energy mainly in the first plane of EMC,
while muons behave like minimum ionizing particles in the first plane and deposit a sizable
fraction of their kinetic energy from the third plane onward, when they are slowed down to rest
(Bragg’s peak), see left panel of Fig. 3. Particle identification has been therefore based on the
asymmetry of energy deposits between the first and the next-to-first planes, on the spread of
energy deposits on each plane, on the position of the plane with the maximum energy, and on the
asymmetry of energy deposits between the last and the next-to-last planes. All information are
combined with neural network (NN) trained on KL → πℓν data, taking into account variations
of the EMC response with momentum and impact angle on the calorimeter. The distribution of
the NN output, NN, for an independent KL → πeν sample is shown in the right panel of Fig. 3
for data and Monte Carlo (MC). Additional separation has been obtained using time of flight
information.
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Figure 4: Fit projections onto the Mlep
slices in NN output, NN > 0.98 and NN < 0.98, giving enhanced values of signal and background contributions, respectively.

Figure 5: 95%-CL excluded regions in the
plane tan β–charged Higgs mass for ∆31
R =
10−4 , 5 × 10−3 , 10−3 .

The number of K → eν(γ) is determined with a binned likelihood fit to the two-dimensional
2 distribution. Distribution shapes for signal and K
NN vs Mlep
µ2 background, other sources being
negligible, are taken from MC; the normalization factors for the two components are the only fit
parameters. In the fit region, a small fraction of K → eν(γ) events is due to the direct-emission
structure-dependent component (DE): the value of this contamination, fSD , is fixed in the fit to
the expectation from simulation.This assumption has been evaluated by performing a dedicated
measurement of SD, which yielded as a by-product a determination of fSD with a 4% accuracy.
This implies a systematic error on Ke2 counts of 0.2%, as obtained by repeating the fit with
values of fSD varied within its uncertainty.
In the fit region, we count 7064±102 K + → e+ ν(γ) and 6750±101 K − → e− ν̄(γ) events.
2 axis in a signalFig. 4 shows the sum of fit results for K + and K − projected onto the Mlep
(NN > 0.98) and a background- (NN < 0.98) enhanced region.
To assess the uncertainty on the RK measurement arising from limited knowledge of the
2 distributions for data
momentum resolution we have examined the agreement between the Mlep
and MC in the Kµ2 region. For the NN distribution, the EMC response at the cell level has
been tuned by comparing data and MC samples. In order to evaluate the systematic error
associated with these procedures, we studied the result variation with different fit range values,
corresponding to a change for the overall Ke2 purity from ∼ 75% to ∼ 10%. The results are
stable within statistical fluctuations. A systematic uncertainty of 0.3% for RK is derived “à la
PDG” 13 by scaling the uncorrelated errors so that the reduced χ2 value of results is 1.
2 distribution.
The number of Kµ2 events in the same data set is extracted from a fit to the Mlep
The fraction of background events under the muon peak is estimated from MC to be < 0.1%.
+
−
We count 2.878 × 108 (2.742 × 108 ) Kµ2
(Kµ2
) events. Difference in K + and K − counting is
−
ascribed to K nuclear interactions in the material traversed.
The ratio of Ke2 to Kµ2 efficiency is evaluated with MC and corrected for data-to-MC ratios
using control samples. To check the corrections applied we also measured R3 = BR(Ke3 )/BR(Kµ3 ),
in the same data sample and by using the same methods for the evaluation of the efficiency as
for the RK analysis. We found R3 = 1.507(5) and R3 = 1.510(6), for K + and K − respectively.
These are in agreement within a remarkable accuracy with the expectation 15 from world-average
form-factor slope measurements, R3 = 1.506(3).
3

RK result and interpretation

The final result is RK = (2.493 ± 0.025 ± 0.019) × 10−5 . The 1.1% fractional statistical error
has contributions from signal count fluctuation (0.85%) and background subtraction. The 0.8%

systematic error has a relevant contribution (0.6%) from the statistics of the control samples
used to evaluate corrections to the MC. The result does not depend on K charge: quoting olny
the uncorrelated errors, RK (K + ) = 2.496(37)10−5 and RK (K − ) = 2.490(38)10−5 .
The result in agreement with SM prediction of Eq. 6. Including the new KLOE result, the
world average reaches an accuracy at the % level: RK = 2.468(25) × 10−5 . In the framework of
MSSM with LFV couplings, the RK value can be used to set constraints in the space of relevant
paremeters (see eq. 7). The regions excluded at 95% C.L. in the plane tan β–charged Higgs mass
are shown in Fig. 5 for different values of the effective LFV coupling ∆31
R.
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Search for a New Neutral Boson in the Rare Decay KL → π 0 π 0 µ+ µ−
D.G. PHILLIPS II, on behalf of the KTeV Collaboration
Department of Physics, University of Virginia
382 McCormick Road, Charlottesville, Virginia 22904 USA
email: dgp6d@virginia.edu

Using data collected by the KTeV Experiment at Fermi National Accelerator Laboratory
in Batavia, Illinois, this study will be the first experimental analysis of KL → π 0 π 0 µ+ µ− .
Although this decay mode is possible within the Standard Model, it is limited to a very narrow
band of phase space. The HyperCP Experiment has recently observed three Σ+ → pµ+ µ−
events within a narrow dimuon mass range of 213.8 MeV/c2 to 214.8 MeV/c2 . This suggests
that the process could occur via a neutral intermediary particle, Σ+ → pX 0 → pµ+ µ− , with
an X 0 mass of 214.3 MeV/c2 ±0.5 MeV/c2 . Since the X 0 has a light mass and a low interaction
probability, then it is most likely a new neutral boson outside the Standard Model. Recent
theoretical predictions suggest that the decay mode KL → π 0 π 0 µ+ µ− can also occur via the
aforementioned neutral boson: KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− . Therefore, in addition to a
measurement of the Standard Model process whereby an intermediate photon goes to µ+ µ− ,
the search for KL → π 0 π 0 µ+ µ− is also carried out in an effort to address the viability of X 0
in explaining the HyperCP phenomena.

1

Introduction

In this report, we present the first attempt to detect the rare decay modes KL → π 0 π 0 µ+ µ− and
KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− . Based on an observation of three events in a study of the decay
Σ+ → pµ+ µ− , the HyperCP collaboration reported the possible observation of an X 0 boson of
mass 214.3 MeV/c2 decaying into a µ+ µ− [1]. The aforementioned results from the HyperCP
experiment provide the incentive to search for the decay KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− .
¯ and the µ+ µ− , theoretical estimates of
Using a model in which the X 0 couples to the ds
+7.5
0
0
0
0
0
+
−
the KL → π π X → π π µ µ branching ratio were determined to be (8.3−6.6
)×10−9 for a
+0.9
−10
0
0
for a axial vector X [2]. In this model, the scalar and
pseudoscalar X and (1.0−0.8 )×10
0
vector X were ruled out as explanations for the HyperCP hypothesis of the X 0 particle. Another
model predicts a branching ratio for KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− of 8.02×10−9 for a neutral
spin zero pseudoscalar boson X 0 [3]. An alternate model proposes the light pseudoscalar Higgs

boson from the next-to-minimal supersymmetric standard model (NMSSM) as an explanation
of the HyperCP result [4]. There is currently no prediction for the branching ratio of KL →
π 0 π 0 X 0 → π 0 π 0 µ+ µ− using NMSSM. A theoretical study on the rare decay KL → π 0 π 0 µ+ µ−
has not yet been performed within the framework of the standard model.
1.1

Description of the Experiment

The search for the KL → π 0 π 0 µ+ µ− mode was performed by analyzing data from the 1997
and 1999 runs of KTeV E799 II at Fermi National Accelerator Laboratory. The KTeV E799
experiment produced neutral kaons via collisions of 800 GeV/c protons with a BeO target.
The particles created from interactions with the target passed through a series of collimators,
absorbers and sweeper magnets to produce two nearly parallel KL beams. The KL beams then
entered a 70 m long vacuum tank, which was evacuated to 1 µTorr. Immediately downstream of
the vacuum region was a spectrometer, which was composed of an analysis magnet sandwiched
between two pairs of drift chambers. These were followed by transition radiation detectors and
two planes of trigger hodoscopes.
The two vital elements to this analysis were the CsI electromagnetic calorimeter and the
muon ID system, which were located at 186.0 m and 188.5 m from the BeO target respectively.
Constructed of 3100 CsI crystal blocks arranged into a (1.9×1.9) m array, the CsI calorimeter was
used as another tool for charged particle discrimination through measurement of the quantity
E /p. E is the energy of the cluster associated with the track and p is the momentum of the
same track. Each crystal was 27 radiation lengths (1.4 nuclear interaction lengths) long. Two
holes are located near the center of the calorimeter to allow for passage of the neutral beams.
The muon ID system was composed of a lead wall, three particle filters and three scintillator
counter planes designed to identify muons by filtering out other charged particles. In total,
the lead wall and three filters amounted to 31 nuclear interaction lengths of material. Figure 1
shows a cross-sectional view of the KTeV detector and vacuum decay region. A more detailed
description of the KTeV detector can be found in [5, 6].
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Figure 1: Top view of the KTeV detector and vacuum decay region in the E799 configuration.

1.2

1997 and 1999 Run Periods

The 1997 and 1999 runs differed in the following ways. The spill length was doubled from 20
seconds in the 1997 run to 40 seconds in the 1999 run. The proton intensity on the BeO neutral

kaon production target was increased from 2 − 4 × 1012 protons per spill in the 1997 run to
6 − 10 × 1012 protons per spill in the 1999 run. Another important difference between the 1997
and 1999 run was the magnetic field in the spectrometer. In the 1997 run, the magnetic field
elicited a momentum kick of 205 MeV/c to charged particles in x-z plane of the spectrometer.
In the 1999 run, the magnetic field was changed to yield a momentum kick of 150 MeV/c in the
x-z plane to increase acceptance for select neutral kaon modes.
1.3

Signal and Normalization Mode Triggers

The signal modes and normalization mode were located on different triggers. Both signal modes
0 as the common normalization mode, where one of the π 0 s undergoes the
used KL → π 0 π 0 πD
0
dalitz decay πD → e+ e− γ. The normalization mode was chosen due to its high branching ratio
and due to the lack of any heretofore observed neutral KL decay modes with two tracks and
four photons. The signal mode trigger was changed in the 1999 run to allow for one missing
hit in either the x or y view of the last set of muon ID system counting planes. In order to
counteract this effect, the number of hardware clusters was increased from a minimum of one to
two for the 1999 run. The normalization mode trigger which demanded two charged tracks and
at least four electromagnetic clusters was loosened midway through the 1997 run by changing
the minimum thresholds for energy in the electromagnetic calorimeter. These changes to the
minimum thresholds were kept intact for the 1999 run.
2

Signal Mode Analysis

The KL → π 0 π 0 µ+ µ− and KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− final states are composed of four
photons plus a µ+ µ− . The difference between these two final states is that the former and latter
are considered as a four-body and three-body decay respectively. The presence of four photons
and lack of phase space available to the signal modes forces the vast majority of all possible
backgrounds to the high Mµµγγγγ region. This allowed for background issues to be effectively
addressed with a loose set of cuts, which also yielded good signal acceptance.
2.1

Analysis Cuts

Both charged tracks were obligated to form a good vertex within the vacuum decay region, to
match a cluster in the CsI calorimeter, to have E/p ≤ 0.9 and deposit less than 1 GeV of energy
in the CsI calorimeter. In addition, the track momentum was limited to values greater than 7.0
GeV/c. The latter three requirements are consistent with minimum ionizing muons. Each of
the final three counting planes in the muon ID system were required to log at least one hit. A
loose requirement on the invariant dimuon mass, Mµµ ≤ 232 MeV/c2 , was also implemented.
The number of clusters in the CsI calorimeter not associated with tracks was required to be
equal to four. These clusters were directly coupled to the two π 0 s from the signal modes. Due
to the narrow opening angle of the dimuon vertex, the z vertex was determined using a neutral
vertex calculated from the two γγ vertices associated the π 0 π 0 . Reconstruction of the π 0 π 0 was
performed by analyzing each possible γγ pair in order to find the combination with the best
agreement of the position of two neutral vertices determined from each pair of photons under
the hypothesis that they originated in a π 0 decay. The z-vertex for the event is then calculated
as a weighted average of z-vertex values for each γγ in the π 0 pairing with the minimum pairing
chi-squared of the z-vertex. This z-vertex was required to lie within the range of 90 m to 160 m
from the target, which encompasses the full length of the vacuum decay region. Each γγ mass
in a given event, Mγγ , is extracted as a byproduct of the neutral z-vertexing procedure and was
required to be within 9 MeV/c2 of the π 0 mass. Further details can be found in [7].

2.2

Discussion of Backgrounds

Any KL decay mode with two minimum ionizing tracks and at least one photon was generated
with the Monte Carlo (MC) and analyzed as a potential source of background. If the minimum
ionizing track was a π ± , then cases of both pion punch through to the muon ID system and
pion decay were generated in the MC and analyzed as separate sources of background. All
KL decay mode backgrounds in these scenarios are missing a minimum of two photons needed
to reconstruct the signal mode topology. Aside from mismeasurements, accidental photons are
employed in the MC to fill this void, which forces Mµµγγγγ into a region above the KL mass.
Approximately eleven billion background events were generated in the MC. After all signal mode
analysis cuts there were zero background events remaining in the masked signal regions.
2.3

Masked Signal Boxes

The signal regions for the 1997 and 1999 data were based on the Mµµγγγγ , p2T (µµγγγγ) and
|p2T,µµ − p2T,ππ | resolutions calculated using two signal mode MCs. Here p2T is measured relative
to the direction of the KL determined by the line connecting the BeO target center and the decay
vertex. For the 1997 and 1999 data, the masked signal region for the KL decay was chosen to be
rectangular with 0.495 GeV/c2 ≤ Mµµγγγγ ≤ 0.501 GeV/c2 and p2T ≤ 0.00013 (GeV/c)2 . This
region shall henceforward be referred to as the first masked signal box. In both data sets, the
masked signal region for the X 0 decay was chosen to be rectangular with 213.8 MeV/c2 ≤ Mµµ ≤
214.8 MeV/c2 and |p2T,µµ − p2T,ππ | ≤ 0.0007 (GeV/c)2 . The immediately aforementioned region
shall henceforward be referred to as the second masked signal box. The constraint on Mµµ was
chosen based on the predicted X 0 mass made by the HyperCP collaboration [1]. Figure 2 shows
p2T vs. invariant mass scatter plots of the KL → π 0 π 0 µ+ µ− and KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ−
signal mode MC respectively. Generation of the signal mode MC with accidental photons led to
some mismeasured events, which were pushed outside the signal mode region as a result.
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Figure 2: On the left is the p2T vs. Mµµγγγγ scatter plot for the 1997 KL → π 0 π 0 µ+ µ− MC. On the right is
the |p2T,µµ − p2T,ππ | vs. Mµµ scatter plot for the 1997 KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− MC. Both plots are shown
immediately after all analysis requirements were applied. The blue boxes indicate the locations of the masked
signal boxes, which are open in the MC.

3

Normalization Mode Analysis

0 , where π 0 → e+ e− γ. The
The normalization mode chosen for this analysis was KL → π 0 π 0 πD
D
presence of an extra photon and two electrons instead of two muons are the only differences
between the normalization mode and the signal modes. As in the signal mode, the four photons

Source of Systematic Error on FK
Variation of Kinematic Requirements
pz Weighting
Cracks in Muon Counting Planes
Energy Loss in Muon Filters
BR(KL → π 0 π 0 π 0 )
Total Systematic Error

∆FK (1997)
FK (1997)

∆FK (1999)
FK (1999)

+1.26%
—–
0.50%
0.40%
0.61%
+1.54%

+2.24%
1.87%
0.50%
0.40%
0.61%
+3.05%

Table 1: Summary of systematic errors on the KL flux, labeled as FK .

which gave the minimum pairing chi-squared of the z-vertex were associated with the π 0 pair
0 state. The z-vertex in the
for that event. The remaining photon was partnered with the πD
normalization mode analysis was chosen to be 94 m to 158 m from the target.
3.1

Backgrounds to the Normalization Mode

The only noticeable background to the normalization mode was when a photon from KL →
π 0 π 0 π 0 underwent pair production in the vacuum window or detector material upstream of the
first drift chamber. Only very loose cuts on the normalization mode invariant mass (Meeγγγγγ ),
p2T and Mγγ were needed to extract the normalization mode signal and sweep away the photon
conversion background. Meeγγγγγ was required to reside between 473 MeV/c2 and 523 MeV2 ,
while p2T ≤ 0.001 GeV2 /c2 and Mγγ was situated within 14 MeV/c2 of the π 0 mass. After
generating approximately two fluxes of KL → π 0 π 0 π 0 events in MC (where one of the photons
underwent photon conversion), only one KL → π 0 π 0 π 0 MC event was found after all analysis
requirements were implemented. This was negligible compared to the number of events found
in the data after all analysis requirements were applied. Therefore, backgrounds did not have a
noticeable effect on the KL flux.
4

Uncertainties in the Flux

Uncertainties in the KL flux originated from the branching ratio used to calculate the flux,
uncertainty in the placement of kinematical analysis requirements, the resolution of the total z
momentum, pZ , and the efficiency of the muon ID system. The statistical errors on the signal
mode MC were less than 0.14% for each decay mode, while the statistical error for both the
normalization mode data and MC was less than 0.31%. All systematic errors in this analysis
came from the normalization mode. The total uncertainty due to kinematical analysis requirements was determined by varying the z-vertex, Meeγγγγγ , p2T , Mγγ and E/p. The uncertainty
from pZ was calculated by applying a set of weights to flatten the data/MC ratio of the pZ
spectrum. Systematic errors in the muon ID efficiency stemmed from modeling of the energy
loss in the muon filters and from simulation of gaps between scintillator paddles in the last two
muon counting planes [8]. Results from these systematic error studies are given in Table 1.
5

Calculation of the Upper Limit

The 1997 (1999) signal mode acceptance was 3.14% (4.03%) and 2.80% (3.74%) for KL →
π 0 π 0 µ+ µ− and KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− respectively. The total KL flux was calculated
as the summation of the 1997 and 1999 KL fluxes and was found to be 7.33 ×1011 . This flux
resulted in a single event senitivity of 3.75 ×10−11 for KL → π 0 π 0 µ+ µ− and 4.10 ×10−11 for
KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− . As displayed in figure 3, no events were found inside the signal
regions upon opening the masked signal boxes. This yielded 90% confidence level upper limits

of BR(KL → π 0 π 0 µ+ µ− ) < 8.63 × 10−11 and BR(KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− ) < 9.44 × 10−11
using the methodology adopted in [9], which holds for either a Bayesian or Classical viewpoint.
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Figure 3: On the left is the p2T vs. Mµµγγγγ scatter plot for the 1997 data set (top) and the |p2T,µµ − p2T,ππ | vs.
Mµµ scatter plot for the 1997 data set (bottom). On the right is the p2T vs. Mµµγγγγ scatter plot for the 1999
data set (top) and the |p2T,µµ − p2T,ππ | vs. Mµµ scatter plot for the 1999 data set (bottom). Both plots are shown
immediately after the masked signal boxes were opened, which are indicated by dotted blue boxes.

6

Conclusion

This letter presents the first experimental study of the decay modes KL → π 0 π 0 µ+ µ− and
KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− . Our result for BR(KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ− ) is 88 times
smaller than the expected branching ratio with a pseudoscalar X 0 from [2] and 85 times smaller
than the expected branching ratio with a pseudoscalar X 0 from [3]. In addition, our result was
found to be within the bounds of the theoretical branching ratio of KL → π 0 π 0 X 0 → π 0 π 0 µ+ µ−
from [2] with an axial vector X 0 . This effectively rules out the pseudoscalar X 0 as an explanation
of the HyperCP result.
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2.3
Flavour Physics
B mesons

REVIEW OF β, α AND γ MEASUREMENTS
K. TRABELSI
KEK (High Energy Accelerator Research Organization)
Institute of Particle and Nuclear Studies
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305-0801, Japan
Precision measurements of the angles of the Unitarity Triangle are part of the program to test
the Standard Model and the Kobayashi-Maskawa model of CP violation. The most recent
results of the B-factories are summarized.

1

Intro

In the Standard Model (SM) of particle physics, the weak interaction couplings of quarks are
described by the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix 1,2 . The CKM
matrix, V , must be unitary and the non-zero imaginary part of the CKM matrix is the origin of
the CP violation in the SM. The unitarity relationV † V = 1 results in a total of nine expressions,
P
that can be written as i=u,c,t Vij∗ Vik = δjk . Of the off-diagonal expressions (j 6= k), three can be
transformed into the other three leaving six relations, in which three complex numbers sum to
zero, which therefore can be expressed as triangles in the complex plane. One of these relations,
∗
Vud Vub
+ Vcd Vcb∗ + Vtd Vtb∗ = 0,

(1)

is of particular importance to the B system, being specifically related to flavor changing neutral
current b ↔ d transitions. The tree terms in Eq. 1 are of the same order and this relation is
commonly known as the Unitarity Triangle (UT). Two popular naming conventions for the UT
angles exist in the literature:
Vtd Vtb∗
α ≡ φ2 = arg −
∗ ,
Vud Vub




Vcd Vcb∗
β ≡ φ1 = arg −
,
Vtd Vtb∗




∗
Vud Vub
γ ≡ φ3 = arg −
.
Vcd Vcb∗





(2)

In this report the (α, β, γ) set is used.
2

β determination

Measurements of CP asymmetries in the proper-time distribution of neutral B decay to a common final CP eigenstate state, f , provide direct information on the angles of the UT. The
time-dependent asymmetry:
0

Af (∆t) =

Γ(B (∆t) → f ) − Γ(B 0 (∆t) → f )
0

Γ(B (∆t) → f ) + Γ(B 0 (∆t) → f )

(3)

can be written as
Af (∆t) = Sf sin(∆m ∆t) − Cf cos(∆m ∆t)
I(λ)
with Sf = −2 1+|λ|
2 and Cf =

1−|λ|2

1+|λ|2 .

Here λ =

q Af
p Af

(4)
0

contains terms related to B 0 − B mixing
0

and to the decay amplitude (the eigenstates of the effective Hamiltonian in the B 0 B system are
0
|B± >= p|B 0 > ±q|B >). The B → J/ψK 0 decay is dominated by a single tree-level quark
transition b̄ → c̄cs̄, up to a correction smaller than a fraction of a percent 3 . Neglecting effects
due to CP violation in the mixing (by taking |q/p| = 1), SJ/ψK 0 = −ηf sin 2β, where ηf is the
CP eigenvalue of f , and CJ/ψK 0 = 0. The asymmetries measured in this process and in other
decays dominated by b̄ → c̄cs̄ have already provided a precise measurement of sin 2β 4 :
sin 2β = 0.670 ± 0.023.

(5)

This result combines the measurements of Belle in J/ψK 0 5 and ψ(2S)KS0 6 as well as those
of BaBar in J/ψK 0 , ψ(2S)KS0 , χc1 KS0 , ηc KS0 and J/ψK ∗0 7 , which are summarized in Table 1.
For these modes, Cb̄→c̄cs̄ = 0.005 ± 0.019. It is interesting to notice that the measurement of
sin 2β is still dominated by statistics, whereas Cb̄→c̄cs̄ is close to be dominated by systematics
(the possible effect of tag side interference on the C measurement).
The sin 2β value permits two solutions for β (in [0, π]) at (21.0 ± 0.9)◦ and (69.0.0 ± 0.9)◦ .
Time-dependent angular analysis of B → J/ψK ∗0 and time-dependent Dalitz analyses of B 0 →
Dh0 (D 0 → KS0 π + π − , h0 = π 0 , η, ω) measuring cos 2β > 0 have excluded the second solution
at a high confidence level (Fig. 1, right), implying:
β = (21.0 ± 0.9)◦ .

(6)

Table 1: Results of fitting for CP asymmetries in the charmonium modes.

Parameter
J/ψKS0
J/ψKL0
J/ψK 0
ψ(2S)KS0
χc1 KS0
ηc KS0
J/ψK ∗0 (KS0 π 0 )
All charmonium

BaBar
0.657 ± 0.036 ± 0.012
0.694 ± 0.061 ± 0.031
0.666 ± 0.031 ± 0.013
0.897 ± 0.100 ± 0.036
0.614 ± 0.160 ± 0.040
0.925 ± 0.160 ± 0.057
0.601 ± 0.239 ± 0.087
0.687 ± 0.028 ± 0.012

Belle
0.643 ± 0.038stat
0.641 ± 0.057stat
0.642 ± 0.031 ± 0.017
0.718 ± 0.090 ± 0.031

0.650 ± 0.029 ± 0.018

The b̄ → s̄q q̄ penguin-dominated decays have the same weak phase as the b̄ → c̄cs̄ amplitude
up to corrections (at most at the 10% level) from subleading u-quark penguin diagrams leading
to an effective angle βeff . Since penguin loop contributions are sensitive to physics beyond the
SM, it is important to have an unambiguous estimate of the deviation ∆S ≡ Sb̄→s̄qq̄ − Sb̄→c̄cs̄ .
Various estimates, using different theoretical approaches such as QCDF, pQCD and SCET, find
a small value and a positive sign for ∆S for modes such as φK 0 , η ′ K 0 . The various modes
measured by Belle and BaBar are consistent with Sb̄→c̄cs̄ (Fig 2). More statistics will be needed
for a mode-by-mode study.
3

α determination

The direct constraint on α comes from mixing-induced CP -violating measurements, through the
combination of the two-body isospin analyses of B → ππ and B → ρρ, and the Dalitz plot
analysis of B → ρπ.
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Figure 1: Averages of sin 2β from the B factories (left). Constraint on the ρ̄ − η̄ plane (left).

The amplitude for B 0 → π + π − contains two terms, conventionally denoted “tree” (T) and
“penguin” (P) amplitudes, involving a weak CP -violating phase γ and a strong CP -conserving
phase δ, respectively:
A(B 0 → π + π − ) = |T |eiγ + |P |eiδ
(7)
Expanding to the first order in r = |P |/|T |, we can express the Sf parameter of Eq. 4 in the
case of B 0 → π + π − as
Sπ+ π− = sin 2α + 2r cos δ sin(β + α) cos(2α).

(8)

In the limit of vanishing small penguins Sπ+ π− = sin 2α. Additional inputs are required to
determine the penguin pollution. The standard method for obtaining α relies on the isospin
triangle construction 8 and requires the knowledge of not only the CP -violating parameters,
Sπ+ π− and Cπ+ π− , but also B(π + π − ), B(π + π 0 ), B(π 0 π 0 ) and C(π 0 π 0 ). Results from the two
B-factories are consistent. An earlier discrepancy for Cπ+ π− between Belle and BaBar seems to
get resolved with more statistics (Fig. 3). Combining these measurements for the ππ system,
◦
9
α = (92.4+11.2
−10.0 ) is obtained if one considers the peak in agreement with the SM value.
The situation for ρρ channels is more complicated than ππ because of the vector-vector
nature of these modes which implies a mixture of CP -even and CP -odd components. The isospin
analysis can be applied to each polarization state but the fact that the measured longitudinal
polarization is close to unity simplifies considerably the analysis since the CP -even fraction
dominates. Here also, results from the two B-factories are available (Table 2) but not always
consistent.
The BaBar collaboration obtained a 3.1σ for B 0 → ρ0 ρ0 with a sample of 465 × 106 BB
pairs 15 and measured B(B 0 → ρ0 ρ0 ) = (0.92 ± 0.32(stat) ± 0.14(syst)) × 10−6 and a longitudinal
fraction fL = 0.75+0.11
−0.14 (stat) ± 0.04(syst). They use this signal to measure for the first time
the CP -violating parameters of this mode 15 . The situation for Belle, with higher statistics
(657 × 106 ) and similar efficiency, is different: no significant signal is seen (Fig. 4) and an upper
limit at 90% C.L. is given, B(B 0 → ρ0 ρ0 ) < 1.0 × 10−6 . In contrast to the situation of the ππ
system, the B 0 → ρ0 ρ0 decay has a much smaller branching fraction than the other ρρ channels.
Recently, BaBar 13 updated their analysis of the B + → ρ+ ρ0 mode (Fig. 5). The impact on
α is larger than one would naively expect from the improvement of the error on the branching
fraction and comes primarily from an increase of the measured branching fraction relative to
their previous measurement. The B + → ρ+ ρ0 branching fraction determines the length of
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Figure 2: Comparisons of averages in the different b̄ → s̄q q̄ modes.

the common base of the isospin triangles for the B and B decays. The increase in the base
lengths flattens both triangles making the four possible solutions degenerate (Fig. 6, left). The
α constraint from B → ρρ is then significantly improved and dominates the final α average
(Fig. 6, right).
+4.4 ◦
A combined analysis 9 of ππ, ρρ and ρπ system gives α = (89.0−4.2
) .
4

γ determination

The extraction of γ stems from direct CP -violation measurements in B → DK modes. The
method employs the interference between b → cus and b → ucs when the final state f is
accessible to both D and D mesons. The theoretical uncertainty is completely negligible as
there is no penguin contributions. Various methods have been proposed to exploit this strategy

Table 2: B → ρρ inputs from the B-factories.

Parameter
B(ρ+ ρ− ) (×10−6 )
fL (ρ+ ρ− )
SL (ρ+ ρ− )
CL (ρ+ ρ− )
B(ρ+ ρ0 ) (×10−6 )
fL (ρ+ ρ0 )
B(ρ0 ρ0 ) (×10−6 )
fL (ρ0 ρ0 )
SL (ρ0 ρ0 )
CL (ρ0 ρ0 )

BaBar
+3.6
25.5 ± 2.1−3.9
+0.026
0.992 ± 0.024−0.013
−0.17 ± 0.20+0.05
−0.06
+0.01 ± 0.15 ± 0.06
23.7 ± 1.4 ± 1.4
0.950 ± 0.015 ± 0.006
0.92 ± 0.32 ± 0.14
0.75+0.11
−0.14 ± 0.04
0.3 ± 0.7 ± 0.2
0.2 ± 0.8 ± 0.3

Belle
+2.3
22.8 ± 3.8−2.6
0.941+0.034
−0.040 ± 0.030
+0.19 ± 0.30 ± 0.07
−0.16 ± 0.21 ± 0.07
+3.8
31.7 ± 7.1−6.7
0.948 ± 0.106 ± 0.021
< 1.0

Reference
10 , 11
10 , 11
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Figure 3: History of the Cπ+ π− by the B-factories.

using different choice of the final state f : CP eigenstates (GLW method 17 ), doubly Cabibbo
suppressed decays (ADS method 18 ), three-body decays as D → KS π + π − and D → KS K + K −
(GGSZ method 19 ). The feasibility of the γ measurement crucially depends on the size of rB ,
the ratio of the B decay amplitudes involved (rB = |A(B + → DK + )|/|A(B + → DK + )|). The
∗ V |/|V ∗ V | and the color
value of rB is given by the ratio of the CKM matrix elements |Vub
cs
cb us
20
suppression factor, and is estimated to be in the range 0.1-0.2 .
For different D decays, the B system parameters are common, which means than combining
different D channels buys more than just adding statistics. It is then not surprising that threebody decays provide the most sensitivity in the extraction of γ.
The ∆γ shift due to D − D mixing is less than one degree for doubly Cabibbo suppressed
decays and much smaller in other cases, and can eventually be included in the γ determination 21 .
The effect due to CP violation in the neutral D sector is negligible in the Standard Model and
at most at the 10−2 order if one considers new physics in the charm sector.
4.1

CP eigenstates (GLW method) and doubly Cabibbo suppressed decays (ADS method)

For the GLW method, one considers four observables: two charge-average decay rates for even
and odd CP states, normalized by the decay rate into a D 0 flavor state, RCP ± , and two CP
asymmetries for even and odd CP states. In order to avoid dependence of RCP ± on errors in
D 0 and DCP branching ratio measurements, one uses a definition of RCP ± in terms of ratio
of B decay branching ratios into DK and Dπ final states 20 . Studies of B + → DCP K + ,
∗ K + and B + → D
∗+ have been carried out (Fig. 7 (left)), each consisting of a
B + → DCP
CP K
few ten events or more, but no significant difference (RCP + − RCP − ) has been yet observed.
0
The ADS method considers a flavor state in Cabibbo-favored D decays, accessible also to
doubly Cabibbo-suppressed D 0 decays. So far, no signal has been observed for such modes and
only upper bounds on rB are obtained. The most recent result is from Belle 22 for the D → Kπ
mode (Fig. 7 (right)) and the 90% C.L. upper limit, rB < 0.19, is derived.
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4.2

Three-body decays (GGSZ method)

The Belle collaboration uses a data sample that consists of 657 × 106 B B̄ pairs 23 . The decay
chains B + → DK + , B + → D ∗ K + with D∗ → Dπ 0 are selected for the analysis. Analysis by
the BaBar collaboration 24 is based on 383 × 106 B B̄ pairs. The reconstructed final states are
B + → DK + , B + → D ∗ K + with two D ∗ channels: D ∗ → Dπ 0 and D∗ → Dγ and B + → DK ∗+
with K ∗+ → KS0 π + . The neutral D meson is reconstructed in the KS0 π + π − final state in all
cases for BaBar and Belle collaborations and BaBar also used KS0 K + K − final state for the DK +
and D ∗ K + cases.
Figure 8 shows the results of the separate B + and B − data fits for B → DK mode in the
x − y plane for the BaBar and Belle collaborations. Confidence intervals were then calculated
using a frequentist technique. The central values for the parameters γ, r and δ for the combined
fit (using the (x± , y± ) obtained for all modes) with their one standard deviation intervals are
presented in Tab. 3 for the BaBar and Belle analysis.
The uncertainties in the model used to parametrize the D̄ 0 → KS0 π + π − decay amplitude
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Figure 6: (Left) Isospin triangle situation for the B → ρρ system. (Right) Confidence level as a function of the
angle α extracted from an isospin analysis of the world averages for B → ππ, B → ρρ and B → ρπ. The shaded
region is the combination, also shown is the prediction of the CKM fit without including the direct measurements.

lead to an associated systematic error in the fit result. These uncertainties arise from the fact
that there is not unique choice for the set of quasi-2-body channels in the decay, as well as the
various possible parametrizations of certain components, such as the non-resonant amplitude.
To evaluate this uncertainty several alternative models have been used to fit the data.
Table 3: Results of the combination of B + → DK + , B + → D∗ K + , and B + → DK ∗+ modes for BaBar and Belle
analyses. The first error is statistical, the second is systematic and the third one is the model error.

Parameter
γ
rB (DK)
δB (DK)
rB (D ∗ K)
δB (D ∗ K)
κrB (DK ∗ )
δB (DK ∗ )

BaBar
(76 ± 22 ± 5 ± 5)◦
0.086 ± 0.035 ± 0.010 ± 0.011
(118 ± 63 ± 19 ± 36)◦
0.135 ± 0.051 ± 0.011 ± 0.005
(−62 ± 59 ± 18 ± 10)◦
+0.088
0.163−0.105
± 0.037 ± 0.021
◦
(104+43
−41 ± 17 ± 5)

Belle
◦
(76+12
−13 ± 4 ± 9)
0.16 ± 0.04 ± 0.01 ± 0.05
◦
(136+14
−16 ± 4 ± 23)
0.21 ± 0.08 ± 0.02 ± 0.05
◦
(343+20
−22 ± 4 ± 23)

Despite similar statistical errors being obtained for (x± , y± ) in both experiments, the resulting γ error is much smaller in Belle’s analysis. Since the uncertainty on γ scales roughly as
1/rB , the difference is explained by noticing that the BaBar (x± , y± ) measurements favor values
of rB smaller than the Belle results.

5

Conclusions

In this work we have presented a review of the most recent results on UT angles at the B
Factories from Belle and BaBar experiments. An error of 5% is obtained for β and α, whereas
Dalitz analyses allow to get the first significant measurement of γ.
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REVIEW OF RADIATIVE PENGUIN MEASUREMENTS
M. NAKAO
KEK, High Energy Accelerator Research Organization,
1-1 Oho, Tsukuba, Ibaraki, Japan

Belle and BaBar have been extensively exploring radiative penguin B meson decays that
are sensitive to physics beyond the Standard Model. Latest results on inclusive and exclusive
b → sγ measurements, inclusive and exclusive b → dγ measurements, and exclusive b → sℓ+ ℓ−
measurements are reviewed, and their implications are discussed.

1

Introduction

Radiative b → sγ and b → dγ and electroweak b → sℓ+ ℓ− penguin B meson decays are sensitive to physics beyond the Standard Model (SM), since they predominantly proceed through
processes with at least one loop made of a virtual massive top quark and a W boson or possibly
non-SM particles. Photons and leptons are good probes as they bring out information of the
short distance processes without being disturbed by hadronic long distance effects, especially in
inclusive measurements. Provided that the SM predictions are precisely calculated, they are also
sensitive to non-perturbative B decay properties for which calculations from the first principle
are practically impossible.
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Figure 1: SM diagrams for b → sγ and b → dγ (left) and b → sℓ+ ℓ− (right). The second left diagram for charged
B decays is relevant for isospin asymmetry and is enhanced in b → dγ. The second right diagram is similar to the
leftmost diagram except for the contribution of the Z boson, while the rightmost diagram is unique to b → sℓ+ ℓ− .

Although all of these decay modes proceed through similar loop processes as shown in Fig. 1,
each of the modes has slightly different physics sensitivities. The b → sγ transition has the largest
amplitude that leads to the statistically most accurate measurements, and hence provides the
most precise tests of the SM. The b → dγ transition is sensitive to the ratio of CabibboKobayashi-Maskawa (CKM) matrix elements |Vtd /Vts |, and, in addition, isospin asymmetry can
be enhanced in b → dγ due to the sizable contribution through the annihilation diagram. The
b → sℓ+ ℓ− transition involves diagrams with Z and W bosons, and, thanks to the three-body
kinematics, there is a rich set of observables that are useful to distinguish type of new physics.
The two e+ e− B-factories, Belle and BaBar, have been extensively exploring the radiative
and electroweak penguin B decay modes using their huge data samples taken at the Υ(4S)
resonance; especially the huge samples have been indispensable for the very rare b → dγ and
b → sℓ+ ℓ− processes. Belle has analyzed up to 657 million BB events, while BaBar has results
with 384 or 465 million BB events. Both at Belle and BaBar, the CsI calorimeter is the key
detector for the photon measurement with typically a 2% photon energy resolution for high
energy photons from b → sγ and b → dγ. The good resolution of the CsI calorimeter and
the clean environment of the e+ e− collision are the advantages in measuring decay modes with
neutral pions. The clean environment also allows an inclusive measurement of radiative penguin
decays, fully inclusively for b → sγ or as the sum of exclusive final states for b → sℓ+ ℓ− and
b → dγ. The exclusive final states are clearly identified by kinematic variables, the beam-energy
constrained (substituted) mass Mbc (MES ) and the energy difference ∆E.
Along with the accumulation of the data at Belle and BaBar, more new decay modes have
been observed, and new analysis techniques have been developed every year. In this review,
recent results on radiative and electroweak penguin decays from Belle and BaBar are presented,
and their implications are discussed.
2

Inclusive B → Xs γ

A new fully inclusive photon spectrum measurement has been performed by Belle,1 with the
photon energy threshold lowered down to 1.7 GeV for the first time. The photon spectrum is
measured by subtracting huge backgrounds: the largest one from e+ e− → qq continuum events
using the off-resonance data sample taken below the Υ(4S) resonance, the second largest from
B → π 0 X and B → ηX using their measured inclusive spectrum, and other backgrounds that
are small and described with Monte Carlo (MC) simulation. The result of the background
subtraction is shown in Fig. 2. The total branching fraction is measured as an integrated
spectrum above 1.7 GeV,
B(B → Xs γ)Eγ >1.7 GeV = (3.31 ± 0.19 ± 0.37 ± 0.01) × 10−4 .

(1)

When the result is compared with theories, the total branching fraction is usually extrapolated
for the threshold of 1.6 GeV. Therefore a lower Eγ threshold significantly reduces the extrapolation error. The spectrum also provides information on non-perturbative heavy quark parameters.
The mean and width in terms of the moments are used to derive e.g. the b quark mass (mb ) and
its Fermi motion (µ2π ) in a particular theoretical scheme. These quantities are needed to extract
the Cabibbo-Kobayashi-Maskawa matrix element |Vub | from inclusive B → Xu ℓν measurements.
The latest HFAG 2 (heavy flavor averaging group) world average of the branching fraction is
B(B → Xs γ)Eγ >1.6 GeV = (3.52 ± 0.25) × 10−4

(2)

in which all the available branching fractions are extrapolated down to the photon energy threshold of 1.6 GeV from their original thresholds in the range between 1.7 and 2.2 GeV. This extrapolation is somewhat controversial and hence it strongly motivates us to lower the photon
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Figure 2: Raw photon spectrum measured in the Υ(4S) data, in the off-resonance data (scaled) and the result of
the subtraction (right), and the B → Xs γ spectrum after all the background subtraction steps by Belle.

energy threshold. The result is in agreement with latest theory calculations with next-to-next-toleading order QCD corrections,3,4 and puts stringent constraints on various new physics scenarios
such as generic two Higgs doublet model (2HDM) or minimum supersymmetric standard model
(MSSM).
3

Asymmetries in exclusive b → sγ

Exclusive b → sγ modes provide high precision measurements, as they suffer much less from
backgrounds after constrained by kinematic variables. Branching fractions for the exclusive
modes are unfortunately not very good probes of new physics due to hadronic uncertainties
when compared with theories, but these modes are particularly useful in various asymmetry
measurements.
BaBar 5 reported new results on branching fractions, direct CP asymmetry and isospin
asymmetry for B → K ∗ γ,
B(B 0 → K ∗0 γ) = (4.58 ± 0.10 ± 0.16) × 10−5 ,
B(B + → K ∗+ γ) = (4.73 ± 0.15 ± 0.17) × 10−5 ,
ACP (B → K ∗ γ) = −0.009 ± 0.017 ± 0.011,
∆0− (B → K ∗ γ) = 0.029 ± 0.019 ± 0.016 ± 0.018,

(3)

where direct CP asymmetry is defined as ACP = [Γ(B → K ∗ γ) − Γ(B → K ∗ γ)]/[Γ(B →
K ∗ γ) + Γ(B → K ∗ γ)] and isospin asymmetry is defined as ∆0− = [Γ(B 0 → K ∗0 γ) − Γ(B + →
K ∗+ γ)]/[Γ(B 0 → K ∗0 γ) + Γ(B + → K ∗+ γ)]. In the SM, direct CP asymmetry is much smaller
than the current experimental sensitivity, and isospin asymmetry is also small. These asymmetries are useful to constrain new physics: e.g. the region of mSUGRA masses m1/2 -m0 constrained by ∆0− can be more stringent in some parameter space than that allowed by the
B → Xs γ branching fraction.6
BaBar 7 has also updated time-dependent CP asymmetry in B → KS0 π 0 γ, measured as
the coefficient of the sine term S in asymmetry of the ∆t distribution, where ∆t is the time
difference between the two B decays. In the SM, the sine term is suppressed by the quark mass
ratio ms /2mb because a helicity flip is necessary to induce the interference between the decay

amplitudes to the same final state through the b → sγ transition and the b → sγ transition.
This constraint is relaxed if there is a sizable non-SM right-handed current contribution in the
b → sγ transition. Therefore, a non-zero sine term is a sign of such new physics. The coefficient
of the cosine term C indicates direct CP violation and is expected to be even smaller. The events
are divided into two KS0 π 0 mass ranges: between 0.8 and 1.0 GeV where B → K ∗ γ is dominant,
and between 1.1 and 1.8 GeV where other contributions are dominant. The results are,
SK ∗ γ = −0.03 ± 0.29 ± 0.03,
CK ∗ γ = −0.14 ± 0.16 ± 0.03,
SK 0 π0 = −0.78 ± 0.59 ± 0.09,
S
CK 0 π0 = −0.36 ± 0.33 ± 0.04.

(4)

S

Both S and C values are consistent with zero, with the error of S around 0.3 for B → K ∗ γ,
similarly to the previous Belle results. After combined for the entire mass range and averaged
with Belle, HFAG 2 calculated S = −0.15 ± 0.20. This is not precise enough to constrain the
size of possible right-handed current contribution yet.
One of the directions to overcome the statistical limitation is to study other similar decay
modes. It is known that any B meson decay modes into two self-conjugate neutral mesons
(one of them has to be a pseudoscalar) and a photon are similarly sensitive to the right-handed
current contribution.
BaBar 8 has performed a measurement using B → KS0 ηγ decays in the mass range M (Kη) <
3.25 GeV,
SK 0 ηγ = −0.18 +0.49
−0.46 ± 0.12,
S
+0.40
CK 0 ηγ = −0.32 −0.39 ± 0.07,
S
−6
(5)
B(B 0 → K 0 ηγ) = (7.1 +2.1
−2.0 ± 0.4) × 10 ,
+
+
−6
B(B → K ηγ) = (7.7 ± 1.0 ± 0.4) × 10 ,
−2
ACP (K + ηγ) = (−9.0 +10.4
−9.8 ± 1.4) × 10 .

The size of the error is still larger than the KS0 π 0 γ mode, but it will be useful with more data. A
similar analysis is in principle possible with the decay mode B → KS0 η ′ γ, if there are sufficient
events. Belle 9 has found the B + → K + η ′ γ signal at a 3σ significance for the first time, but the
B 0 → KS0 η ′ γ mode is not significant yet. The results are
−6
B(B → K + η ′ γ) = (3.2 +1.2
−1.1 ± 0.3) × 10 ,
0
′
−6
B(B → K η γ) < 6.3 × 10
(90% CL).

(6)

Another decay mode, B → KS0 ρ0 γ, has an advantage for the time dependent CP asymmetry measurement, since the decay vertex can be reconstructed from the ρ0 → π + π − decay
tracks, while the decay vertex of the KS0 π 0 γ and KS0 ηγ final states has to be reconstructed by
extrapolating the momentum vector from the KS0 → π + π − vertex point with a constraint on
the interaction region. The branching fraction for B → KS0 ρ0 γ is also relatively large. The only
drawback is that the final state is a mixture of KS0 ρ0 γ and K ∗± π ∓ γ, where the latter dilutes
the CP asymmetry measurement. Fortunately, Belle 10 has found using the isospin-related decay
mode, B + → K + π + π − γ, that the B → Kπ + π − γ decay mode is dominated by the decay chain
B → K1 (1270)γ → Kρ0 γ. The correction to the sine term due to dilution is calculated to be
D = 0.83 +0.19
−0.03 , and the S and A values are measured to be
SK 0 ρ0 γ = +0.11 ± 0.33 +0.05
−0.09 ,
S
AK 0 π+ π− γ = +0.05 ± 0.18 ± 0.06.

(7)

S

Here, the cosine term is not corrected for dilution and hence quoted for the entire KS0 π + π − final
state. The size of the error in the S result is competitive to KS0 π 0 γ. The decomposition of the
Kπ + π − γ final state and the result of the time-dependent CP fit are shown in Fig. 3.
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Figure 3: Decomposition of the Kπ + π − γ final state in π + π − invariant mass for B + → K + ρ0 γ candidates (lefttop) and B + → K + ρ0 γ candidates (left-bottom), and the result of the time-dependent CP fit (right).

4

b → dγ measurements

The b → dγ modes are now measured in the exclusive modes B → ργ and B → ωγ by Belle 11
and BaBar 12 , and in a semi-inclusive way by summing up exclusive modes by BaBar.13 The
combined B → (ρ, ω)γ branching fraction has been measured to be
−7 (Belle)
B(B → (ρ, ω)γ) = (11.4 ± 2.0 +1.0
−1.2 ) × 10
+3.0
B(B → (ρ, ω)γ) = (16.3 −2.8 ± 1.6) × 10−7 (BaBar)

(8)

where B → ργ and B → ωγ modes are combined assuming their quark contents. These branching fractions are used to extract |Vtd /Vts | by using the more precisely determined B → K ∗ γ
branching fractions and theoretical corrections due to the form factor ratio between B → K ∗ γ
and B → (ρ, ω)γ and isospin violation. Belle measures |Vtd /Vts | = 0.195 +0.020
−0.019 ± 0.015, while
+0.025 +0.022
BaBar gives |Vtd /Vts | = 0.233 −0.024 −0.021 . Here, the second error is due to theoretical assumptions and may not be significantly reduced in the near future. The results are consistent with
|Vtd /Vts | obtained from other measurements, and provide non-trivial constraints to the physics
beyond the SM.
An inclusive measurement of the b → dγ process is a way to overcome the irreducible theoretical uncertainties, although a fully inclusive B → Xd γ measurement is extremely challenging
because of the huge B → Xs γ background with similar kinematics.
BaBar 13 has performed a semi-inclusive b → dγ measurement by summing up exclusive
modes in the mass range between 0.6 and 1.8 GeV. A similar semi-inclusive b → sγ measurement
with the same mass range has been performed at the same time in order to calculate the
ratio of branching fractions. The included modes are π + π − γ, π + π 0 γ, π + π − π 0 γ, π + π − π + γ,
π + π − π + π − γ, π + π − π + π 0 γ and π + ηγ for b → dγ, and the modes where the first π + is replaced
by a K + are used for b → sγ. Distributions of the events in the mass range between 1.0 and 1.8
GeV are shown in Fig. 4. The measured branching fraction is
B(B → Xd γ)[0.6,1.8]GeV = (7.2 ± 2.7 ± 2.3) × 10−6 ,

(9)

and this gives |Vtd /Vts | = 0.177 ± 0.043. Since not all modes are included, a large correction
factor of ∼ 2 is estimated using JETSET with a large uncertainty. Otherwise the measurement
of |Vtd /Vts | is almost free from theory errors.

Figure 4: B → Xd γ (top) and B → Xd γ (bottom) events in the Xs /Xd mass ranges of [1.0, 1.8] GeV in the ∆E
(left) and MES (right) distributions.

Asymmetries for B → ργ and B → ωγ are also good probes for physics beyond the SM.
Direct CP asymmetry for B + → ρ+ γ has been measured by Belle,11
ACP (B + → ρ+ γ) = −0.11 ± 0.32 ± 0.09,

(10)

and isospin asymmetry between B 0 → ρ0 γ and B + → ρ+ γ, defined as ∆(ργ) = Γ(B + → ρ+ γ)
/ [2Γ(B 0 → ρ0 γ)] − 1, has been measured by Belle 11 and BaBar,12
+0.08
∆(ργ) = −0.48 +0.21
−0.19 −0.09

(Belle),

∆(ργ) = −0.43 +0.25
−0.22 ± 0.10 (BaBar).

(11)

Large ∆(ργ) could be sign of new physics, e.g. MSSM,14 although the measurement errors are
still large and the results are also consistent with null asymmetry. Within the SM, O(10%)
∆(ργ) is possible e.g. by a non-perturbative charming penguin contribution.15
5

b → sℓ+ ℓ− measurements

Radiative and electroweak decays are often described using effective operators, where the size of
each contribution is expressed by a Wilson coefficient. In b → sℓ+ ℓ− , three Wilson coefficients,
C7 for the magnetic penguin operator, C9 for the vector electroweak operator, and C10 for the
axial-vector electroweak operator, are relevant. These Wilson coefficients are precisely calculated
for the SM, and a deviation is an indication of physics beyond the SM in each type of interaction.
Inclusive and exclusive b → sℓ+ ℓ− modes are especially useful to measure the Wilson coefficients, because of the three-body nature of the final state where the contributions can be
separated in the dilepton mass (or q 2 = m2ℓ+ ℓ− ) dependence. This is contrary to the B → Xs γ
measurement which is sensitive only to the size of C7 , whose sign can be measured in b → sℓ+ ℓ− .
Branching fractions for B → Kℓ+ ℓ− and B → K ∗ ℓ+ ℓ− are now measured precisely in the
range of O(10−6 ). Belle 16 has updated the branching fractions,
−7
B(B → Kℓ+ ℓ− ) = (4.8 +0.5
−0.4 ± 0.3) × 10 ,
−7
B(B → K ∗ ℓ+ ℓ− ) = (10.7 +1.1
−1.0 ± 0.9) × 10 ,

(12)

that are consistent with earlier Belle and BaBar results. Experimental precision has already
been better than theory predictions which suffer from form-factor uncertainties. CDF 18 also
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Figure 5: Differential branching fraction for B → Kℓ+ ℓ− (top) and B → K ∗ ℓ+ ℓ− (bottom) by Belle.

measured the B + → K + µ+ µ− and B 0 → K ∗0 µ+ µ− modes, demonstrating future sensitivities
in hadron collider experiments.
Differential branching fraction has been measured by Belle in 6 bins of q 2 as shown in Fig. 5.
The dilepton mass regions for J/ψ → ℓ+ ℓ− and ψ ′ → ℓ+ ℓ− are excluded since B → J/ψK (∗) and
B → ψ ′ K (∗) have the same final states as B → K (∗) ℓ+ ℓ− , larger branching fraction and different
underlying processes. The differential branching fractions are sensitive to Wilson coefficients,
but for the moment they also suffer from the form-factor uncertainties.
One of the useful observable is the lepton flavor ratio, RK (∗) = B(B → K (∗) µ+ µ− )/B(B →
K (∗) e+ e− ). In the SM, RK = 1 and RK ∗ = 0.75, while they can be significantly enhanced due
to neutral Higgs in a scenario of MSSM with large tan β. The results,
RK = 1.03 ± 0.19 ± 0.06
RK ∗ = 0.83 ± 0.17 ± 0.05
RK = 0.96 +0.44
−0.34 ± 0.05
RK ∗ = 1.10 +0.42
−0.32 ± 0.07

(Belle),
(Belle),
(Belle),
(BaBar),

(13)

are all consistent with the SM expectations.
Isospin asymmetry in B → K (∗) ℓ+ ℓ− is another good probe for non-SM physics. It is defined
(∗)
= [Γ(B 0 → K (∗)0 ℓ+ ℓ− ) − Γ(B ± → K (∗)+ ℓ+ ℓ− )]/[Γ(B 0 → K (∗)0 ℓ+ ℓ− ) + Γ(B ± →
as AIK
K (∗)+ ℓ+ ℓ− )], and is a function of q 2 . BaBar has observed a deficit of neutral B 0 → K (∗)0 ℓ+ ℓ−
at small q 2 and hence a large isospin asymmetry, but Belle’s results with more q 2 bins are
consistent with null isospin asymmetry, although they are consistent with BaBar, too.
The best observable is the forward-backward asymmetry (AF B ) of the lepton direction,
which has a strong Wilson coefficient dependence,
2

AFB (q ) =

eff
−C10
ξ(q 2 )



Re(C9eff )F1

1
+ 2 C7eff F2 ,
q


(14)
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Figure 6: AFB (top) and FL (bottom) distributions as functions of q 2 measured by Belle (left) and BaBar (right),
compared with the SM (solid) and non-SM (others) curves.

where ξ is a function of q 2 , F1,2 are factors besides q 2 and Wilson coefficients, and the superscript
“eff” denotes that corrections to the Wilson coefficients are included. This forward-backward
asymmetry is a similar effect to the forward-backward asymmetry in the e+ e− differential crosssection due to the γ-Z interference near the Z resonance.
In the B → K ∗ ℓ+ ℓ− mode, the forward-backward asymmetry is related to the K ∗ polarization and extracted through the angular distribution of the kaon (θK ) which follows 32 FL cos2 θK +
3
3
3
2
2
4 (1 − FL )(1 − cos θK ), and that of the lepton (θℓ ) which follows 4 FL (1 − cos θℓ ) + 8 (1 − FL )(1 +
cos2 θℓ )+AFB cos θℓ . The former determines the K ∗ polarization, and the latter determines AFB .
The measured forward-backward asymmetry by Belle 16 and BaBar 19 are shown in Fig. 6,
compared with the SM prediction and extreme cases of the non-SM Wilson coefficients. For
example, the opposite sign combination for the product C9 C10 is disfavored as AFB is positive
at large q 2 . The sign of C7 can be determined by whether the AFB crosses zero or not, i.e., it
becomes negative or not at small q 2 . In the SM the sign of C7 is negative and there is a zerocrossing point. Current data shows no indication of zero-crossing, but statistics is not enough
to exclude zero-crossing, either. It was reported that BaBar has an anomaly in FL in the small
q 2 bin, but Belle did not observe such an effect.
6

Summary

Progress in the studies of radiative and electroweak penguin B meson decay modes by Belle and
BaBar has been remarkable since the beginning of these two experiments, and has never slowed
down until now. The measurement of the branching fraction for B → Xs γ by Belle has become
more and more precise. After establishing the B → (ρ, ω)γ decay modes, BaBar has made a new
step in measuring b → dγ modes using a semi-inclusive method. The number of B → K (∗) ℓ+ ℓ−

Table 1: Summary of branching fractions for radiative and electroweak penguin decay modes by Belle and BaBar,
and the world averages by HFAG which also include other experiments where available.

B → Xs γ
inclusive
sum-of-exclusive
B → Xd γ (10−6 )
B → Xs ℓ+ ℓ− (10−6 )
B 0 → K ∗0 γ (10−5 )
B + → K ∗+ γ (10−5 )
B → (ρ, ω)γ (10−7 )
B → Kℓ+ ℓ− (10−7 )
B → K ∗ ℓ+ ℓ− (10−7 )

Belle

BaBar

3.31 ± 0.19 ± 0.37 ± 0.01
3.36 ± 0.53 ± 0.42 +0.50
−0.54

3.67 ± 0.29 ± 0.34 ± 0.29
+0.04
3.27 ± 0.18 +0.55
−0.40 −0.09
7.2 ± 2.7 ± 2.3
5.6 ± 1.5 ± 0.6 ± 1.1
4.58 ± 0.10 ± 0.16
4.73 ± 0.15 ± 0.17
16.3 +3.0
−2.8 ± 1.6
3.4 ± 0.7 ± 0.2
7.8 +1.9
−1.7 ± 1.1

(10−4 )

4.11 ± 0.83 +0.85
−0.81
4.01 ± 0.21 ± 0.17
4.25 ± 0.31 ± 0.24
11.4 ± 2.0 +1.0
−1.2
4.8 +0.5
±
0.3
−0.4
+1.1
10.7 −1.0 ± 0.9

HFAG
3.52 ± 0.25

4.5 ± 1.0
4.40 ± 0.15
4.57 ± 0.19
13.0 +1.8
−1.9
4.3 ± 0.4
10.0 ± 1.1

events have increased dramatically to allow us studying the forward-backward asymmetry and
other observables in bins of q 2 . A list of branching fractions for representative decay modes is
given in Table 1; the full list of measured radiative and electroweak penguin decays is getting
longer and longer, e.g. by a new addition of B + → K + η ′ γ mode found by Belle. Some of the
results, in particular isospin asymmetry in B → (ρ, ω)γ and the forward-backward asymmetry
in B → K ∗ ℓ+ ℓ− , are already interesting in terms of searches for physics beyond the SM, and a
larger data sample from the next generation e+ e− B-factory will bring a bright future in studies
of radiative and electroweak penguin decays.
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B physics results from the Tevatron: mixing and CP violation
A. Chandra, for the CDF and DØ Collaborations
MS 352, Fermilab, Batavia, IL-60510 USA
In this paper we review the B physics results related with mixing and CP violation from the
CDF and DØ detectors at Fermilab, using integrated luminosities of 2.8 fb−1 and 1.0 fb−1 ,
respectively. We present a measurement of the Bs0 − B̄s0 oscillation frequency, ∆ms and CP
violation weak phase phis . We also present several results on direct CP violation, including
Bs → Kπ, B − → D0 K − and B ± → J/ψK ± (π ± ).

1

Introduction

Among the primary goals of the Tevatron is the observation of Bs oscillations and the search
for CP violation in B-meson decays. In this paper we describe some recent results in these
areas. The data used for the results described here are based on approximately 1.2 − 2.8 fb−1 of
data collected by the DØ Experiment at the Fermilab Tevatron. The DØ detector consists of a
central tracking system surrounded by a uranium liquid-argon calorimeter and an outer muon
detection system and is described in 1 .
2

Flavor-Tagged Analysis of Bs0 → J/ψ + φ Decays

The Bs0 → J/ψ φ decay involves a final state that is a mixture of CP-even and CP-odd states. In
order to separate the CP-even and CP-odd states, we perform a maximum likelihood fit to the
mass, lifetime, and time-dependent angular distributions of the Bs0 → J/ψ(→ µ+ µ− ) φ(K + K − )
decay. The fit yields the CP-violating phase φs and the width difference ∆Γs ≡ ΓL − ΓH .
The decay can be described by three decay angles θ, φ, and ψ defined in 2 . In the fit, ∆Ms is
constrained to its measured value (from CDF). Confidence level contours in the φs − ∆Γs plane
are shown in Fig. 1(a) for DØ and Fig. 1(b) for CDF.
+0.24
For DØ the fit yields a likelihood maximum at φs = −0.57−0.30
and ∆Γs = 0.19 ± 0.07 ps−1 ,
where the errors are statistical only. As a result of the constraints on the strong phases, the
−1
second maximum, at φs = 2.92+0.30
−0.24 , ∆Γs = −0.19 ± 0.07 ps , is disfavored by a likelihood
ratio of 1:29. For CDF, the allowed 68% C.L. intervals of φs is 0.56 < φs < 2.58 radian.
For DØ the fit results and studies of the systematic errors we obtain the width differ+0.02
ence ∆Γs ≡ ΓL − ΓH = 0.19 ± 0.07(stat) −0.01
(syst) ps−1 and the CP-violating phase, φs =
+0.07
−0.57+0.24
−0.30 (stat) −0.02 (syst). The allowed 90% C.L. intervals of ∆Γs and φs are 0.06 < ∆Γs <
−1
0.30 ps and −1.20 < φs < 0.06, respectively. For CDF, the allowed 68% C.L. intervals of
φs is 0.56 < φs < 2.58 radian. The p value corresponds to approximately 1.8 σ from the SM
prediction for both results.
The results have been combined with CDF results by the Heavy Flavor Averaging Group.
The CDF results are based on a data set of 1.35 fb−1 and the combination was performed with no
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Figure 1: Results of the fits in the φs − ∆Γs plane for the Bs → J/ψφ analysis based on 2.8 fb−1 of data (a) DØ
(b) CDF.

constraints on the strong phases. The results are shown in Fig. 3(a) The fit yields two solutions
as follows:
+0.066
−1
φs = −2.37+0.38
−0.27 rad, ∆Γs = −0.15−0.059 ps
+0.27
+0.059
φs = −0.75−0.38
rad, ∆Γs = 0.15−0.066
ps−1

The p-value assuming only SM contributions is 3.1%, corresponding to 2.2 σ from the SM
prediction.
3

Measurement of Bs Oscillations

In this paper we report a preliminary measurement of the Bs0 − B̄s0 oscillation frequency ∆ms
based on the analysis hadronic and leptonic decay channels: For DØ The datasets were approximately 2.4 fb−1 for all channels except Bs0 → Ds− µ+ νX, Ds− → Ks0 K − which used a dataset of
1.2 fb−1 . For CDF, The datasets were approximately 1.0 fb−1 for all channels.
After selection and reconstruction of the Bs0 decays, the flavor of the Bs0 at decay is determined from the charge of the muon, electron, or pion in the final state. The determination of the
proper decay length takes into account possible missing momentum, e.g. due to the presence of
a neutrino in the semileptonic decay modes. The proper decay length is given by cτBs0 = xM K,
where xM is the measured or visible proper decay length, given by
" B0
−
−#
s
d~T s · p~TℓDs
pµD
M
T
x =
with K = B 0
cMBs0
−
s 2
pT s
(pℓD
)
T
The K-factor, K, is determined from Monte Carlo.
The measurement of ∆ms is accomplished using an unbinned likelihood fit to the data. The
likelihood function is constructed using the probabilities for mixed and unmixed decays,


1 K
Kx
exp −
(1 − D cos ∆ms Kx/c)
Pmix (t) =
2 cτBs
cτBs


1 K
Kx
(1 + D cos ∆ms Kx/c)
exp −
Pnomix (t) =
2 cτBs
cτBs

Amplitude

March 5, 2008

D∅ RunII Preliminary:

2.5

data ± 1 σ (tot)

2

∫

Amplitude

and accounting for detector resolutions and background contributions. The combined amplitude
scan, where the likelihood is modified to include an amplitude term, L ∝ 1±AD cos(∆ms Kx/c),
is shown in Fig. 2(a) for DØ and Fig. 2(b) for CDF. The measured value of ∆ms are obtained
from a fit to the likelihood vs. ∆ms yields ∆ms = 18.53 ± 0.93(stat.) ± 0.30(syst.) ps−1 for DØ
while ∆ms = 17.77 ± 0.10(stat.) ± 0.07(syst.) ps−1 for CDF. The significance of this result are
2.9 σ and 5.4 σ respectively.
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Figure 2: Bs0 oscillation amplitude as a function of ∆ms
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L = 1.0 fb-1

CDF Run II Preliminary

(a) DØ

(b) CDF.

Search for Direct CP Violation in Semileptonic Bs Decays

In this section we report a new search for CP violation in the decay Bs0 → Ds− µ+ νX, (Ds− →
φπ − , φ → K + K − ) by measurement of the charge asymmetry using a time-dependent analysis
with flavor tagging. The technique used is similar to that used in the DØ Bs oscillation analysis
(see Section 3). A fit to the invariant KKπ mass of the selected data is shown in Fig. 3(b).

0.6

CDF 1.35 fb

—1

+ Dfl 2.8 fb

HFAG

—1

2008

68% CL
95% CL
99% CL
99.7% CL

0.4

0.2

SM
0.0

-0.2

p-value = 0.031
2.2σ from SM

-0.4

-0.6
-3

-2

-1

0

1

2

3

Figure 3: (a) Fit results from the combination of the DØ 2.8 fb−1 with CDF 1.35 fb−1 of data. (b) The KKπ
invariant mass distribution showing the µ+ D− and µ+ Ds− signals together with the fit results.

The sample is divided into 8 subsamples according to solenoid polarity, the sign of the
pseudorapidity of the Ds µ system, and the muon charge. An unbinned likelihood fit is used to
extract the asymmetry. The systematic uncertainties are mainly due to uncertainties in the cc̄
contribution, uncertainties in the efficiency vs visible proper decay length, and uncertainties in

(∗)

the Bs → Ds µν branching fractions. Accounting for these yields the final result:
assl = −0.0024 ± 0.0117(stat.)+0.0015
−0.0024 (syst.)
This result is consistent with the SM prediction and is the most precise measurement to
date.
5

Search for Direct CP Violation in Bs → Kπ Decays

CDF has performed a search for direct CP violation by measurement of the charge asymmetry
in Bs → Kπ decays 9 . The charge asymmetry is defined by
N (Bs → K + π − ) − N (Bs → K − π + )
N (Bs → K + π − ) + N (Bs → K − π + )

ACP (Bs → Kπ) =

Direct CP violation in these decays leads to a non-zero charge asymmetry. In the SM there is
0 → h+ h′ − for
a small level of CP violation: ACP (Bs → Kπ) ≈ 0.37 10 . After selection of B(s)
various decay mode the invariant mass is shown in Fig. 4.
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Figure 4: Invariant mass distribution for various decay mode (a) for B(s)
→ h+ h
meson decay.
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(b) for positive charge B

Data were collected by a three-level trigger system, using a set of requirements dedicated to
B hadron decays into charged particle pairs, including impact parameter displaced track trigger.
Particle identification (PID) information is provided by the measured dE /dx of the two tracks.
Unbinned maximum likelihood fit is performed using kinematics and PID to obtain the final
results:
ACP (Bs → Kπ) = +0.39 ± 0.15(stat.) ± 0.08(syst.)
The results are consistent with expected value of ≈ 0.37 and 2.5 σ away from 0. This is first
measurement of direct CP violation from Bs → Kπ decay while asymmetry from B 0 → Kπ is
in agreement with B-factories results.

6

0 K − Decays
Search for Direct CP Violation in B − → DCP

CDF has also performed a search for direct CP violation by measurement of the charge asym0 K − decays 11 , where D 0
metry in B − → DCP
CP is CP-even, i.e. either from KK or ππ decay
mode. The charge asymmetry is defined by

ACP + =

0 K − ) − BR(B + → D 0 K + )
BR(B − → DCP
CP
0 K − ) + BR(B + → D 0 K + )
BR(B − → DCP
CP

Direct CP violation in these decays leads to a non-zero charge asymmetry. Mass projection for
positive charge particle invariant mass is shown in Fig. 4(b).
Particle identification (PID) information is provided by the measured dE /dx of the two
tracks. Unbinned maximum likelihood fit is performed using kinematics and PID to obtain the
final results:
ACP (Bs → Kπ) = +0.39 ± 0.17(stat.) ± 0.04(syst.)
This result is compared with other results of different experiments, which shows agreement with
other results.
7

Search for Direct CP Violation in B ± → J/ψ K ±(π ±) Decays

DØ has performed a search for direct CP violation by measurement of the charge asymmetry in
B ± → J/ψ K ± (π ± ) decays 3 . The charge asymmetry is defined by

ACP (B + → J/ψ K + (π + )) =

N (B − → J/ψ K − (π − )) − N (B + → J/ψ K + (π + ))
N (B − → J/ψ K − (π − )) + N (B + → J/ψ K + (π + ))

Direct CP violation in these decays leads to a non-zero charge asymmetry. In the SM there is a
small level of CP violation: ACP (B + → J/ψ K + ) ≈ 0.003 4 and ACP (B + → J/ψ π + ) ≈ 0.01 5 .
New physics may significantly enhance ACP .
After selection of B ± → J/ψ K ± (π ± ) candidates, the invariant mass of the J/ψK is constructed and fit to the sum of contributions from B ± → J/ψ K ± , B ± → J/ψ π ± , B ± → J/ψ K ∗ ,
and combinatorial background. From the fit we find approximately 40,000 B ± → J/ψ K ± candidates and about 1,600 B ± → J/ψ π ± candidates. To extract the charge asymmetry the sample
is divided into 8 subsamples according to the solenoid polarity, the sign of the pseudorapidity
of the J/ψK system, and the charge of the K candidate. A χ2 fit to the number of events
in each subsample yields the integrated raw charge asymmetry. This is then corrected for the
asymmetry of the kaon interaction rate on nucleons to obtain the final results:
ACP (B + → J/ψ K + ) = +0.0075 ± 0.0061(stat.) ± 0.0027(syst.)
ACP (B + → J/ψ π + ) = −0.09 ± 0.08(stat.) ± 0.03(syst.)

The results are consistent with the world average results 6 . The precision for ACP (B + → J/ψ π + )
is comparable with the current world average, while for ACP (B + → J/ψ K + ) the precision is a
significant (factor of 2.5) improvement over the current world average.
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NEW PERSPECTIVES FOR HEAVY FLAVOUR PHYSICS FROM THE
LATTICE
R. SOMMER
NIC, DESY, Platanenallee 6, 15738 Zeuthen, Germany

Heavy flavours represent a challenge for lattice QCD. We discuss it in very general terms.
We give an idea of the significant recent progress which opens up good perspectives for high
precision first principles QCD computations for flavour physics.

1

Overview

In this talk I want to convey an idea about the perspectives for precise lattice QCD computations.
Some emphasis is put on the field of flavour physics, where lattice QCD seems to be needed
the most in the quantitative interpretation of present and future experiments (in particular this
is the reason for Sect. 4.3). I do not want to discuss the latest numbers but will focus on the
principle, the challenges and the perspectives. I mainly address those in the audience who know
little about the field and therefore take a bit of a bird’s-eye view of the field. So I do not
hesitate to also list trivial facts (e.g. Sect. 4.2) and my personal opinion on what is relevant for
the future.
2

The principle

We want to find answers for properties of QCD in the non-perturbative domain, where the usual
power series expansion in the coupling constant fails completely. This is done through a
Monte Carlo (MC) evaluation
of the Euclidean path integral
after a discretization of space-time on a lattice with spacing a in all 3+1 dimensions.
The last of these items seems like a bad mutilation of the theory, but we emphasize that discretization is just one form of regularization, i.e. the taming of the infamous UV divergences

of continuum path integrals. In fact discretization is the only known, complete regularization
of the theory: complete in the sense that it defines the theory mathematically also beyond an
expansion in the coupling.
In lattice QCD the Euclidean path integral is “solved” numerically. Many observables can
be computed directly in Euclidean space-time, but even more cannot be computed (unless the
complete dependence on time is known). Examples are scattering cross sections.
What at first sight looks like the (classical) coupling constant, g0 , and quark masses, m0,i ,
have no direct physical meaning in a quantum field theory such as QCD. They are bare (actually divergent) quantities which need renormalization. In the general (non-perturbative) case,
renormalization just means that the bare parameters are replaced by observable quantities. It is
convenient to parametrize the theory as follows. The MC evaluation of the path integral yields
dimensionless hadron masses (remember that a is the lattice spacing),
quark
amhad
= µhad
})
h
h (g0 , { µi

(1)

as a function of the bare, dimensionless, parameters in the Lagrangian of the theory, g0 , µquark
=
i
quark
am0,i , i = u, d, . . .. We consider the theory with Nf quarks and require Nf ratios of hadron
masses to agree with Nature. This may be read as fixing the bare dimensionless quark masses
µi to the correct values at a given g0 . Taking now in addition the dimensionfull masse(s) mh
from experiment, yields the lattice spacing
a=

µhad
h
= a(g0 ) ,
mh

(2)

for any value of the bare coupling g0 . At this point the theory is parametrized in terms of
physical observables namely Nf + 1 hadron masses. A new observable, e.g. the B-meson decay
constant, FB , relevant for flavour physics, is now a function a
FB = FB (a, mp , mπ , . . .) .

(3)

With the typical approximation of neglecting the u–d quarkmass difference as well as the influence of the top-quark on low–energy QCD, a useful set to be chosen in eq. (3) is
mp = 938.3 MeV , mπ = 139.6 MeV , mK = 493.7 MeV , mD = 1896 MeV , mB = 5279 MeV .
We observe that this experimental input is very precise. Using it as the starting point, the
running renormalized quark masses and coupling can be computed (at high momentum scale)
as well as other quantities; in particular matrix elements needed for flavour physics, such as FB .
Of course the continuum limit a → 0 has to be taken to arrive at the physical quantity,
FB (0, mp , mπ , . . .). The only assumption is that this limit exists. (In practise, it is taken by a
numerical extrapolation of a few data points at different a.) There is a large amount of evidence,
perturbative and non-perturbative and also from the investigation of critical phenomena, that
given a local action (that means a discretization with exponentially localized interactions) the
continuum limit does exist. The perturbative renormalization group self-consistently predicts
that the continuum limit is at g0 = 0: a(0) = 0.
a

With φB = aFB , the equivalent dimension-less form is
µπ
φB
= RB (µp ,
, . . .) ,
µp
µp

and FB = mp RB (0,

µπ
µp

, . . .) is the continuum prediction.

2.1

Some results

In recent years more and more results have appeared with rather small quoted error bars. We
refer the reader to reviews by M. Della Morte and A. Jüttner at “Lattice 2007” 1,2 and, focusing
more on recent results, the one of E. Gamiz at “Lattice 2008” 3 . In Table 1 we collected a few
quantities, interesting for flavour physics, for which errors around 1 % are quoted 3 .
mMS
c (3 GeV)
mMS
b)
b (m√
FBs mBs
ξ = FB √mB
FBs
FDs

=
=
=
=
=

0.986(10) GeV
4.20(4) GeV
1.211(38)(24)
243(11) MeV
241(3) MeV

HPQCD 4
HPQCD 3
FNAL/MILC 5
FNAL/MILC 5
HPQCD 6

Table 1: Results discussed in the review of E. Gamiz 3 .

Taken at face value, the last line in the table is in disagreement with what the CLEO
experiment finds; see the talk of Philip Rubin at this conference. Should we conclude in favour
of new physics 7 , or is this precocious? As a preparation for an answer to this question, we take
a rough look at the machinery used in practise to obtain the results.
2.2

The machinery

At this point in time, the numbers with the smallest quoted error bars come from so-called
rooted staggered fermion simulations (all those in Table 1 do). There are serious concerns
about the validity of this formulation, see for example 8 . Since a local action equivalent to
rooted staggered fermions is not known, the arguments justifying the rooting trick represent an
involved discussion based on additional assumptions. 9,10
Also NRQCD is used for the b-quark in the analysis which yields Table 1. As an effective
field theory it contains power divergences; this means terms that diverge as 1/an . In lattice
NRQCD they are subtracted perturbatively. Uncancelled divergences of the form
2(k+1)

g0
1
a→0
∼
−→ ∞
a mb
a [log(a)]k mb

(4)

are then left behind when one works until k’th order in perturbation theory. The continuum
limit therefore does not exist and the estimate of the precision of extracted results is delicate.
Other sophistications commonly employed include smearing, many parameter fits (in the case
of staggered chiral perturbation theory) and Baysian fits.
All in all the large amount of tricks employed in the computations compromises their directness and “first principles status”. One could also say systematic errors might be underestimated.
It is often emphasized that the methods are tested by a comparison to experimental numbers.
In our opinion, this is appropriate for gaining a rough idea on the validity range of model calculations, but not the way to establish a controlled theory computation. Before concluding that
new physics is present, it appears very desirable to perform independent computations with an
independent technology. In particular we insist on
• a manifestly local discretization and

• non-perturbative subtraction of power law divergences.

Such computations are in progress. Before turning to them, let us understand why they were not
carried out already a number of years ago. The basic reason is that lattice QCD is a considerable
challenge.
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Figure 1: Performance of DD-HMC as a function of the inverse quark mass 14 . “Accelerated DD-HMC” refers
(amongst others) to the use of deflation. Note that the cpu-time t for original HMC algorithm scales with
(amsea )−n , n ≥ 3.

3

The challenge

This becomes apparent by considering just the typical hadronic input eq. (3). There is a large
range of scales between mπ ≈ 140 MeV over mD = 2 GeV to mB = 5 GeV. In addition, the
ultraviolet cutoff of ΛUV = a−1 of the discretized theory has to be large compared to all physical
energy scales if the discretised theory is to be an approximation to a continuum. Also the linear
extent of space time has to be restricted to a finite value L in a numerical treatment: there is
an infrared cutoff L−1 . Together the following constraints have to be satisfied.
ΛIR = L−1 ≪ mπ , . . . , mD , mB ≪ a−1 = ΛUV
O(e−Lmπ )

effects

O((a mhad )2 )

↓

yielding

L & 4/mπ ≈ 6 fm

↓

L/a & 120 .

a . 1/(2mD ) ≈ 0.05 fm

After the first line, we have discarded the scale of mesons or baryons with b-quarks. Thus
these are not included in the already rather intimidating estimate of L/a & 120. Looking at
these numbers, it appears unavoidable to separate the b-quark mass scale from the others before
simulating the theory. We shall return to this in Sect. 4.3.
4

Perspectives

Despite the considerable challenge that we are facing, there are good perspectives for meeting it
soon. First, without being able to enter into the merited in-depth discussion, I mention that the
condition L & 6 fm may be relaxed by choosing unphysically large pion masses combined with a
subsequent extrapolation. A factor of 1.5 to 2 may be gained this way. Such extrapolations are
theoretically guided by chiral perturbation theory 11 , also including lattice spacing effects 12,13 .
4.1

Algorithms

Second, it is not obvious what is the CPU-effort for a QCD simulation. Indeed, since the
development of the first exact algorithm called Hybrid Monte Carlo (HMC) 15 , it has been

improved considerably b by multiple time-scale integration 17,18 , the Hasenbusch trick of masspreconditioning 19,20 , the use of the domain decomposition method in QCD 21,22,23 and a deflation
method 14 combined with chronological inverters 24 . In parallel, parameters of the algorithms may
be tuned 25 and it has been understood that instabilities due to the breaking of chiral symmetry
become irrelevant in sufficiently large volumes 26 . Also algorithms for the contributions of single
flavours (not mass-degenerate within a doublet) have been developed 27,28 . It is further suggested
that fluctuations at small quark masses can be tamed by clever reweighting techniques 29,30 .
Amongst all these developments, we emphasize the recent taming of the critical slowing
down with the quark mass. It was achieved by M. Lüscher through a combination of deflation
with others of the tricks listed above. The impressive weak dependence of the execution time
on the quark mass is illustrated in Fig. 1 taken from 14 .
4.2

Machines

It is well known that the speed of computers has been increasing continuously – at an exponential
rate. Yet, it is illustrative to look at an (incomplete and personal) list of the machines available
over the years. Tflop numbers have to be taken with care, but the overall message on the fast
growth of available computer power is clear. Because of recent investments into high performance
computing, the growth has been stronger than Moore’s law.
year

machine

1984
1994
2001
2005
2009
2009

Cyber205
APE100
APE1000
apeNEXT
PC-Cluster “Wilson”
BG/P

speed/Tflops
0.0001
0.0500
0.5000
2.0000
15.0000
1000.0000

share for a typical
LQCD collaboration
/100
/4
/4
/3
/1
/20(?)

Table 2: An incomplete list (in particular between 1984 and 1994 there were a number of other machines) of
computers on which we have done QCD computations.

4.3

Strategies for the b-quark

B-meson decays and mixing are an essential part of flavour physics. We have seen above that
their direct, “relativistic”, treatment is impossible, since the demand of L/a & 120 would be
increased by yet another factor of 2-3. Conversely we may, however, also use the large mass
of the b-quark to our advantage, working in an expansion in ΛQCD /mb . There are kinematical
limitations to this expansion: momenta of other particles also have to be small compared to the
b-quark mass. This means for example that the larger part of phase space in a decay B → πlν
is not accessible to HQET, the effective field theory which implements the expansion. In the
analysis of the experimental data an apropriate cut has to be implemented.
The most significant difficulty in a non-perturbative use of HQET is, however, of a different
origin. We already mentioned power law divergences in Sect. 2.2. These appear in the effective
theory and have to be subtracted non-perturbatively, which means the parameters of the effective
theory have to be determined non-perturbatively, thus avoiding terms of the form eq. (4). In
contrast to QCD, new parameters appear at each order in the HQET expansion. Still, their
determination follows the logic as described around eq. (1). There is only one twist to the general
b
Even though we list only buzzwords here, it is impossible to do justice to all relevant developments and the
interested reader is advised to consult reviews 16 .
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Figure 2: HQET strategy. The parameters in the HQET Lagrangian and fields are denoted by ωk . In the matching
step they are directly determined from requiring ΦHQET
(a, L1 , mb ) = ΦQCD
(a = 0, L1 , mb ) (other masses are
i
i
(a = 0, L2 = 2L1 , mb ) by an extrapolation in a1 .
supressed). In a second step they are used to compute ΦHQET
i
Returning to finite a, allows to extract ωk (a2 ) at larger lattice spacings a2 . These are sufficient for infinite volume
computations. The r.h.s. shows the same procedure understood as a relation between renormalized quantities.

principle: instead of using a relatively large number of experimental inputs, which results in a loss
of predictive power c , one may compute quantities in lattice QCD with a relativistic b-quark and
use those as input. This step is denoted by non-perturbative matching. It was realized already
a while ago 31,32 that such a strategy can be carried out by considering quantities defined in a
finite volume of linear dimension around L = 0.2 . . . 0.5 fm = O(1/ΛQCD ) in this initial step.
Some technical obstacles had to be removed 33,34,35,36 , but now the path appears paved for a
precise implementation of the idea. The strategy is depicted in Fig. 2.
An impression of the achievable precision may be gained from the pioneering computation 35 ,
where for the first time 1/mb corrections were taken into account. We warn the reader that this
was a quenched computation, where sea-quark effects are ignored. It should be used to judge
on the achievable precision, not for input into phenomenology. The computation focussed on
the relation between the (spin-averaged) B-meson mass and the renormalization group invariant
b-quark mass, Mb . Table 3 displays the results for Mb at the lowest order in 1/mb . Units are
the potential scale 37 r0 ≈ 0.5 fm. The second column of the table lists the results in the static
approximation, where terms of order Λ in Mb are included, while corrections of order Λ2 /m2b
relative to the leading term are omitted. Since the computation is carried out with different
matching conditions, specified by an angle θ0 appearing in the boundary conditions for the
quarks, their spread of about 3% can be taken as an indication for the size of the corrections.
At the next order in 1/mb (columns 3–5), even more different matching conditions are explored
(angles θ1 , θ2 ). The spread of results is now reduced to a level of below 1 part in 200, much
smaller than the total error of the result d . We conclude that precision computations are possible
in HQET.
As a preparation for a discussion of a second method for implementing the scale separation,
let us turn to the right part of Fig. 2. There the procedure is interpreted as a relation
ΦQCD (a0 , L1 , mb ) = ΦHQET (a1 , L1 , mb ) → ΦHQET (a1 , L2 , mb ) = ΦHQET (a2 , L2 , mb )

→ large volume physics

The fact that only observables appear in this chain, with the parameters in the Lagrangian of
c

For example it is hard to imagine how one could avoid to have the decay constant among the input instead
of among the predictions.
d
Such a statement can be made since errors for different entries in the table are signficantly correlated.

(0)

θ0

(0)

r0 Mb

0

17.25(20)

0
1/2
1

17.05(25)
17.01(22)
16.78(28)
3%
= O(Λ2 /m2b )

(1a)

(1b)

r0 Mb = r0 (Mb + Mb + Mb )
θ1 = 0
θ1 = 1/2
θ1 = 1
θ2 = 1
θ2 = 0
θ2 = 1/2
Main strategy
17.12(22) 17.12(22)
17.12(22)
Alternative strategy
17.25(28) 17.23(27)
17.24(27)
17.23(28) 17.21(27)
17.22(28)
17.17(32) 17.14(30)
17.15(30)
0.6% ≪ total error
= O(Λ3 /m3b )

Table 3: Renormalization group invariant b-quark mass. Λ ≡ ΛQCD .

the theory eliminated, makes clear that the continuum limits ai → 0 can be taken in each step.
In practise, a0 down to 0.01 fm is used while a2 ranges between 0.05 fm and 0.1 fm.
The second method starts from the same idea and the same (or similar) quantities in L = L1 .
But then it remains in relativistic QCD, computing
σi (L1 ) =

lim

lim

mh →mb a1 →0

ΦQCD
(a1 , L2 , mh )
i
ΦQCD
(a1 , L1 , mh )
i

,

(5)

for each desired observable ΦQCD
. Similarly one connects to the large volume in the last step
i
38,39 . The advantage is that there are no truncation errors of order 1/m2 . On the downside,
b
lattice spacings a1 , a2 have to be considerably smaller and/or the masses mh in the numerical
extrapolation mh → mb have to be significantly smaller than the physical one. However, the
combination Li mh is always large compared to one and therefore a smooth extrapolation of the
functions σi in 1/(Li mh ) is expected and found numerically. A most promising approach is to
combine the advantages of the two methods 40 . In fact, let us compare
mMS
b (mb ) = 4.347(48)GeV

HQET 35

mMS
b (mb )

combination 40

= 4.421(67)GeV

quenched!

The comparison is meaningful because the experimental inputs (which matter in the quenched
approximation) have been chosen the same. Let us finally note that the dominating uncertainty
here is the one in the renormalization factor for the quark mass in the relativistic theory 41,42 ;
this can be improved.
We emphasize that dynamical fermions are absolutely needed for a comparison to phenomenology. Presently, these strategies are being applied to Nf = 2 QCD (just up and down
sea). An intermediate result 43 shown in Fig. 3 demonstrates the precision of the most difficult
continuum extrapolations.
4.4

The CLS strategy

While the numerical effort for the physically small lattices (see Fig. 2) is quite modest for
today’s computers, the theoretical setup is to be chosen with care. In particular the Schrödinger
functional is used 44,45 where Dirichlet boundary conditions in time play a prominent rôle. This
again calls for a simple, very local action.
Such an action, the O(a)-improved Wilson action 46,47,48 is then also needed in the large
volume part. The strategy of the CLS effort 49 is to use it and through its simplicity be able
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Figure 3: Example of a continuum limit lim a0 →0 ΦQCD (a0 , L1 , mb ) for a whole range of mb (left) and the resulting
mass dependence on the right 43 . The variable z is the dimensionless RGI quark mass z = Mb L. Curves are a
low order HQET-representation. For details see the reference.

to profit from developments in algorithms 14 . This helps to diminish systematic and statistical
errors by working at small lattice spacings and on physically large volumes. Furthermore perturbative errors and in particular divergences (such as eq. (4)) are removed by non-perturbative
calculations in the Schrödinger functional .
The present goal are simulations with Nf = 2 dynamical quarks, lattice spacings a =
0.08, 0.06, 0.04 fm, sizes L = 2 fm to 4 fm and pion masses down to mπ = 200 MeV. Concerning heavy flavours both the B-physics programme emphasized above and charm physics 50
are being investigated. We note that a considerable problem remaining will have to be solved
along the way: the slow evolution of topological modes 51 in standard MC algorithms.
5

Conclusions

It is now widely recognized that lattice QCD is an important tool for computing phenomenologically relevant quantities. I have often heard complaints that progress is slow, but one has
to recognize that the rich dynamics and the many relevant scales in QCD represent quite a
challenge (Sect. 3). Despite this we appear to approach the era of controlled precision predictions in time for an accurate analysis of present and future flavour physics data and models. In
particular present worries about the use of the rooting trick and uncancelled power divergences
can become history.
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REVIEW OF Vcb AND Vub MEASUREMENTS
F. BIANCHI
Universitá di Torino, Dipartimento di Fisica Sperimentale,
v. Pietro Giuria 1, Torino, 10125, Italy

Flavour mixing is described within the Standard Model by the Cabibbo-Kobayashi-Maskawa
matrix elements. With the high statistics collected by the experiments at the b-factories,
the matrix elements |Vcb | and |Vub | are measured with improved precision, allowing for more
stringent tests of the Standard Model. In this paper, a review of the current status of their
measurements is presented.

1

Introduction

The Standard Model (SM) accounts for flavor changing quark transition through the coupling
of the V-A charged current operator to a W boson:
LW = −

r

1
guLi γ µ Vij dLj Wµ+ + h.c.
2

(1)

where Vij are the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix elements.
By convention, the mixing is expressed in terms of the V matrix operating on the charge
-e/3 quark mass eigenstates (d, s and b):










d
Vud Vus Vub
d′


 ′  
 s  =  Vcd Vcs Vcb   s 
b′
b
Vtd Vts Vtb

(2)

Generation changing transitions between quarks are possible because the off-diagonal elements are not zero. The values of the CKM matrix elements are fundamental parameters of the
SM and cannot be predicted. In the following, a review of the current values of |V cb | and |Vub |
measured by the BaBar, Belle and Cleo experiments is presented. The averages of the Heavy
Flavour Averaging Group (HFAG) 1 will also be quoted.

2

|Vcb | Measurements

The CKM matrix element |Vcb | is measured from the semileptonic inclusive and exclusive b → clν
decays. At the parton level, this decay rate can be calculated accurately; it is proportional to
|Vcb |2 and depends on the quark masses, mb and mc . To relate measurements of the semileptonic
B-meson decay rate to |Vcb |, the parton-level calculations have to be corrected for effects of strong
interactions.
2.1

Inclusive Measurements

In the kinetic-mass scheme the Heavy Quark Expansion (HQE) to O(1/m 3b ) for the rate ΓSL of
semileptonic decays B → Xc l− ν can be expressed as 2 :
ΓSL =
×

G2F m5b
|Vcb |2 (1 + Aew )Apert (r, µ)
192π 3
"

z0 (r) 1 −

− 2(1 − r)
+

ρ4D +ρ3LS
c2 mb
2c4 m2b

µ2π − µ2G +
ρ3D +ρ3LS
c2 mb
4
c m2b

µ2 +
4 G

+ d(r)

!

(3)

ρ3D
c6 m3b

#

O(1/m4b )

.

This expansion contains six parameters: the running kinetic masses of the b- and c-quarks,
mb (µ) and mc (µ), and four non-perturbative parameters µ π , µG , ρD , and ρLS : . The parameter
µ denotes the Wilson normalization scale that separates effects from long- and short-distance
dynamics. The ratio r = m2c /m2b enters in the tree level phase space factor z 0 (r) = 1 − 8r +
8r 3 − r 4 − 12r 2 ln r and in the function d(r) = 8 ln r + 34/3 − 32r/3 − 8r 2 + 32r 3 /3 − 10r 4 /3.
The factor 1 + Aew accounts for electroweak corrections. It is estimated to be 1 + A ew ∼
= (1 +
α/π ln MZ /mb )2 = 1.014, where α is the electromagnetic coupling constant. The quantity A pert
accounts for perturbative contributions and is estimated to be A pert (r, µ) ≈ 0.908. The moments
of the hadronic-mass and electron-energy distributions in semileptonic B decays B → X c l− ν
and the moments of the photon-energy spectrum in B → X s γ decays depend on the same set
of parameters.
BaBar 3 and Belle 4 have performed a combined fit to all these moments to extract values for
|Vcb |, the quark masses mb and mc , the total semileptonic branching fraction B(B → X c l− ν),
and the non-perturbative HQE parameters. The fitted value of |V cb |, using expressions in the
kinetic scheme, is |Vcb | = (41.67 ± 0.43 ± 0.08 ± 0.58) × 10−3 , where the errors are due to the
global fit, the B lifetime and theory, respectively. However it should be noted that that a fit
just to the B → Xc l− ν moments tends to give a value of mb about 1σ higher than the one from
B → Xc l− ν and B → Xs γ moments combined as shown in Fig. 1. This incertitude impacts the
|Vub | extraction where mb is used as input in the fitting procedure. In addition the χ 2 /N DF
of the fit is 29.7/57, a quite small value that can possibly come from an improper treatment of
correlations between the different moments. The most recent result from Belle 4 does not shown
the dependence of the value of mb on the set of moment used.
2.2

Exclusive Measurements

The determination of |Vcb | from exclusive b → clν decays is based on the B → D (∗) lν decays,
for which, in the assumption of infinite b and c quark masses, the form factors describing the
B → D (∗) transitions depend only on the product, w, of the initial, v, and final, v’, state hadron

HFAG
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Figure 1: ∆χ2 = 1 contours for the fit to all moments and the fit to the B → Xc l− ν data only. |Vcb | vs mb (left)
and µ2π vs mb (right).

four-velocities, w = v × v ′ , and relies on a parametrization of the form factors using the Heavy
Quark Symmetry (HQS) 5 and a non-perturbative calculation of the form factor normalization
at w = 1, which corresponds to the maximum momentum transfer to the leptons. The form
factors for B → Dlν and for B → D ∗ lν decays are G(w) and F(w), respectively. BaBar and
Belle adopt the form factor parametrization from Caprini et al. 6 , and lattice QCD to correct
the normalization of the form factor at w = 1, due to the finite quark masses. Experimentally,
the w spectrum is measured and F (1)|Vcb | and G(1)|Vcb | are obtained from an extrapolation of
the measured w spectrum to 1. Several analyses from BaBar 7 and Belle 8 , which adopt different
experimental techniques, were recently presented. The bi-dimensional plots of the form factor
at w = 1 times |Vcb | versus the slope parameter for the form factors ρ 2 is shown in Fig. 2. The
fitted values are G(1)|Vcb | = (42.4 ± 1.6) × 10−3 and F (1)|Vcb | = (35.4 ± 0.5) × 10−3 rispectively.
Assuming: G(1) = 1.074 ± 0.018 ± 0.016 9 and F (1) = 0.924 ± 0.012 ± 0.019 10 , where the errors
are statistical and systematical, respectively, and appling a 1.07 QCD correction factor, the
values |Vcb | = (39.7 ± 1.4 ± 0.9) × 10−3 and |Vcb | = (38.1 ± 0.6 ± 0.9) × 10−3 are obtained, for
B → Dlν and for B → D ∗ lν decays, respectively. The two results are completely consistent.
The 2σ discrepancy between the value of |V cb | extracted from the moment analysis and the
one coming from B → D (∗) lν decays using the Lattice QCD form factor calculations, is still an
open question.

3

|Vub | Measurements

Semileptonic inclusive and exclusive b → ulν decays are used to measure the CKM matrix
element |Vub |. Different experimental and theoretical approaches are involved, thus providing
complementary ways to extract |Vub |.
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Figure 2: G(1)|Vcb | (left) and F (1)|Vcb | (right) versus the form factor slope parameter ρ2 .

3.1

Inclusive Measurements

The measurement of the inclusive decays rate for B → X u l− ν decays is affected by a large
background of the order |Vub /Vcb |2 = 1/50, due to B → Xc l− ν decays. Stringent kinematic cuts
are applied to select regions of the phase space in which the B → X c l− ν background can be
kept under control. Thus, only a partial branching fraction, limited to the particular kinematic
region selected, is measured and needs to be estrapolated to the full phase space.
Whilst the total branching fraction can be computed using HQE and QCD perturbation
theory, the partial rate needs further theoretical tools, which have been the subject of intense
theoretical effort, expecially in the last years. Different approches have been used: BLNP 11
(a shape function approach, where the shape function represents the momentum distribution
function of the b quark in the B meson), DGE 12 (a resummation based approach), GGOU
13 (an HQE based structure function parametrization approach) and ADFR 14 (a soft gluon
resummation and analytic time-like QCD coupling approach). Concerning BLNP, recent NNLO
corrections 15 were presented. The models depend strongly on the b quark mass, except for
ADFR, so it is very important to use a precise determination of this quantity. BaBar 16 and
Belle 17 have applied kinematic cuts using the following variables: the lepton energy (E l ), the
invariant mass of the hadron final state (M X ), the light-cone distribution (P + = EX − |pX |, EX
and |pX | being the energy and the magnitude of the 3-momentum of the hadronic system) and a
2 at fixed q 2 and
two dimensional distribution in the electron energy and s max , the maximal MX
El . The results obtained by these methods and the corresponding averages are shown in Fig. 3.
The values of |Vub | obtained using diffent kinematical cuts and exctracted using the same
theoretical approch are consistent. On the contrary, different theoretical approches give |V ub |
values that are somehow different.
Very recently, a preliminary result from Belle using an innovative multivariate analysis 18 , in
which 90% of the total rate is measured, has been presented. This experimental measurement
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Figure 4: B → πlν branching fractio measurements (left) and |Vub | values extracted using different theoretical
calculations (right).

is extremely interesting as it will help in a further understanding of |V ub | from inclusive decays.
3.2

Exclusive Measurements

|Vub | can be extracted from exclusive charmless semileptonic decays, B → π, ρ, η, η ′ , ωlν, where
the corresponding rate is related to |V ub | by the form factor(s) f (q 2 ), where q 2 is the momentum
transfer squared to the lepton pair. Non perturbative methods for the calculation of the form
factors include unquenched lattice QCD, like the HPQCD 19 and Fermilab/MILC 20 calculations,
and QCD light cone sum rules 21 .
BaBar 22 , Belle 23 , and Cleo 24 have perfomed measurements of B → πlν decays exploiting
different analysis techniques that fall into two broad classes: untagged and tagged, depending
on whether the B in the event that does not decay into the πlν final state is tagged or not.
The untagged method has higher statistic and higher background, while the B tagging reduces
significantly the background at a price of a reduced statistics. The results are presented for the
full q 2 , q 2 > 16 GeV 2 and q 2 < 16 GeV 2 ranges. The last two phase space regions correspond
to regions where the lattice and QCD light cone sum rule calculations of the form factors are
restricted to, respectively. The corresponding measurements of the total branching ratio for
all the collaborations and their average is shown in Fig. 4(left plot). From the average, and
using both lattice QCD and QCD light cone sum rules, the value of |V ub | are extracted (Fig. 4,
right plot). The |Vub | results coming from different theoretical calculations are consistent among
themselves. However the uncertainties from form factors calculation are the dominant systematic
in the |Vub | extraction.
In a recent paper by Bailey at al.25 , the B → πlν 12 bin q 2 spectrum measured by BaBar 26
has been used to extract |Vub | = (3.38 ± 0.36) × 10−3 .

Moreover, experimental measurements of the B → π, ρ, η, η ′ , ωlν branching ratio have been
performed by BaBar27 , Belle23 and Cleo28 and will provide a test of the |Vub | extraction from
B → πlν decays, once the corresponding form factors will be computed.
4

Summary

A significant progress has been made in the past years thanks to the b-factory measurements
of |Vcb | and |Vub | and to a remarkable theoretical effort. However the dominant systematics are
the one coming from the theoretical calculation used to extract the CKM matrix elements from
the experimental observables. More data and theoretical progress will improve our knowledge
of |Vcb | and |Vub |.
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READINESS OF THE LHCB EXPERIMENT FOR FIRST DATA
Adriano Lai
Istituto Nazionale di Fisica Nucleare, Sezione di Cagliari,
Dipartimento di Fisica, Cittadella Universitaria
Monserrato (Cagliari), Italy

This paper deals with the present status of the LHCb detector, with special emphasis on the
commissioning tests and analysis. The detector response has been widely tested by means
of cosmic particle events and with the very first beam before the LHC rupture in September
2008. Some of the results of these studies are reported. Finally, plans on the use of the first
beam data, expected in 2009, are shortly presented.

1

Introduction

The LHCb experiment at the Large Hadron Collider is designed for the search of New Physics
in CP violation and rare decays of the B quark. A scheme of the LHCb apparatus is given in
fig. 1. A wide description of the LHCb experiment can be found in ref. [ 1 ]. The installation of
the full LHCb apparatus has been concluded during 2007, with the only exception of the first
muon station, called M1, whose installation is to be completed by July 2009.
At the nominal LHC luminosity, LHCb foresees an integrated luminosity of 2 f b−1 per year,
corresponding to the production of 270 × 109 Bd and 70 × 109 Bs per year, besides the access to
all the possible b-hadron species.
The main experimental challenges are the high average track multiplicity (about 30 tracks
per rapidity unit) and the huge background (80 mb from inelastic cross section to be compared
with a σbb effective cross section of 230 µb). Also, the branching ratios of B-meson decays
relevant for the LHCb physics are of the order of 10−8 to 10−9 .
Table 1 summarizes the design performance of the LHCb sub-detectors.
Besides the performance of the single sub-detectors, the key LHCb point to cope with the
challenges above is the trigger architecture. This is conceived in two levels. A hardware level,

Figure 1: Schematic view of the LHCb apparatus.

or Level0 (L0), reduces the effective input rate of 12 MHz to 1 MHz and is based on the
identification of muon, electromagnetic and hadron high pT candidates. The software level, also
called High Level Trigger (HLT), is a C ++ application, running on a scalable PC farm of up to
4000 quad-core computing nodes (Event Filter Farm, EFF). The HLT algorithm is organized
in two stages, the first one (HLT1) checks the L0 candidate using information coming from the
tracking sub-detectors and adds impact parameters and lifetime cuts. The second one (HLT2)
is able to perform global event reconstructions and decay channel selections. The output of the
HLT corresponds to a rate of 2 kHz and an event size of about 40 kbytes. The software approach
provides basically two important advantages:
• Possibility to intimately tune the trigger algorithms following the study evolution;
• Natural increase of processing power due to the technological scaling in computing.
Since the last two years and in particular during the whole 2008, LHCb has been widely and
deeply commissioned using different techniques. Some of them are illustrated in the following,
along with the results obtained.
2
2.1

LHCb commissioning
Commissioning with cosmic particles

LHCb is a single-arm spectrometer, conceived according to a strictly projective geometry with
respect to the interaction point (IP). Cosmic particles (cosmics) have not the right orientation
to test the LHCb sub-detectors, nevertheless they are still well visible in the large area subdetectors: the Muon Detector, the Colorimeters and the Outer Tracker. As the Muon Detector
and the Calorimeters are the basic building blocks of the L0 trigger, cosmics are also a useful
tool to test the operation of the trigger logics.

Table 1: Key nominal performance parameters of the LHCb sub- detectors.

VELO (Vertex Locator)

TRACKING

MUON, RICH
ECAL
LEVEL-0 Trigger

σ(IP ) ≈ (14 + 35/pT (GeV )) µm
σ(t) ≈ (40 − 100) fs
ǫ = 95% when p > 5 GeV and 1.9 < η < 4.9;
σ(p)/p ≈ 0.4%
σ(m[Bs → µµ]) ≈ 20 M eV
σ(m[K ∗ µµ]) ≈ 15 M eV
ǫ(K) ≈ 88% for 3% π misidentification;
ǫ(µ) ≈ 95% for 5%
p π/K misidentification
σ(E)/E ≈ [9.4/ E(GeV ) + 0.83] × 10−2
σ(m[Bs → φγ]) ≈ 90 M eV
ǫ(Bd,s → J/ψX) ≈ 90%
ǫ(Bd,s → hh) ≈ 50%

In the nominal configuration, the L0 Muon trigger foresees the coincidence of at least one
hit for each one of the five stations, aligned according to a projective geometry from the IP. This
configuration is not usable with cosmics, giving a trigger rate practically equal to zero. Instead,
the Muon L0 has been operated according to two configurations:
• At least one hit in station M3. This trigger condition corresponds to an average trigger
rate of about 60 Hz;
• Coincidence of at least one hit in stations M4 and M5, corresponding to an average trigger
rate of 4 Hz.
On the other side, the Calorimeter trigger has been operated by setting both the Electromagnetic and Hadronic part at very high gain, in such a way to trigger on MIPs.
Using different logic combinations of the above Muon and Calorimeter trigger conditions,
about two millions events have been acquired during Summer 2008. Remarkable results coming
from the use of these events from cosmics are the time alignment of the Muon system and
the study of its efficiency. The muon system has a special importance in the first data taking
runs, because, besides being part of the hardware trigger, it plays a crucial role in the study
of interesting rare decays, e.g. Bs → µ+ µ− , which are channels promising relevant results even
with the relatively low statistics of the first year of data taking.
The Muon system was firstly aligned using a hardware procedure, based on a dedicated
pulsing system and internal adjustable delays. This first alignment allowed using trigger and
acquiring events displaced within the triggered time +/- one bunch crossing cycle. This first
coarse hardware alignment gave an average time resolution σ ∼ 11 ns. On the data acquired a
refinement of the alignment was possible, correcting for the particle time of flights between the
stations and reducing the time residuals with respect to the average track time. This analysis
procedure took the system to be aligned with an average time resolution ranging between 5 and
6 ns. These values correspond with what expected from measurements in laboratory tests for
the operating voltage of 2.5 kV at which the muon chambers were intentionally operated during
the commissioning phase. The nominal operating voltage is 2.7 kV, chosen as the optimal point
with respect to detector efficiency, safe operation and detector lifetime.
Another study realized on data from cosmics regards the muon detector efficiency. Owing
to the projective structure of the LHCb apparatus, cosmic tracks are not suitable for a direct
study of the detector efficiency. However, a significant result can be obtained grouping the
reconstructed tracks in bins of tanθ, where θ is the angle between the track and the corresponding

M2

M3

M4

M5

Figure 2: Geometrical efficiency of the four muon stations M2-M4 as a function of the tanθ, chosen as a projectivity
parameter. Perfect projectivity corresponds to tanθ = 0, where the efficiency is extrapolated to a value compatible
with 1.

projective direction, taken as the line connecting a specific hit point on the chamber and the
Interaction Point. These plots show the strong dependence of the efficiency from the track angle
and allow extrapolating to the value of tanθ = 0, corresponding to the projective geometry (see
fig.2).
2.2

Beam tests

What done during months with cosmic particles could be better done in a few hours or days
with beam. During 2008 there has been only a few such opportunities: injection tests (AugustSeptember) and the first (a few hours) LHC circulation on 10th September.
Injection tests consist in the injection of a proton beam (called Beam2) from the SPS ring
into the LHC, where it is completely stopped on a full beam graphite dump (named TED 2 ).
The TED is placed about 340 m behind the LHCb detector. Impinging on the TED, the beam
generates a high flux of particles, not collinear to the LHC beam axis, but inclined 8 mrad
horizontally and 12 mrad vertically. In the centre of the blast the flux is about 10 particles/cm2 ,
corresponding to about a factor 20 more than nominal. In proximity to the LHCb interaction
point this corresponds to about 0.1 particles/cm2 per blast.
LHCb profited of two usable LHC injection test, The first consisting of about 5×109 protons
per shot (one shot every 48 s during about one day of data taking), the second 2 × 109 protons
per shot for two days of data taking. Both runs provided about 700 reconstructed tracks in

!~500 m

Figure 3: Hit residuals in the VeLo to TT extrapolation

the VELO detector. Events were triggered by hit multiplicity in the Scintillator Pad Detector
(SPD) and consecutive triggers centred on the triggered event were acquired (so called Time
Alignment Events or TAE). Injection, or TED, runs were extremely useful tests to verify space
and time alignment within single sub-detectors and among sub-detectors. In particular, they
were the first opportunity to gather significant statistics in small area detectors (VELO, TT),
where cosmic particle rates are too small to perform significant studies in a reasonable time.
Results from the TED runs mainly concern the check of the space alignment of the VELO in
itself and the relative alignment between the VELO and the TT, placed about 1.5 m one with
respect to the other, which is obtained comparing the difference between the hit coordinate in
the TT and the extrapolated hit position from the VELO corresponding to the same track. The
alignment precision of the VELO has been measured to be about 3.4 µm for x and y translation
and 200 µrad for z rotation. Also the relative TT-VELO alignment is within the specifications:
the track residuals correspond to about 500 µm, with offsets between 150 and 300 µm, to be
compared with the expected uncertainty in VELO-TT extrapolation of 300 µm (see fig. 3).
The first circulating beams during September 10th 2008 (LHC inauguration) could not be
exploited as wished for commissioning purposes, owing to the very short duration. All the
experimental teams, however, were exited for the good response of the Control and DAQ systems
and for the first possibility to operate the Muon trigger with a projective 4-fold coincidence.
2.3

Full Experiment System Tests

Neither run on cosmics nor on injected beams allow a complete test of the trigger and DAQ
system at full rate. In order to have an exhaustive test of the back-end part of the LHCb
machine, dedicated procedures have been developed. These are realized in the so called Full
Experiment System Test (FEST) runs, having the aim to get the system already prepared to
receive, process and analyze the huge amount of events expected in the first hours and days of
collisions.
Raw Monte Carlo events are generated and injected into the HLT chain as if coming from
the back-end read-out boards (the Tell1 boards). In practice, these stream of events emulate
the output of the front-end part of LHCb. The generated data contain a sample of 2 kHz of
pre-selected events that are expected to pass the HLT algorithm, in such a way to test its proper
operation and speed. The FEST allows testing several crucial parts of the system software: the
run control system (the data injector is treated as a sub-detector), the data stream, the dynamic
node balancing in the EFF, data monitoring, data storage and the interaction with the GRID
for the offline analysis. The FEST framework has been tested successfully in January 2008.

FEST runs at incresed speed and performance are planned until the first beam arrives.
3

Activities during the 2009 shutdown

A number of hardware intervention are still foreseen during the 2008-2009 shutdown, before the
LHC closure, scheduled for the end of July 2009.
At the detector level, the M1 installation and commissioning is to be completed, The ECAL
requires small modifications of the HV and readout boards, a small percentage of Muon channels
in station M2-M5 has to be fixed. The installation of the Event Filter Farm is to be completed
to have a full size read-out network to allow full rate readout (1 MHz) from the front-end.
Optimization work is still necessary and will proceed on the Experiment Control System, and
regular FEST runs are scheduled about one week per month until the first collisions to optimize
the HLT performance.
4

Conclusions and outlook

As a result of the tough commissioning work during 2007 and 2008, the experiment is well
advanced in preparing the reception of the first collisions at moderate luminosity, as soon as
LHC will be able to deliver significant physics, hopefully by the end of 2009.
The first collisions at low energy (450 GeV), during the LHC setup runs, will be precious to
refine and optimize the system alignments with high statistics in all the detector channels. For
this task the tools have been already developed and tested successfully but the operation of the
apparatus in nominal conditions was not always possible without collisions.
The remaining installation work and the minor repairs are foreseen to be completed by
Summer 2009.
The LHCb target for the first year of run, which today appears to be a fairly reachable
target, at least from the experiment point of view, is to collect and quickly exploit 0.2 − 0.3 f b−1
of physics. This is expected to be sufficient to produce significant measurements, in particular
in the following noteworthy channels:
• 2βs measurement from the Bs → J/ψ(µ+ µ− ) φ decay,
• the branching ratio of the Bs → µ+ µ− rare decay,
• the forward-backward asimmetry AF B in the decay Bd → K ∗ µ+ µ− ,
where accuracy comparable or better than the present B-factories is possible already in the
first year of LHCb data taking.
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B → K ∗ µ+ µ− : SM AND BEYOND
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Abstract
The rare decay B → K ∗ µ+ µ− is considered a golden channel for LHCb as the polarization
of the K ∗ allows a precise angular reconstruction resulting in many observables that offer new
important tests of the Standard Model and its extensions. These angular observables can be
expressed in terms of CP-conserving and CP-violating quantities which we study in terms
of the full form factors calculated from QCD sum rules on the light-cone, including QCD
factorization corrections. We investigate all observables in the context of the Standard Model
and various New Physics models, in particular the Littlest Higgs model with T-parity and
various MSSM scenarios, identifying those observables with small to moderate dependence
on hadronic quantities and large impact of New Physics.

1

Introduction

In an attempt to identify observables that can shed light on Physics at the TeV scale, a
common starting place is the decay B → K ∗ (→ Kπ)µ+ µ− . This is because it is a flavour
changing neutral current(FCNC) process, so the leading order diagrams are at the one-loop
level, which raises the chances of New Physics (NP) particles creating observable effects.
However, as opposed to the other popular FCNC b → sγ, the four body final state gives
rise to a multitude of promising angular observables. In addition, this channel satisfies the
preference of the LHC for exclusive modes.
This decay has been intensively studied in many papers, we can mention only a few. In
’99 Ali et al. calculated the di-lepton mass spectrum and the forward backward asymmetry
(AF B ) for the Standard Model (SM) and several Minimal Supersymmetric Model (MSSM)
scenarios, using Naı̈ve factorization and QCD sum rules on the light cone 1 . This was extended by Beneke et al. 2 in the QCD Factorization (QCDF) framework, to include NLO
corrections in αs . More recently two further papers appeared, concentrating on observables 3,4 .
The following is based on the recent paper by Altmannshofer et al. 5 . In this work we
use the full set of form factors, rather than the two form factors in the heavy quark limit,
calculated from QCD sum rules on the light-cone (LCSR). We study all angular observables in
the SM and a variety of NP models and also identify those with small sensitivity to hadronic
and large sensitivity to NP effects, with attention to the effects of additional operators,
which are extremely suppressed or do not exist in the SM, on all angular observables. In the
following we present a collection of interesting results from this work.

2

Angular observables

The differential decay rate for the final state can be expressed 6 as
9
d4 Γ
=
I(q 2 , θl , θK , φ)
d cos θK dφ)a
32π

dq 2 d cos θl

(1)

where
I(q 2 , θl , θK , φ)

= I1s sin2 θK + I1c cos2 θK + (I2s sin2 θK + I2c cos2 θK ) cos 2θl
+I3 sin2 θK sin2 θl cos 2φ + I4 sin 2θK sin 2θl cos φ + I5 sin 2θK sin θl cos φ
+(I6s sin2 θK + I6c cos2 θK ) cos θl + (I7 sin θl + I8 sin 2θl ) sin 2θK sin φ
+I9 sin2 θK sin2 θl sin 2φ

(2)

Here q 2 is the invariant mass of the muons. In order to define the angles it is simplest to
first define the z axis by the direction of the K ∗ in the B meson rest frame. Then θl is the
angle made by the µ− with respect to the negative direction of the z axis in the centre of
mass frame of the muons, θK is the direction of the K meson with respect to the z axis in
the centre of mass frame of the K ∗ and φ is the angle between the planes defined by the
(a)
centre of mass of the muons and the K and π. In analogy we can define I¯i by taking the
CP conjugate of Eq. (2), and making the replacements
(a)
(a)
I1,2,3,4,7 → I¯1,2,3,4,7

(a)
(a)
I5,6,8,9 → −I¯5,6,8,9 .

and

(3)

(a) (a)
The angular coefficients I¯i (Ii ), are all observable quantities. However, we choose instead
to study two different sets of observables. In order to emphasize CP conserving effects and
CP violating effectsa we define 5
(a)

Si

=

(a)
(a)
Ii + I¯i
d(Γ + Γ̄)/dq 2

(a)

and

Ai

=

(a)
(a)
Ii − I¯i
d(Γ + Γ̄)/dq 2

(4)

These sets of observables can be extracted from a full angular fit to the decay distribution of
appropriate combinations of B → K ∗ µ+ µ− and B̄ → K ∗ µ+ µ− , providing information about
q 2 and the angles θl , θK ∗ and φ is known. Alternatively they can be extracted individually
through taking appropriate asymmetries over an angle or combination of angles. This has
previously been described in detail with explicit formulae 5 .
3

Calculation of angular observables

3.1

Wilson coefficients

The angular observables defined above have been calculated in terms of form factors and
Wilson coefficients 5 , including next-to-leading-order corrections given by QCD factorization.
The Wilson coefficients are defined using the effective Hamiltonian for b → sl+ l− transitions
given by 7
´
4 GF ³
(t)
(u)
λt Heff + λu Heff
Heff = − √
(5)
2
where λi = Vib Vis∗ and
(t)

Heff

(u)
Heff

= C1 O1c + C2 O2c +
=

C1 (O1c

−

O1u )

+

6
X
i=3

Ci Oi +

C2 (O2c

−

X

i=7−10,P,S

(Ci Oi + Ci′ Oi′ ) ,

O2u ) .

(u)

Heff is often neglected, as λu is doubly Cabbibo suppressed. However λu has a weak phase,
and therefore this amplitude would be important if a NP model with additional CP phases
a

(a)

Our definition for the Ai ’s differs from that of Bobeth et al.3 by a factor 3/2

produced effects of a comparable size. The Wilson coefficients are calculated at next-to-nextto-leading logarithmic (NNLL) accuracy, involving a calculation of the matching conditions
at µ = mW to two-loop accuracy 7 . NP contributions, on the other hand, will be included
to one-loop accuracy only, as calculations show that they are small in the MSSM 7 . These
coefficients must then be rescaled from the electroweak scale to the required physical scale
mb , which is achieved using the anomalous dimension matrices which have been calculated
to three-loop accuracy 8 . The numerical values of the Wilson coefficient used can be found
in the paper by Altmannshofer et al.
3.2

Form factors

B → K ∗ µ+ µ− is characterised by a set of eight form factors. These are hadronic quantities,
and for certain ranges in q 2 can be obtained by non-perturbative calculation. QCD sum
rules on the light cone (LCSR) is a well established alternative technique which provides the
only set of results for the desired range in q 2 9 . The method involves combining classic QCD
sum rules 10 with information on light cone distribution amplitudes. In the large energy limit
of the K ∗ these form factors satisfy certain relations, and reduce to two soft form factors
ξ⊥ and ξk used in the QCDF framework 2 . The relations were studied through appropriate
ratios of the LCSR predictions for the full form factors 5 , and found those involving ξ⊥ are
almost independent of q 2 , but those involving ξk had a definite dependence on q 2 , so are
probably more sensitive to the 1/mb corrections neglected in QCDF.
3.3

QCD factorization

The angular coefficients are functions of transversity amplitudes, which can be expressed in
terms of the full form factors 11,3 . In addition to these expression we include the QCDF corrections, NLO in αs but LO in 1/mb 5 . These corrections correspond to the weak annihilation
and non-factorizable contributions to the transversity amplitudes, in accordance with previous notation2,12 . There are two types of O(αs ) corrections, factorizable and non-factorizable.
Both are normally included, but we only include the non-factorizable corrections. The factorizable corrections arise on expressing the full form factors in terms of ξ⊥ and ξk . We
express our leading order results in terms of the full form factors, automatically including
these factorizable corrections as well as the most important source of O(1/mb ) corrections,
as argued in 5 . The weak annihilation correction is induced by the penguin operators O3
and O4 and hence is numerically small. It is leading in 1/mb and O(αs ), so in principle
one should also include power-suppressed and radiative corrections. However, in view of the
small size of such corrections, we feel justified in neglecting them.
4

New Physics contribution

We study effects of specific NP scenarios. We have chosen models which differ in terms of
additional operators, CP violation beyond the SM, and non-standard flavour structure. We
try to identify observables which might have particular sensitivity to these properties, and
explore whether such effects might be observable.
4.1

Overview of models

We have included four sets of Wilson coefficients in a variety of NP scenarios. These are
intended to give a feeling for the possible effects of NP on the numerous observables. The
models chosen provide a wide range of possibilities of the effects of NP on the observables.
We describe here the models only in terms of the properties listed above, and the theoretical
motivation and details of these models is found in the references mentioned below.
• Minimal Flavour Violation(MFV): We first consider constrained minimal flavour
violation (CMFV) 13 . Here there are no additional operators or phases, and the CP and
flavour structure of the SM is preserved, so CP and flavour violating observables are generally SM-like. We also consider the minimal flavour violating MSSM (MFVMSSM)14 ,
where scalar and pseudoscalar operators arise due to the non-standard Higgs structure.

• Flavour Blind MSSM(FBMSSM): Here the minimal flavour violating MSSM is modified by some flavour conserving but CP violating phases in the soft SUSY breaking
trilinear couplings 15 . This results in complex phases in the Wilson coefficients, in
particular C7 is affected.
• General MSSM(GMSSM): Minimal flavour violation is not imposed, and generic
flavour- and CP-violating soft SUSY-breaking terms are allowed 16 . The parameters
are only constrained by experimental bounds, and interestingly, these bounds allow a
large complex C7′ . We emphasize how this has an impact on the observables in the
phenomenological analysis.
• Littlest Higgs Model with T-parity(LHT): FCNC interactions involving SM quarks,
heavy mirror quarks and new heavy charged and neutral gauge bosons occur via a new
mixing matrix with three new mixing angles and three new CP-violating phases 17,18 .
This leads to the possibility of a large complex C9 and C10 .
5

Results and Conclusions
(a)

(a)

In our previous work 5 we show our SM predictions for the observables Si and Ai respecs/c
tively. In the SM S1/2 are numerically the largest quantities, and constitute the bulk of the
di-lepton mass distribution. S4 , S5 , S6s are also sizeable and particularly interesting, as they
all have a zero in q 2 . S6s , up to a normalization factor, is the CP averaged forward backward
(3)
asymmetry AF B , however S4 and S5 have only previously been studied in the context of AT
(4)
and AT defined previously 4 , where they are combined with other Si ’s. S3 is very small
in the SM as it is sensitive to the Wilson coefficients C7′ which is suppressed by a factor
of ms /mb in the SM. All the above observables are protected from hadronic effects by the
normalization to the CP averaged total decay rate. As predicted, the CP asymmetries are
close to vanishing in the SM 3 .
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Figure 1: The correlation between the zeros of S4 , S5 and S6s and BR(B → Xs γ) in the MFV MSSM.

The blue circles correspond to the central SM values, while the green diamonds represent scenario MFVI
and the red squares scenario MFVII5 .
As stated earlier in CMFV there are no additional operators or any non-SM CP or flavour
violating structure. Effects for CMFV are found to be in general small, though in
psome cases
can reach 50%. A correlation plot of the position of the zeros of S4 , S5 , S6s with B(b → sγ)
is seen in Fig. 1. In the MFVMSSM, the Scalar operators can have interesting effects, as
the observable S6c is only non-zero in the presence of such operators. The current bounds on
these operators come from the branching ratio of Bs → µ+ µ− , as seen in Fig. 5 we show the
correlation between S6c and BR(Bs → µ+ µ− ).
In the FBMSSM, the Wilson coefficient C7 may be complex due to the additional CP
violating phases introduced in the trilinear couplings. This has interesting consequences,
as the bound on C7 from b → sγ weakened, as there is a cancellation between real and
imaginary contributions. Therefore
when we plot the correlation between the position of the
p
zeros of S4 , S5 , S6s with B(b → sγ) in Fig. 3, there is seen to be more freedom than in
Fig. 1, and in some cases the zero can even vanish.
The GMSSM differs from other MSSM models considered, as a large complex C7′ can be
generated via down squark gluino loops. We choose to concentrate on how this affects the
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≃ 0.44.
(i)

observables, and find sizeable effects in S4/5/6 , A7/8 , and uniquely in S3 /A9 , seen in Fig. 5.
We conclude that B → K ∗ µ+ µ− will play a key role in the search for beyond the Standard
Model effects. In particular it can shed light on any additional operators or CP violation,
and on non-standard flavour structure. Studies are currently ongoing at LHCb to determine
experimental sensitivity to these observables 19 .
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B PHYSICS RESULTS FROM THE TEVATRON: LIFETIMES AND RARE
DECAYS
JONATHAN LEWIS
Fermi National Accelerator Laboratory
Batavia, IL 60510, USA

√
With data samples of up to 2 fb−1 of pp̄ interactions at s = 1960 GeV, the CDF and DØ
experiments are beginning to make precision measurements of the lifetime of bottom hadrons
not produced in e+ e− colliders operating at the Υ(4S) and set limits on the branching ratios
of many decay modes that are predicted to be rare or forbidden under the standard model.
Both sets of measurements are providing limits on physics beyond the standard model.

1

Introduction

As systems of a heavy quark and a light anti-quark or diquark, bottom hadrons are unique in the
ability of theory to predict many of their properties. In Heavy-Quark Effective Theory1 (HQET),
the light degrees of freedom decouple from the heavy-quark decay processes. Thus it is possible
to make predictions of total and partial decay widths without a detailed understanding of the
“brown muck” that binds quarks to form hadrons. Furthermore, b hadron decays are dominated
by spectator decays in which the heavy quarks decay without interacting with the light quarks.
The total width of B + mesons is expected to be slightly less than that of B 0 and Bs0 as a result
of destructive interference between the two dominant spectator diagrams in the former and the
availability of the W -exchange process in the latter two. The width of Λ b and other b baryons is
expected to be yet greater because of the lack of helicity suppression in “internal W ” spectator
decays. The predicted2 relationships are:
τ (B + ) = (1.06 ± 0.02) · τ (B 0 )
τ (Bs0 )
τ (Λ0b )

(1)

0

(2)

0

(3)

= (1.01 ± 0.01) · τ (B )
= (0.85 ± 0.05) · τ (B )

Given precise predictions of lifetimes and branching fractions, deviations provide indication of
new physics. Measurements of B lifetimes that are significantly shorter than predictions would
indicate that additional processes—perhaps beyond the standard model (SM)—participate in
the decays. Similarly, for rare decays of order 10 8 or less with final states that cannot be
reached by tree-level diagrams in the SM, branching ratios significantly greater than predicted
would indicate the presence of new physics.
B physics at the Tevatron benefits from large signals—the b hadron cross section for the
central region of order 100 µb—but must contend with large backgrounds arising from a total
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cross section of about 50 mb. The key to collecting events it is a trigger with good background
rejection and high efficiency. Three signatures are used.
• Dimuons are extremely clean, especially in events that contain a J/ψ → µ + µ
However, product branching ratios are typically of order 10 5 .

decay.

• Single muon triggers attempt to collect events from semileptonic decays. These samples
are less pure, and lifetime measurement precision suffers from the missing momentum of
the unreconstructed neutrino.
• CDF uses a fast processor system (SVT) to find pairs of tracks that are displaced from
the beamline, a characteristic of decay products of the long-lived b hadrons. This sample
has large yields of fully reconstructed events. The only drawback for the measurement of
lifetimes is that it is necessary to account for the sculpting by the trigger of the decaylength distribution.
2

Lifetimes

2.1

Λb

CDF has measured3 the lifetime of the lightest bottom baryon in a 1.1 fb 1 data sample using
the decay modea Λb → Λc π + , Λc → pK π + and an SVT-based trigger selection that requires
two charged particle tracks with impact parameters 120µm < d 0 < 1mm and opening angle
2◦ < ∆φ < 90◦ with an intersection distance from the beamline L xy > 200µm and kinematic
cuts that vary according to running conditions. In order to determine the effect of the trigger
on the decay-length distribution, the Monte Carlo simulation has been carefully tuned to match
kinematic distributions in the data. The efficiency as a function of the proper decay distance is
shown in Fig. 1. The event sample includes backgrounds from other bottom hadron decays as
well as random combinations. The composition of the sample is determined by fitting the candidate mass distribution using template distributions for each component found from simulations.
a

Unless explicitly stated otherwise, charge-conjugate modes are included in all decays modes discussed here.
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The signal yield is 2927 ± 58 events. The lifetime is fit from the proper decay-length ct distribution with components for the signal and the backgrounds. The background distributions are
determined from simulations. The signal probability distribution function (PDF) is a convolution of an exponential, the ct resolution PDF, and the trigger efficiency distribution. The result
of the fit is shown in Fig. 2. The mean decay length is found to be cτ = 422.8 ± 13.3 ± 8.8µm
where the systematic uncertainty is dominated by the trigger modeling. This result is as good as
the previous world average4 of 414.6± 14.7µm. While the new result is quite similar to the previous average, that average was dominated by results from CDF and DØ that had poor agreement
among themselves. The ratio of lifetimes τ (Λ b )/τ (B 0 ) = 0.922 ± 0.039 is quite consistent with
theoretical expectations.
2.2

Bs0

CDF has measured the Bs lifetime5 in a 1.3 fb 1 track-trigger sample using a similar method
to that of the Λb . The sample includes ∼ 1100 fully reconstructed events in the decay B s0 →
Ds π + , Ds → φπ and ∼ 2200 partially reconstructed events in the modes B s0 → Ds∗ π + and
Bs0 → Ds ρ+ where the photon (π 0 ) from the Ds∗ (ρ+ ) decay is not detected. The mean decay
length is cτ = 455.0 ± 12.2 ± 8.2µm.
DØ has measured the lifetime6 using the semileptonic decays Bs0 → Ds µ+ X, Ds → φπ
in a 0.4 fb 1 data sample. The measurement must account for missing neutrino momentum.
The quantity pT (Ds µ)/pT (Bs ) is known as the K-factor, where p T is the component of momentum perpendicular to the beamline. The signal PDF is a convolution of an exponential,
the K-factor distribution found in simulations, and a resolution function. The background
PDF includes Gaussian and exponential terms. The fit actually uses the pseudo proper decay
length m(Ds µ)Lxy /pT (Ds µ). The result of the fit is shown in Fig. 3. The measured lifetime is
cτ = 419.1 ± 13.2+8.4
7.5 µm where the systematic uncertainty is dominated by the background and
resolution models and the K-factor distribution.
As a result of mixing, the flavor eigenstates B s0 and B̄s0 are not mass eigenstates. Rather,
they are the CP -even and CP -odd superpositions of the flavor eigenstates. By measuring the
decay amplitudes of Bs0 → J/ψ φ, φ → K + K decays in the transversity basis,7 it is possible
to measure the separate lifetimes of the CP -even and CP -odd components. A description of
the extraction of the amplitudes and measurement of the lifetime difference ∆Γ s can be found
elsewhere in these Proceedings.8 Both CDF9 and DØ10 have measured the mean lifetime in their
analyses. DØ finds cτ = 445.8 ± 18.0 ± 8.4µm while CDF finds cτ = 459 ± 12 ± 3µm. The

mean lifetime is insensitive to the value of ∆Γ s . Varying ∆Γs in the fit within the allowed range
changes the value of cτ by much less than its statistical uncertainty.
2.3

Bc

CDF in a 1 fb 1 sample11 and DØ in a 1.3 fb 1 sample12 have both measured the lifetime of
the Bc meson in the decay mode Bc+ → J/ψ ℓ+ X, J/ψ → µ+ µ using similar techniques to
those for the DØ measurement of the Bs lifetime in the semileptonic channel described above.
The CDF measurement includes both the J/ψ e and J/ψ µ channels, while DØ uses only J/ψ µ
but benefits from substantially larger muon detector acceptance. The B c measurement has the
added complexity of a signal with a short lifetime that must be distinguished from both prompt
backgrounds and those from light B meson decays. Fig. 4 shows the pseudo proper decay length
distribution from DØ including the results of the fit with the signal and background distributions.
+0.038
CDF finds a mean lifetime τ = 0.475+0.053
0.049 ±0.018 ps, and DØ measures τ = 0.448 0.036 ±0.032 ps.
The naı̈ve mean of these two measurements is 0.460 ± 0.036 ps which agrees well with the
expectation for the Bc width Γ(Bc ) ≃ Γ(b) + Γ(c). With this 8% uncertainty, measurements of
this heaviest of mesons are reaching a high level of precision.
3
3.1

Rare Decays
Bs → µ+ µ

Flavor-changing neutral currents are forbidden in the SM at tree level. However, they can occur
via diagrams with heavy particles in loops. Thus, measuring a branching ratio significantly
greater than the SM prediction13 B(Bs → µ+ µ ) = 3.5 ± 0.5 × 10 9 would be a strong indication
of the existence of new physics. The same is true for B d → µ+ µ ; however, in the latter
case, the decay rate is suppressed by a CKM factor |V td /Vts |2 giving a value of order 10 10 .
The two Tevatron experiments use similar techniques. B → µµ candidates are separated from
background using a multivariate selection including kinematic, vertex quality and displacement
and isolation quantities. DØ uses a likelihood ratio,14 while CDF uses a neural network (NN).15
Both normalize to the branching ratio B + → J/ψ K + , J/ψ → µ+ µ which has been measured4
precisely at e+ e B factories and which has the two muons and other properties similar to the
signal mode so systematic uncertainties cancel. Selecting on the dimuon mass, DØ finds three
candidates in the signal region in a 2 fb 1 sample, and after estimating backgrounds from the
mass sidebands, find a 95% confidence level limit B(B s → µ+ µ ) < 9.8×10 8 . CDF constructs a
signal region in the two-dimension distribution of µµ mass and NN output. The mass resolution
is sufficient to construct distinct regions for B s and Bd . In a 2 fb 1 sample, the CDF 95% CL
upper limit for Bs is 5.8 × 10 8 and for Bd is 1.5 × 10 8 . Each of these is a world’s best limit.
Results from both experiments should improve substantially in the near future. Each experiment now has accumulated 5 fb 1 . In addition to the simple statistical scaling, the larger
data set also allows the development of tighter selections, reducing the background. DØ also has
improved sensitivity resulting from detector improvements that were included only for the last
part of the data used in the measurement described above. Therefore, by the end of Run II, one
may expect a combined limit from the two groups of order 10 8 . While the current measurement
is just starting to exclude new physics scenarios, a limit of 10 8 would be quite restrictive. For
example, it would exclude nearly all of the allowed region16 for mSUGRA with tan β = 50.
3.2

Bd,s → e± µ∓

The charged-lepton flavor-violating decay B → eµ is essentially forbidden in the SM. However,
it can be allowed in various models of supersymetry, extra dimensions, or leptoquarks. CDF has
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searched17 for this decay in the first 2 fb 1 of Run II using the SVT track-trigger data sample
with stringent lepton identification, candidate isolation, and decay vertex requirements. There
is one candidates in the mass range consistent with a B s meson and two consistent with Bd .
The expected combinatorial background is less than one event for each. Using the yield of
Bd0 → K + π found in the same sample with similar selections (except for lepton identification)
as a reference, the 95% CL limits are B(B s0 → e± µ∓ ) < 2.6 × 10 7 and B(Bd0 → e± µ∓ ) <
7.9 × 10 8 These limits can be interpreted a limits on the mass of Pati-Salam leptoquarks18 as
MLQ > 44 TeV/c2 and MLQ > 55 TeV/c2 , respectively.
3.3

Λ0b → pK , pπ

In a 1 fb 1 two-track trigger sample, CDF has studied charmless, two-body Λ b decays,19 measuring
both branching ratios and CP asymmetries. The trigger selection is somewhat different from
the multibody case used for the lifetime measurement, requiring two charged particle tracks with
impact parameters 100µm < d0 < 1mm and opening angle 20◦ < ∆φ < 135◦ with an intersection
distance from the beamline Lxy > 200µm and kinematic cuts that vary according to running
conditions. Furthermore, the impact parameter of trajectory of the two-track combination must
within 140 µm of the beamline. In the analysis, the sample is purified with requirements on
kinematic quantities, decay vertex reconstruction and pointing, and candidate isolation. In
addition to the desired Λ0b → pK or pπ signal and combinatorial background, the sample
includes real two-body Bd,s → π + π , K ∓ π ± , and K + K decays.
The mass of the two-particle combinations are found with the pion mass assigned to both
tracks. Pairs with a mass 5.0 < mππ < 5.8 GeV/c2 are retained for further analysis. The yields
of the various decay modes are found using a likelihood fit that includes the pair mass, the signed
momentum imbalance of the pair, and the measured ionization (dE/dx) of the two tracks. The
momentum imbalance is defined as α = (1 − p 1 /p2 )q1 where p1 (p2 ) is the momentum of the
particle with lower (higher) momentum and q 1 is the charge of the lower momentum particle.
This quantity helps to discriminate which of the decay products are not pions and in separating
protons and anti-protons which is key to determining the CP asymmetry. The projection of
the fit on the ππ mass axis is shown in Fig. 5. The figure includes only the high-side tail of
interest for the Λb . The branching ratio is found by normalizing to the well-measured4 mode

B 0 → K π + . The measured branching ratios are B(Λ 0b → pπ ) = 3.5 ± 0.6 ± 0.9 × 10 6 and
B(Λ0b → pK ) = 5.6 ± 0.8 ± 1.5 × 10 6 where the fragmentation fraction f Λ /fd taken from LEP
data4 has been used. If the value measured in a CDF analysis20 is used, the results are about a
factor of 2 lower. This result excludes some MSSM models21 that predict values of order 10 4
Because of the large difference between the proton and kaon or pion masses, the momentum
imbalance distinguishes on a statistical basis between Λ 0b → ph and Λ̄0b → p̄h+ decays where
h refers to a pion or kaon. By measuring the separate particle and anti-particle yields, it is
possible to determine the asymmetry:
ACP (Λ0b → ph ) ≡

B(Λ0b → ph ) − B(Λ̄0b → p̄h+ )
.
B(Λ0b → ph ) + B(Λ̄0b → p̄h+ )

(4)

CDF finds ACP (Λ0b → pπ ) = 0.03 ± 0.17 ± 0.05 and ACP (Λ0b → pK ) = 0.37 ± 0.17 ± 0.03.
These results are consistent with SM predictions of ∼ 0.3.
4

Conclusions

With versatile detectors and large datasets, CDF and DØ have begun to make precision measurements of the properties of Bs , Bc , and Λb particles. These results exclude many possible
models for physics beyond the standard model. The results presented at this meeting were based
on samples of 1-2 fb 1 . CDF and DØ each have samples of of about 5 fb 1 already collected and
continue to accumulate about 50 pb 1 per week, so much more stringent results can be expected
in the near future.
References
1. S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985); N. Isgur, D. Scora, B. Grinstein,
and M.B. Wise, Phys. Rev. D 39, 799 (1989).
2. C. Tarantino, Nucl. Phys. Proc. Suppl. 156, 33 (2006).
3. CDF Note 9408, http://www-cdf.fnal.gov/physics/new/bottom/bottom.html.
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HOT TOPICS FROM BELLE, B TO τ DECAYS
A.BOŻEK
Institute of Nuclear Physics PAN,
31-342 Kraków, Poland

We report the results of studies of B decays to τ mesons, such as B → τ ν, and B → D∗ τ ν.
The analysis uses a large data sample collected at the Υ(4S) resonance with the Belle detector
at the KEKB asymmetric energy e+ e− collider. Talk presented for the Belle Collaboration.

1

Introduction

B decays to τ mesons represent a broad class of processes that can provide interesting tests of the
Standard Model (SM) and its extensions. Difficulties related to multiple neutrinos in the final
states mean that there is little experimental information about decays of this type. At B-factories
B decays to multi-neutrino final states can be observed via the recoil of accompanying B meson
(Btag ). The Btag can be reconstructed inclusively from all the particles that remain after selecting
Bsig candidates or exclusively in several, mostly hadronic decay modes. Reconstruction of Btag
strongly suppresses the combinatorial and continuum backgrounds and provides kinematical
constraints on the signal meson (Bsig ).
In this report, we present the results of studies of two types of B to τ decays: B 0/+ →
∗−/0
D
τ + ντ1 and B + → τ + ντ 3,4 .a These analyses are based on a data samples of 492 fb−1 , 414
−1
fb for B + → τ + ντ hadronic tagging and 605 fb−1 for semileptonic tagging decays recorded
at the Υ(4S) resonance with the Belle detector 6 at the KEKB collider 7 . It corresponds to
535 × 106 , 449 × 106 and 657 × 106 B B̄ pairs respectively.
a

Charge conjugate modes are implied throughout this report unless otherwise stated.

2

B → D(∗) τ + ντ

B meson decays with b → cτ ντ transitions, due to the large mass of the τ lepton, are sensitive
probes of models with extended Higgs sectors 8 and provide observables sensitive to new physics,
such as polarizations, which cannot be accessed in other semileptonic decays.
2.1

Tag-side Reconstruction

The Btag candidates are reconstructed in the following decay modes: B + → D(∗)0 π + , D(∗)0 ρ+ ,
(∗)0 D (∗)+ , and B 0 → D (∗)− π + , D (∗)− ρ+ , D (∗)− a+ , D (∗)− D (∗)+ . Candidate ρ+ and
D(∗)0 a+
s
s
1, D
1
ρ0 mesons are reconstructed in the decay modes π + π 0 and π + π − . Then a+
1 candidates are
selected by combining a ρ0 candidate and a pion. The D meson candidates are reconstructed in
the following decay modes: D0 → K + π − , K + π − π 0 , K + π − π + π − , KS0 π 0 , KS0 π − π + , KS0 π − π + π 0 ,
K − K + , and D− → K + π − π − , K + π − π − π 0 , KS0 π − , KS0 π − π 0 , KS0 π + π − π − ,K + K − π + , Ds+ →
KS0 K + , K + K − π + . The D candidates are required to have an invariant mass mD within 4 − 5σ
(σ is the mass resolution) of the nominal D mass value depending on the mode. D∗ mesons are
reconstructed as D∗+ → D0 π + , D+ π 0 , D∗0 → D0 π 0 , D0 γ, and Ds∗+ → Ds+ γ. D∗ candidates
from modes that include a pion are required to have a mass difference ∆m = mDπ − mD
within ±5MeV/c2 of its nominal value. For the decays with a photon, we require that the mass
difference ∆m = mDγ − mD be within ±20MeV/c2 of the nominal value.
q

2
− p2B
The selection of Btag candidates is based on the beam-constrained mass Mbc ≡ Ebeam
and the energy difference ∆E ≡ EB − Ebeam . Here, EB and pB are the reconstructed energy
and momentum of the Btag candidate in the e+ e− center-of-mass (CM) system, and Ebeam is
the beam energy in the CM frame. The background from jet-like continuum events (e+ e− →
qq, q = u, d, s, c) is suppressed on the basis of event topology: we require the normalized second
Fox-Wolfram moment (R2 ) to be smaller than 0.5, and | cos θth | < 0.8, where θth is the angle
between the thrust axis of the B candidate and that of the remaining tracks in an event. The
latter requirement is not applied to B + → D0 π + , D∗0 (→ D0 π 0 )π + and B 0 → D∗− (→ D0 π − )π +
decays, where this background is smaller. The selection criteria for Btag are defined as 5.27 <
Mbc < 5.29 GeV/c2 and −80 MeV < ∆E < 60 MeV. If an event has multiple Btag candidates,
we choose the one having the smallest χ2 based on deviations from the nominal values of ∆E,
the D candidate mass, and the D∗ − D mass difference if applicable. We estimate the number
of B events (and their purity) in the selected region to be (10.11 ± 0.03) × 105 (Purity = 0.58)
for B + and (6.05 ± 0.03) × 105 (Purity = 0.51) for B 0 .

2.2

Signal-side Reconstruction

In the events where a Btag is reconstructed, we search for decays of Bsig into a D(∗) , τ and a
neutrino. The τ lepton is identified in the leptonic decay modes, µ− νν and e− νν. We require
that the charge/flavor of the τ daughter particles and the D meson are consistent with the Bsig
flavor, opposite to the Btag flavor. Loss of the signal due to B 0 − B 0 mixing is estimated by the
MC simulation.
The decay modes used for D reconstruction are slightly different from those used for the tagging side: D0 → K + π − , K + π − π 0 , K + π − π + π − , K + π − π + π − π 0 , KS0 π 0 , KS0 π − π + , KS0 π − π + π 0 ,
and D− → K + π − π − , K + π − π − π 0 , KS0 π − . The D candidates are required to have an invariant
mass mD within 5σ of the nominal D mass value. D∗ mesons are reconstructed using the same
decay modes as for the tagging side: D∗+ → D0 π + , D+ π 0 , and D∗0 → D0 π 0 , D0 γ. D∗ candidates are required to have a mass difference ∆m = mDπ(γ) − mD within 5σ of the nominal
value.
For signal selection, we use the following variables that characterize the signal decay: the
2 ), the momentum (in c.m.s.) of the τ daughter leptons
missing mass square in the event (Mmis

ECL ). ECL clusters with energy greater than 50MeV
(Pτ →X ), and extra energy in the ECL (Eextra
in the barrel, and 100 (150)MeV in the forward (backward) end-cap ECL are used to calculate
2
ECL . The missing mass square is calculated as M 2 = (E
~
~
Eextra
Btag − ED − Eτ →X ) − (PBtag − PD −
mis
P~τ →X )2 , using the energy and momenta of the Btag , the D candidate and the lepton from the
2 due to the presence of more than two
τ decay. The signal decay is characterized by large Mmis
neutrinos in the final state. The lepton momentum (Pτ →X , X = e± , µ± ) distribute lower than
ECL ) is the sum of the energy
those from the primary B decays. The extra energy in the ECL (Eextra
of photons that are not associated with either the Btag or the Bsig reconstruction. For signal
ECL must be either zero or a small value arising from beam background hits, therefore,
events, Eextra
ECL . On the other hand background events are distributed toward
signal events peak at low Eextra
ECL due to the contribution from additional neutral clusters. We also require that the
higher Eextra
event has no extra charged tracks and no π 0 candidate other than the daughter track candidates
from the signal decay and those used in the Btag reconstruction.
The B → Dτ ν and B → D∗ τ ν signals are extracted using unbinned extended maximum
2 , E ECL ) distributions obtained after the selection of
likelihood fits to the two-dimensional (Mmis
extra
the signal decays. The fit components are two signal modes; B → Dτ ν and B → D∗ τ ν, and the
backgrounds from B → Dℓν, B → D∗ ℓν and other processes. The likelihood is constructed as,

e

−

L=
where

P

j

N!

Nj Y
N

F (x1i , x2i )

,

(1)

i=1

F (x1 , x2 ) = NDτ ν fDτ ν (x1 , x2 ) + ND∗ τ ν fD∗ τ ν (x1 , x2 )
+ NDℓν fDℓν (x1 , x2 ) + ND∗ ℓν fD∗ ℓν (x1 , x2 )
.
+ Nother fother (x1 , x2 )

(2)

Here Nj and fj (x1 , x2 ) represent the number of events and the two-dimensional probability
2
ECL (x2 ), respectively, for the
distribution function (PDF) as a function of Mmis
(x1 ) and Eextra
0
∗−
+
process j. As for the fitting to the B → D τ ν distribution, the Dτ ν cross feed (fDτ ν ) and
Dℓν background (fDτ ν ) are not included, because their contribution are found to be small. The
2 (GeV2 /c4 ) < 8, 0 < E ECL (GeV) < 1.2) for all the four signal
fit region is defined by (−2 < Mmis
extra
modes.
The two-dimensional PDF’s for D(∗) τ ν and D(∗) ℓν processes are created by taking the
2 and E ECL for
product of one-dimensional PDF for each variable, as correlation between Mmis
extra
these processes are found to be small in the MC simulation. The one-dimensional PDF’s for
2 (f (x1 )) are modeled by asymmetric Gaussian or double Gaussian distributions, whereas
Mmis
j
ECL (f (x2 )) are made using the histograms obtained by the MC simulation. The
the PDF’s for Eextra
j
PDF for the other background processes (fother ) is made by using the two-dimensional histograms
obtained by the MC simulation, since correlation between the two variables is significant for these
background processes, which mainly come from hadronic B decays.
We fit the distributions for the B 0 and B + tags separately. The cross talk between the
two tags is found to be small. Then for each B 0 and B + tag, we fit simultaneously the two
distributions for the Dτ ν and D∗ τ ν.
We present a relative measurement; we extract the yields of both the signal mode B →
(∗)
D τ + ν and the normalization mode B → D( (∗))ℓ+ ν to deduce the four ratios,
R(D0 ) ≡ B(B + → D0 τ + ν)/B(B + → D0 ℓ+ ν)
+

∗0 +

−

0

− +

∗−

0

∗− +

+

∗0 +

R(D ) ≡ B(B → D τ ν)/B(B → D ℓ ν)
∗0

0

− +

R(D ) ≡ B(B → D τ ν)/B(B → D ℓ ν)

R(D

) ≡ B(B → D

0

τ ν)/B(B → D

∗− +

ℓ ν).

(3)
(4)
(5)
(6)

Figure 1: Fit results for B + → D0 τ + ν (top) and
2
ECL
B + → D∗0 τ + ν (bottom). The Mmis
(left) and Eextra
(right) distributions are shown with the signal selection cut on the other variable.

Figure 2: Fit results for B 0 → D− τ + ν (top) and B 0 →
2
ECL
(left) and Eextra
(right)
D∗− τ + ν (bottom). The Mmis
distributions are shown with the signal selection cut on
the other variable.

Figure 1 and 2 show the fit results for B + → D(∗) τ ν and B 0 → D(∗) τ ν, respectively.
With the systematic errors the results for the four ratios are obtained as,
R(D0 ) = 0.70
R(D ) = 0.47
∗0

R(D ) = 0.48
−

R(D

∗−

) = 0.48

+0.19
−0.18
+0.11
−0.10
+0.22
−0.19
+0.14
−0.12

+0.11
−0.09
+0.06
−0.07
+0.06
−0.05
+0.06
−0.04

(7)
(8)
(9)
,

(10)

where the first error is the statistical and the second error is the systematic. With the systematic
uncertainty for the yields convolved in the likelihood, the significance of the excess are found to
be 3.8, 3.9, 2.6 and 4.7 for B → D0 τ + ν, D∗0 τ + ν, D− τ + ν and D∗− τ + ν, respectively.
Using the branching fractions for the B → D∗ ℓν normalization decays, reported in 5 :
B(B + → Dℓν) = (2.15±0.22)%, B(B + → D∗ ℓν) = (6.5±0.5)%, B(B 0 → Dℓν) = (2.12±0.20)%,
and B(B 0 → D∗ ℓν) = (5.33 ± 0.20)%, the branching fractions for the B → D∗ τ ν decays are
obtained as,
B(B + → D0 τ + ν) = 1.51
+

∗0 +

0

− +

B(B → D

∗− +

B(B → D τ ν) = 3.04
B(B → D τ ν) = 1.01
0

τ ν) = 2.56

+0.41
−0.39
+0.69
−0.66
+0.46
−0.41
+0.75
−0.66

+0.24
−0.19
+0.40
−0.47
+0.13
−0.11
+0.31
−0.22

± 0.15 [%]

(11)

± 0.22 [%]

± 0.10 [%]

± 0.10 [%]

(12)
(13)
,

(14)

where the first error is statistical, the second is systematic, and the third is due to the branching
fraction error for the normalization mode.
2.3

B 0 → D∗− τ + ντ inclusive tag reconstruction

In 2007 the Belle collaboration reported the first observation of an exclusive decay with the
b → cτ ν̄τ transition2 . The B 0 → D∗− τ + ντ decay is observed with Btag reconstructed inclusively. The corresponding branching fraction is 2.02+0.40
−0.37 (stat) ± 0.37(syst)%, consistent with
SM expectations. The significance, after including systematic uncertainties, is 5.2σ.

3

B + → τ + ντ

The purely leptonic decay B + → τ + ντ proceeds via W-mediated annihilation in the SM. It
provides a direct determination of the product of B meson decay constant fB and the magnitude
of the Cabibbo-Kobayashi-Maskawa matrix element |Vub |. The expected branching fraction is
(1.59 ± 0.40) × 10−4 . Like the semi-taonic modes, the B + → τ + ντ decay is sensitive to non-SM
contributions from charged Higgs boson mediated amplitudes 9 .
3.1

B + → τ + ντ hadronic tag

This analysis uses a data sample of about 6.8 × 105 B B̄ events with fully reconstructed Btag
decays, selected with a purity of 55%.
In this sample, we search for decays of Bsig into a τ and a neutrino; the τ lepton is reconstructed in five decay modes: µ− ν̄µ ντ , e− ν̄e ντ , π − ντ , π − π 0 ντ and π − π + π − ντ , which taken
together correspond to 81% of all τ decays. Further requirements on the magnitude and an
angular distribution of missing momentum provide background suppression. The remaining
energy in the electromagnetic calorimeter, EECL , is the most powerfull variable for signal and
backgroung separation. It takes values around zero for signal events, while background events
are distributed toward higher EECL due to the contribution from additional neutral clusters.
The signal yield is extracted from a fit to the EECL distribution. The combined fit for
all five τ decay modes gives 17.2+5.3
−4.7 signal events. It corresponds to the branching frac+0.46
+0.56
tion (1.79−49 (stat)−0.51 (syst)) × 10−4 . The significance is 3.5σ. This result represents the
first evidence of the purely leptonic B decay. Based on this measurement and using the
current value of |Vub | 10 , the first direct determination of B decay constant was obtained:
+0.034
fB = 0.229+0.036
−0.031 (stat)−0.037 (syst) GeV.
3.2

B + → τ + ντ semileptonic tag

The measurement of the decay B − → τ − ν¯τ with a semileptonic B tagging method is based a
data sample containing 657 × 106 B B̄ pairs. The strategy adopted for this analysis is same as
in the previous measurements. We reconstruct one of the B mesons decaying semileptonically
(referred as Btag ) and compare the properties of the remaining particle(s) in the event (Bsig )
to those expected for signal and background.
We reconstruct the Btag in B − → D∗0 l− ν̄ and B − → D0 l− ν̄ decays. For D∗0 reconstruction,
we use D∗0 → D0 π 0 and D0 γ decays. D0 mesons are reconstructed in K − π + , K − π + π 0 and
K − pi+ π − π + . For Bsig , we use τ - decays to only one charged particle and neutrinos: τ − →
l− ν̄l ντ and τ − → π − ντ . We require that no charged particle or π 0 remain in the event after
removing the particles from the Btag and Bsig candidates.
We select Btag candidates using the lepton momentum Pl∗ and the cosine of the angle between
the direction of the Btag momentum and the direction of the momentum sum of the D(∗)0 and
the lepton cosθB−D(∗)l . This angle is calculated using cosθB−D(∗)l = (2Ebeam ED(∗)l − m2 −
m2D(∗)l )/(2PB × PD(∗)l ), where ED(∗)l , PD(∗)l and MD(∗)l are the energy sum, momentum sum and
invariant mass of the D(∗)0 and lepton.
For the signal side track, we require the momentum Pτ →X to be in the region consistent with
a B → τ ν decay. The selection criteria for Btag and Bsig are optimized for each of the τ decay
modes, because the background levels and the background components are mode-dependent.
The signal yield is extracted from a fit to the EECL distribution (Figure 3).We see a clear
excess of signal events in the region near EECL ∼ 0. We obtain the signal yield to be ns = 154+36
−35 .
+0.38
+0.35
−4
We measure the branching fraction to be (1.65−0.37 (stat)−0.37 (syst)) × 10 with a significance of 3.8 standard deviations including systematics. We confirm the evidence based on
measurement with B B̄ pair events tagged by hadronic B decays. Using the measured branching

Figure 3: EECL distribution of semileptonic tagged events with the fit for B + → τ + ντ decay. The points with error
bars are data. The hatched histogram and solid open histogram are the background and the signal, respectively.

fraction and known values of GF , mB , mτ and τB11 , the product of the B meson decay constant
fB and the magnitude of the Cabibbo-Kobayashi-Maskawa matrix element |Vub | is determined
−4 GeV. The measured branching fraction is consistent with
to be fB |Vub | = (9.7 ± 1.1+1.0
−1.1 ) × 10
the SM expectation from other experimental constraints12 .
4

Summary

The studies of B decays to τ at Belle brought significant advances in this field, providing the first
evidence of the purely leptonic B + → τ + ντ mode and the first observation of an exclusive semitauonic B decay in the B 0 → D∗− τ + ντ channel.We have measured the B semileptonic decays to
the τ channel, by fully reconstructing hadronic decays of the accompanying B meson. We have
extracted the signals for the four decays modes, B + → D0 τ + ν, B + → D∗0 τ + ν, B 0 → D− τ + ν,
and B 0 → D∗− τ + ν, and deduced the branching fractions. The obtained branching fractions are
consistent within errors to the earlier Belle result2 , and BaBar results for the four signal modes13 .
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RARE DECAYS AT B FACTORIES
ELISABETTA BARACCHINI
Department of Physics and Astronomy, 4129 Frederick Reines Hall, University of California, Irvine,
CA 92697, USAa .

Abstract
We will present a review of the most interesting results on rare B decays from the B
Factories, based on the data collected by the BaBar 1 and Belle 2 detectors at asymmetric
e+ e− colliders at the center of mass energy of the Υ(4S) resonance.
1

Introduction

Rare B decays have always been a standard probe for New Physics (NP) searches as they
offer a prolific ground where to look for deviations from the SM expectation. The very
low SM rate of these decays often make them unaccessible with the present experimental
datasets, unless NP effects enhance the rate up to the current experimental sensitivity. In
this view, if a suppressed decay is observed, clear sign of NP can be claimed. On the other
hand, if an upper limit (UL) is set, it can constraint NP scenarios. B Factories provide an
unique environment where to investigate these processes. The high number of B mesons
pairs produced often allows to approach the needed experimental sensitivity. Moreover, the
clean environment and the closed kinematic of the initial state enable to obtain a very pure
sample where to look for these decays.
In this work we are going to present a review of results from both BaBar and Belle
collaboration on the B meson decays B → h(∗) ν ν̄, B + → l+ νl , B 0 J/ψφ and B + →
K − π + π − /K + K − π − b .
a
b
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2

Analyses Overview

The analyses presented in this work exploit different reconstruction techniques, depending on
the particles present in the final state. In the decays B 0 J/ψφ and B + → K − π + π − /K + K − π −
all particles decaying from the signal B are detectable, and thus a full kinematic reconstruction of the event is possible. On the other hand, B + → l+ νl and B → h(∗) ν ν̄ decays possess
one or more neutrinos in the final state, which clearly can not be detected. This particular
characteristic calls for different analysis techniques, which allows to deal with the lack of
information regarding these particles. Typically, the closed kinematic of an e+ e− collision is
exploited to constrain through energy and four-vector conservation the B B̄ pairs, after both
particles have been reconstructed. Different approaches can be employed in the selection of
the B meson which is not decaying into the channel of interest (Btag ): a totally inclusive reconstruction is applied on the Btag , without trying to identify its decay products, whenever
the additional kinematic constraint coming from the two-body nature of the signal B (Bsig )
can be exploited, as in B + → µ+ νl and B + → e+ νl analyses. The high efficiency obtainable
with this method has as drawback a poor energy resolution. On the other hand, when more
than one neutrino is present in the event, a recoil technique is needed:first, the Btag is reconstructed in either a semileptonic Bsl → D(∗) lν or hadronic Bhad → DY (Y = π, K) system.
Then, the channel of interest is searched in the rest of the event (ROE), defined as the set
of tracks and calorimeter deposits not associated with the Btag . The recoil method allows
a very high resolution and purity, but has a low efficiency.
3
3.1

Search for b → sν ν̄ processes
Theoretical Introduction

In the SM b → sν ν̄ transitions occurs through Flavour Changing Neutral Current (FCNC)
and are therefore forbidden at tree level. As these processes occurs via one-loop box or electroweak penguin diagrams, they are expected to be highly suppressed. The expected branch−6
and B (B → Kν ν̄) = (4.5±0.7)×10−6
ing ratios (B ) are B (B → K ∗ ν ν̄) = (6.8+1.0
−1.1 )×10
3
. However, this values can be enhanced in NP scenarios, where several mechanisms can
contribute to the rate. For example, in Ref. 4 , non-standard Z 0 coupling can give rise to
an enhancement up to a factor 10. Moreover, new sources of missing energy, such as light
dark matter 5 or unparticles 6,7 , if accompanied by a K ∗ , would contribute to the total rate.
The kinematic of the decay can be described in terms of sν ν̄ = m2ν ν̄ /m2B , where mν ν̄ is the
invariant mass of the neutrinos pair and mB is the B meson mass. As NP can strongly affect
the decay in terms of sν ν̄ shape 3,7 , it is important to not rely on any theoretical model when
performing the analysis.
3.2

Analysis of B → h(∗) ν ν̄

The Belle collaboration analysis exploit the hadronic recoil technique and looks for final states
with h(∗) = K + , KS0 , K ∗0 , K ∗+ , π + , π 0 , ρ+ , ρ0 , φ, using a 492 fb−1 data sample 8 . Btag candidates are reconstructed into a charged or neutral D(∗) accompanied by a charged π or ρ or a1
(∗)
or Ds . The D− mesons are reconstructed as D− → KS0 π − , KS0 π − π 0 , KS0 π − π + π − , K + π − π −
and K + π − π − π 0 , while D̄(∗)0 as D̄(∗)0 → K + π − , K + π − π 0 , K + π − π + π − , KS0 π 0 , KS0 π + π − ,K + K −
and KS0 π − π + π 0 . The D∗− (D̄(∗)0 ) mesons are reconstructed as D̄0 π − (D̄0 π 0 and D̄0 γ) and
the Ds∗+ as Ds∗+ → Ds+ γ and Ds+ → KS0 K + and K + K − π + . No additional charged tracks
or π 0 candidates are allowed in the event and thus Bsig candidates are selected using the
variable EECL = Etot − Erec , where Etot and Erec are the total visible energy measured by
the calorimeter and the measured energy of reconstructed objects including the Btag and the
signal side h(∗) candidate, respectively.
The dominant background comes from BB decays involving a b → c transition. In order
to suppress such decays, the momentum of the h(∗) candidate in the Bsig rest frame P ∗
is required to be 1.6 GeV/c < P ∗ < 2.5 GeV/c. The cosine of the missing momentum in
the lab frame is required to lie between -0.86 and 0.95 to rejects background events where
particles are missing along the beam pipe. Given the fact that reconstruction efficiencies

Table 1: Observed number of events Nobs , expected background, Nb , reconstruction efficiencies ǫ and the UL at
90% of confidence level for B → h(∗) ν ν̄

Mode
K ∗0 ν ν̄
K ∗+ ν ν̄
K + ν ν̄
K 0 ν ν̄
π + ν ν̄
π 0 ν ν̄
ρ0 ν ν̄
ρ+ ν ν̄
φν ν̄

Nobs
7
4
10
2
33
11
21
15
1

Nb
4.2 ± 1.4
5.6 ± 1.8
20.0 ± 4.0
2.0 ± 0.9
25.9 ± 3.9
3.8 ± 1.3
11.5 ± 2.3
17.8 ± 3.2
1.9 ± 0.9

ǫ(×10−5 )
5.1 ± 0.3
5.8 ± 0.7
26.7 ± 2.9
5.0 ± 0.3
24.2 ± 2.6
12.8 ± 0.8
8.4 ± 0.5
8.5 ± 1.1
9.6 ± 1.4

UL
< 3.4 × 10−4
< 1.4 × 10−4
< 1.4 × 10−5
< 1.6 × 10−4
< 1.7 × 10−4
< 2.2 × 10−4
< 4.4 × 10−4
< 1.5 × 10−4
< 5.8 × 10−5

for the UL evaluation are estimated with MC simulation based on the SM, these two cuts
introduce a SM dependence in the analysis results. The background EECL distributions
are normalized by the number of events in the sideband region. None of the signal modes
show a significant number of signal events. The observed number of events Nobs , expected
background Nb , reconstruction efficiencies ǫ and the UL at 90% of confidence level obtained
with an extension of the Feldman-Cousins method 9,10 are shown in Tab. 1.

3.3

Analysis of B → K ∗ ν ν̄

The B → K ∗ ν ν̄ from BaBar collaboration is performed in the recoil of both hadronic (HAD)
and semileptonic (SL) system on a data sample of 413 fb−1 11 . The two different tagging
strategies provide non overlapping samples whose results can be combined as independent
measurements. The event selection starts from the Btag reconstruction: in the SL analysis, neutral D mesons are reconstructed in the K − π + , K − π + π 0 , K − π + π − π + and KS0 π + π −
modes. Charged D mesons are reconstructed in the K − π + π + and KS0 π + final states. In the
HAD analysis, the Bhad is reconstructed in Bhad → DY where Y = nπ + mK + rKS0 + qπ 0
with n + m + r + q < 6 and D is a generic charmed meson. About 1000 different decay chains
are considered. Charmed mesons are reconstructed in the same final states used in the SL
analysis, along with the additional channels D+ → K + π − π + π 0 , KS0 π + π − π + , KS0 π + π 0 . For
each reconstructed tagging B, a K ∗ is searched in the ROE and reconstructed in the K + π − ,
KS0 π + or K + π 0 mode. Considering that signal events have no additional neutral particles
produced in association with the K ∗ , one of the most discriminating variable between signal and background is, as in the Belle analysis, the extra neutral energy Eextra , the sum of
the energies of the calorimeter neutral clusters not used to reconstruct either the Bsig or
the Btag . In the SL analysis, the signal yield is extracted through a Maximum Likelihood
(ML) fit to the final Eextra distribution, after selection criteria are applied to suppress the
continuum background. In the HAD analysis, a loose selection is applied and all discriminants variables (including Eextra ) are used as inputs for a Neural Network (NN), whose
output variable N Nout is fitted to extract the number of signal events. No significant signal
is observed in the two analysis and a Bayesian approach is employed to set the UL at 90%
of confidence level. The UL from the SL analysis are B(B 0 → K ∗0 ν ν̄) < 18 ×10−5 and
B(B + → K ∗+ ν ν̄) < 9 ×10−5, the UL from the HAD analysis are B(B 0 → K ∗0 ν ν̄) < 11
×10−5 and B(B + → K ∗+ ν ν̄) < 21 ×10−5. The combined UL are B(B 0 → K ∗0 ν ν̄) < 12
×10−5, B(B + → K ∗+ ν ν̄) < 8 ×10−5 and B(B → K ∗ ν ν̄) < 8 ×10−5 .
These results are at the moment the most restrictive UL on these decay channels and are
the first completely model independent measurement.

4
4.1

Search for B + → l+ ν processes
Theoretical Introduction

In the SM the purely leptonic B decays B + → l+ ν (l = e, µ, τ ) proceed through the annihilation of the two quarks in the meson to form a virtual W boson. The branching ratio
can be cleanly calculated in the SM and is sensitive to the Cabibbo Kobayashi Maskawa
matrix element Vub and the B decay constant fB , which describes the overlap of the quark
wave functions within the meson and which is currently the major source of uncertainty in
the B calculation. Assuming τB = 1.638 ± 0.011 ps, Vub =(4.39 ± 0.33) ×10−3 determined
from inclusive charmless semileptonic B decays 12 and fB = 216±22 MeV from lattice QCD
calculation 13 , the SM estimate of B(B + → τ + νl ) is (1.59 ± 0.40) × 10−4 . Due to helicity
suppression, B + → µ+ νl and B + → e+ νl are suppressed by factors m2µ,e /m2τ with respect to
B + → τ + νl , leading to expected branching fractions of B(B + → µ+ νl ) = (5.6 ± 0.4) × 10−7
and B(B + → e+ νl ) = (1.3 ± 0.4) × 10−11 . Purely leptonic B decays are sensitive to physics
beyond the SM, where additional heavy virtual particles contribute to the annihilation processes. Charged Higgs boson effects may greatly enhance or suppress the branching fraction
in some two-Higgs-doublet models 14 . Moreover, in a SUSY scenario at large tan β, nonstandard effects in helicity-suppressed charged current interactions are potentially observm2
B(B + →l+ ν )
able, being strongly tan β-dependent and leading to 14 : B(B + →l+ νll )exp
≈ (1 − tan2 β MB2 )2 .
SM
H
These decays are also potential probes for Lepton Flavour Violation (LFV) in the ratios
e/τ
µ/τ
RB = B(B + → µ+ νl )/B(B + → τ + νl ) and RB = B(B + → µ+ νl )/B(B + → τ + νl ) 15 .
4.2

Analysis of B + → l+ νl in the SL Recoil

The B + → l+ νl analysis from the BaBar collaboration is performed in the recoil of a semileptonic system on a data sample of 418 fb−1 16 . The Btag is reconstructed in the set of semileptonic B decay mode B − → D0 l− ν̄X, where l = e, µ and X can be either nothing or a transition particle from a higher mass charm state decay, which is not reconstructed (although tags
consistent with a neutral B decay are vetoed). The D0 is reconstructed in the same modes
as in 3.3. Since τ decays before reaching active detector elements, the B + → τ + νl signal
is searched for in both leptonic and hadronic τ decay modes: τ + → e+ νe ν̄τ , µ+ νµ ν̄τ , π + ν̄τ
and π + π 0 ν̄τ . The lepton momentum in the Bsig rest frame is used to separate electrons and
muons from B + → µ+ νl or B + → e+ νl and from τ decays. Backgrounds consists primarily of B + B − events in which the Btag has been correctly reconstructed and the recoil side
contains one signal candidate track and additional particles which are not reconstructed by
the tracking detectors or calorimeter. Typically, these events contain KL0 candidates and/or
neutrinos. In addition, some excess events in data, most likely from two-photon and QED
processes which are not modeled in the MC simulation, are also seen. Multiple variables are
used to suppress backgrounds and are combined in two likelihood ratios (LHRs), which are
probability distributions designed to produce maximum separation between signal and background. Among them, two of the most powerful are the ratio of the second and the zeroth
Fox-Wolfram moment R2 19 and the cosine of the angle between the B meson momenta and
the D0 l candidate in the Υ(4S) frame. Also in this analysis, the total energy recorded in the
detector and not assigned to either the Bsig or the Btag Eextra is used to select signal decays.
The number of expected background events is estimated from the Ermextra sidebands. The
observed number of events Nobs , expected background Nb , reconstruction efficiencies ǫ and
the branching ratio B or UL at 90% of confidence level obtained with the Feldman-Cousins
method 9 are shown in Tab. 2.
Combined with the previous measurement in the HAD recoil 17 , the B + → τ + νl average
from BaBar is B(B + → τ + ν) = (1.8 ± 0.6) × 10−4 .
4.3

Inclusive Analyses of B + → l+ νl (l = e, µ)

B + → l+ νl are two-body decays, so the lepton is produced mono-energetic in the Bsig rest
frame. Thus, in inclusive analyses, the highest momentum lepton in the event is searched
and assign to the signal side, and all other charged tracks and neutral clusters in the event

Table 2: Observed number of events Nobs , expected background Nb , reconstruction efficiencies ǫ and B or UL at
90% of confidence level for B + → l+ νl

Mode
τ +ν
µ+ ν
e+ ν

Nobs
610
11
17

Nb
521 ± 31
15 ± 10
24 ± 11

ǫ(×10−4 )
10.54 ± 0.41
27.1 ± 1.2
36.9 ± 1.5

B
(1.8 ± 0.8 ± 0.1)×10−4
< 11 × 10−6 @ 90% CL
< 7.7 × 10−6 @ 90% CL

are used to reconstruct the Btag , without trying to identify the direct decay products of
the Btag . The momentum direction of the reconstructed Btag is used to boost the lepton
candidate in the Bsig rest frame and thus refine the estimate of the lepton momentum in
this frame (p∗ ). The two most significant backgrounds are B semileptonic decays involving
B → Xu,c lν transitions where the endpoint of the lepton spectrum approach that of the
signal, and non-resonant q q̄ events.
Belle analysis 18 is on a data sample of 253 fb−1 and applies tight cuts on lepton momentum in both CM frame (pCM ) and Bsig rest frame p∗ to remove B → Xu,c lν backgrounds,
and exploit the combination of modified Fox-Wolfram moments 19,20 in a Fisher discriminant
to suppress continuum events. A cut on the Btag ∆E = EB − Ebeam , where EB is the reconstructed energy of the Btag and Ebeam the beam energy in the CM frame, is applied to refine
the selection. The final selection efficiency is (2.2 ± 0.1)% for B + → µ+ νl and (2.4 ± 0.1)%
for B + → e+
νl . The yields are extracted from a ML fit to the beam-energy constrained
2
− p2B distributions, where pB is the reconstructed momentum of the
mass Mbc = Ebeam
Btag , and 4.1 ± 3.1 signal events are observed for the muon mode and -1.8 ± 3.3 for the
electron mode. The 90% confidence level for the upper limit on the branching fraction B90
B
∞
are defined by 0.9 = 0 90 L(B)dB/ 0 L(B)dB and are B (B + → µ+ νl )< 1.7 × 10−6 and B
(B + → e+ νl ) < 9.8 × 10−7
The 90% confidence level UL for the electron mode is currently the most stringent measurement available.
BaBar analysis 21 uses an integrated luminosity of 426 fb−1 and choose to combine five
different topological and kinematical variables, optimized separately for each mode, in a
Fisher discriminant for q q̄ background suppression. A cut on the Btag ∆E is applied for
the muon mode in order to remove continuum background, while two linear combination of
Btag ∆E and Btag pT are used for the electron mode in order to reject also the background
coming from two-photon events. The final selection efficiencies are (6.1 ± 0.2)% for the
muon mode and (4.7 ± 0.3)% for the electron mode. The two-body nature of the decay is
exploited by combining p∗ and pCM in a second
 Fisher discriminant, whose output pFIT is
2
− |/
pB | 2 a ML fit to extract the yields.
used in combination with the Btag mES = Ebeam
The number of observed signal events is 1.4 ± 17.2 for B + → µ+ νl and 17.9 ± 17.6 for
B + → e+ νl . The 90% confidence level ULs are evaluated with a Bayesian approach and are
B (B + → µ+ νl )< 1.0 × 10−6 and B (B + → e+ νl )< 1.9 × 10−6
The 90% confidence level UL for the muon mode is more restrictive than any previous
measurements.
5
5.1

Search for B 0 → J/ψφ decay
Theoretical Introduction

Studies of exclusive B meson decays to charmonium play an important role in exploring CP
violation 22,23 and establish the Cabibbo-Kobayashi-Maskawa picture. The decay B 0 → J/ψφ
is expected to proceed mainly via a Cabibbo-suppressed and a color-suppressed transition
(b → cc̄d) with rescattering. In B decays, effects presumably due to rescattering have been
seen in various decay processes, as B 0 → Ds− K + 24,25 , and they may play an important role
in understanding patterns of CP asymmetries in B decays to two charmless pseudoscalars 26.

5.2

Analysis of B 0 → J/ψφ

The Belle analysis of B 0 → J/ψφ decay is performed on a data sample of 605 fb−1 27 .
Candidates for B 0 → J/ψφ decays are reconstructed from the decay J/ψ → l+ l− (l = e, µ)
and φ → K + K − . B 0 are selected through the usual Mbc and ∆E variables and the signal
yield is extracted through a ML fit to the ∆E distribution.
The dominant background comes from B B̄ events with a B decays to a J/ψ, in particular
B 0 → J/ψK ∗0 (892)[→ K − π + ] and B 0/− → J/ψK1 (1270)[→ K − π + π 0/− ]. In both cases, a
pion is misidentified as a kaon, and in the latter case the other pion is missed. The former
has a peak at ∆E ∼ 0.1 GeV, while the latter has a broad peak in the negative ∆E region.
These background are taken into account into the ML fit, as well as the remaining not+3.1
peaking combinatorial background. The number of observed signal events is 4.6−2.5
with a
significance of 2.3 σ and the 90% confidence UL, extracted by a frequentistic method using
ensembles of pseudo-experiments, is B(B 0 → J/ψφ) < 9.4 ×10−7 . The UL is the most
restrictive up to date and improve of about one order of magnitude the previous result 28 .
6
6.1

¯
Search for b → qq d/qqs̄
Processes
Theoretical introduction

¯ transitions are highly suppressed in the SM: compared with the penguin (loop)
b → qq d/s̄
transition b → q q̄d/s, they are additionally suppressed by the small Cabibbo-KobayashiMaskawa matrix element factor |Vtd Vts∗ | ≃ 3×10−4, leading to a predicted branching fractions
of only O(10−14 ) and O(10−11 ), respectively 29,30 . These branching ratios can be significantly
enhanced in SM extensions as the minimal supersymmetric standard model (MSSM) with or
without conserved R parity, or models containing extra U (1) gauge bosons 30 . Observation
of the decays B − → K + π − π − and B − → K − K − π + would be clear experimental signature
for b → dds̄ and b → ssd¯ quark transitions, which have already been searched in these and
other decay modes without success yet.
6.2

Analysis of B − → K + π − π − /K − K − π +

The BaBar B − → K + π − π − /K − K − π + analysis uses 426 fb−1 of integrated luminosity 31 .
B − → K + π − π − (K − K − π + ) candidates are selected by combining a charged kaon (pion)
candidate with two charged pion (kaon), each of which has charge opposite to the kaon
(pion). In order to avoid potentially large source of background arising from B decays
mediated by the favored b → c transitions, B decays in which the pairs of daughter tracks
have invariant mass combinations in the range 1.76 < mKπ < 1.94 GeV/c2 , 2.85 < mKπ <
3.25 GeV/c2 and 3.65 < mKπ < 3.75 GeV/c2 . These vetoes remove events containing the
decays D0 → K − π + , J/ψ → l+ l− and φ(2S) → l+ l− , respectively, where the leptons in the
J/ψ and φ(2S) decays are misidentified as pions and kaons. The final selection efficiencies
are 21.6% for B − → K − π + π + and 17.8% for B − → K − K − π + . Continuum events represent
the dominant background: in order to discriminate against it, five variables, comprising
topological quantities as well as the flavour properties of the recoiling B meson and the
proper time difference between the two Bs, are combined into a NN. Residual backgrounds,
arising from decays topologically similar to the signal but with some misreconstruction, can
be divided in five categories, depending on their shape in mES and ∆E, and are taken into
account in the fit to the yield. The number of signal events is extracted through a ML fit
to mES , ∆E and the NN output N Nout and is found to be 22 ± 43 for B − → K − π + π +
and -26 ± 19 for B − → K − K − π + . A frequentistic Feldman-Cousins method is employed
to obtain the 90% confidence level UL, which are B(B − → K − π + π + ) < 7.4 ×10−7 and
B(B − → K − K − π + ) < 4.2 ×10−7 and improve of about a factor 3 previous measurements 32 .
7

Conclusions

In this work we have presented a review of the most interesting results on rare B decays at
the B Factories from BaBar and Belle experiments.

Rare decays posses high interest, as they are standard probe for NP searches, given the
low decay rate expected in the SM. Their study is complementary to the direct exploration
of the energy frontier and in some cases can access even higher energy scales. We have
seen how the improved analysis techniques and the huge integrated luminosity from both
BaBar and Belle experiments allow today to reach O(10−6 − 10−7 ) sensitivity and how, even
if only UL, the results on these decay are already able to pose interesting constraints on
various NP scenarios. Nonetheless, decays with undetectable particles in the final state will
not be measurable at the LHC and a Super Flavour Factory will be needed in order to obtain
improved measurements.
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2.4
Flavour Physics
Top quarks

Top Quark Properties at the Tevatron
Meenakshi Narain
(on behalf of the CDF and D0 collaborations)
Department of Physics, Brown University, 182 Hope Street,
Providence, RI, USA

With more than 5 fb−1 of integrated luminosity delivered to each experiment at the Tevatron,
CDF and Dzero, top quark physics has entered an era of precision measurements. An extensive
program studying the properties of the top quark is being pursued at the Tevatron. In this
report, some of the key properties: its mass, helicity and anomalous couplings at the tW b
vertex are highlighted and discussed.

1

Introduction

About 14 years ago, the CDF and Dzero experiments co-discovered the top quark. At that time
we had a handful of events, but today we have about a 1000 events or more and
At the Tevatron, top quarks are primarily produced in pairs, each decaying almost immediately to a W boson and a b quark. Top quark decays are classified according to the decay of
the W boson into hadronic(tt → bqq ′ bq ′ q), lepton+jets(tt → ℓνbbqq ′ ) and dilepton (tt → ℓνbℓνb)
decays.
Top quark candidate events in the lepton+jet sample are distinguished by the presence
of a high pT electron or muon, four or more jets, and significant missing transverse energy
from the escaping neutrino. Requiring the presence of at least one tagged b-jet greatly reduces
the backgrounds from W +jets production and multi-jet processes. Dilepton candidates have
two high pT leptons, at least two jets and significant missing energy. The most significant
backgrounds are Z+jets decays, W+jets where a jet is misidentified as a lepton and diboson
production in association with jets.
Detailed background material and references for the results presented here can be found on
the CDF and Dzero web pages 1 .
It is important to study top quark production because it presents new opportunities to test
our current understanding of the SM. Measuring the charge of the top quark helps to confirm

if the particle discovered in 1995 is in fact the weak isospin partner to the b-quark. Determining Vtb will either confirm or refute whether we live in a world with to three quark doublets.
Properties such as the mass of the top quark and its production rates have been measured and
the increasing sizes of data samples are placing real constraints on fundamental physics. Precision measurements of the top quark mass, mtop , combined with precision measurement of the
W boson mass, place constraints on observables to which the top quark contributes radiative
corrections, including the mass of the unobserved Higgs boson and extensions to the standard
model.
2

Top Quark Mass Measurement

There are two different approaches which are used to measure the mass of the top quark (mtop ).
One approach is based on fits of the data using predefined probability density functions or
templates. The templates are created from a mass estimator, for example the reconstrcuted top
quark mass, mf it , for the event determined using a kinematic fitter. Mass of the top quark is then
extracted by a fit of the probability density functions from simulated tt events and backgrounds
to the distribution of mf it for the data events. The other approach is based on computation
of an event-by-event likelihood. For each event one computes a likelihood as a function of an
assumed top quark mass. The method uses the leading-order matrix element to model the
production process and a parametrized description of hadronization and reconstruction of jets.
After integrating over all unknown quantities, one obtains per-event probabilities as a function
of hypothesized top quark mass. The final posterior probability is obtained by multiplying the
per-event probabilities. Then the mass can be extracted from the maximum of the posterior
probability.
2.1

Dilepton Channel

In this section we describe the tp quark mass measurements using dilepton events.
The Dzero experiment has analyzed data corresponding to an integrated luminosity of about
1 fb−1 , using the matrix weighting and neutrino weighting techniques to build the templates 2 . In
both techniques, one computes weight curves as a function of an assumed top quark mass for each
event. A template fit is performed to the distribution of weight curves obtained from the data to
obtain a combined measurement for the top quark mass of mtop = 174.7 ± 4.4 (stat) ± 2.0 (syst)
GeV. The systematic uncertainty for this analysis is dominated by the uncertainties in the jet
energy scale (≈ 1.6 GeV) and the event generators (≈ 0.6 GeV).
Another analysis from the Dzero experiment based on an event-by-event likelihood computation, uses the dilepton events with one electron and one muon. The advantage of using just
the eµ events is a clean top quark sample with very little background. It uses the LO matrix
element to compute event weights and measures mtop = 174.7 ± 2.9 (stat) ± 2.4(syst) GeV from
a data sample corresponding to a luminosity of 3.6 fb−1 3 . Dominant systematic uncertainty
arises from the jet energy scale corrections.
2.2

Dilepton Channel and Lepton+Jets Channel

The CDF experiment has carried out a combined measurement of the top quark mass using both
dilepton and lepton+jets events using a 3.0 fb−1 data sample and the template fit method. In
the lepton+jets channel, the mass is reconstructed by minimizing the χ2 of the over constrained
kinematic system, and the mass of the hadronically decaying W boson is used to provide an
in-situ determination of jet energy scale. In the dilepton channel, an observable m2T , defined
as the transverse mass of the two missing particle system, is used as the mass estimator to
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Figure 1: Overall two dimensional likelihood in lepton+jet data events for CDF (left) and Dzero (right) analyses.
The contours corresponding to a 1-sigma, 2-sigma, and 3-sigma uncertainty around the peak are shown.

obtain the templates. With this simultaneous measurement, a combined fit obtains mtop =
171.8 ± 1.5(stat ⊕ jes) ± 1.1(syst) GeV.
2.3

Lepton+Jets Channel

Two techniques for measuring the top quark mass in the lepton+jets channel using quantities
independent of the jet energy scale uncertainty have been pursued by the CDF experiment. One
technique exploits the correlation of the transverse decay length of b-tagged jets with the top
mass. The other method exploits the correlation of the transverse momentum of the lepton in
the same events with the top mass. The analysis is based on 2.7 fb−1 of data sample. One
generates templates for signal as a function of the top quark mass and for the background. It
leads to a measurement of mtop = 172.1 ± 7.9 (stat) ± 3.0 (syst) GeV. While the uncertainty for
jet energy scale is reduced, the uncertainty from the lepton momentum scale, Monte Carlo (MC)
generators, mis-identification backgrounds, and initial and final state radiation are dominant.
The result is still statistically limited and its precision will improve with more luminosity. This
may also help reduce the overall uncertainty when combining the top quark mass measured
using other techniques because the correlation between the results of these methods are small.
By using the matrix element analysis technique, pioneered by the Dzero experiment, both
CDF and Dzero obtain the most precise measurements of the top quark mass. Events with a
lepton+jets final state, where one of the jets is identified as a b-jet are used for the measurement.
Both experiments have analyzed about 3 fb−1 of integrated luminosity. As described earlier, one
integrates over the LO matrix element to get a likelihood for the event as a function of top quark
mass. In addition, an in-situ jet energy calibration is performed by constraining the invariant
mass of the two jets from the W → qq decay to the W boson mass. A two dimensional unbinned
likelihood fit is performed to the joint likelihood distribution as a function of top quark mass
and the jet energy scale. From this method we obtain the top quark mass to be:
mtop = 172.1 ± 0.9(stat) ± 0.7(jes) ± 1.1(syst) GeV (CDF)
mtop = 173.7 ± 0.8(stat) ± 1.6(syst ⊕ jes) GeV (Dzero)

(1)

In Figure 1, the 2D likelihoods for both the CDF and Dzero analyses are shown.
2.4

Hadronic Channel

In the all hadronic final state, the mass is reconstructed by a kinematic fitter from the leading six
jets in the event. The reconstructed mass with the smallest χ2 is chosen as the mass estimator.
The in-situ jet energy scale determination is performed for the events by constraining two jets
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Figure 2: Summary of the best measurements of the top quark mass from CDF and Dzero.

pairs to the W boson mass. The reconstructed top quark mass and the jet energy scale are then
fit with a two dimensional unbinned likelihood in order to extract a top quark mass with the
1.2
best jet energy scale measurement of mtop = 174.2 ± 2.4 (stat ⊕ jes)−1.0
(syst) GeV.
2.5

Combined Measurement

The most precise measurements in each channel from each experiment as shown in Figure 2 have
been combined into a global average 4 using the BLUE technique. This yields the top quark
mass to a precision of 0.75% (see Figure 3):
mtop = 173.1 ± 0.6 (stat) ± 1.1 (syst) GeV
.
In most of the analyses, the jet energy scale is the dominant systematic uncertainty, but
this uncertainty is expected to decrease with more data as it is measured in-situ using W → qq
decays, and therefore many analyses will still benefit from increased integrated luminosity.
This result can be combined with the current W boson mass measurement to obtain a
constraint on the SM Higgs boson (see Figure 3). With 95% C.L. the SM Higgs boson mass is
less than 163 GeV. If the excluded low mass range of the Higgs boson from LEP experiments
is included the 95% C.L. limit for the SM Higgs boson is 191 GeV. As more data are collected
during Tevatron Run II, top quark mass measurements are rapidly approaching systematic
limits. The expected uncertainty on the top quark mass with full dataset, corresponding to 8
fb−1 will be close to 1 GeV.
3

Top Quark Coupling

The high mass of the top quark raises the question whether it participates in new interactions
near the electroweak symmetry breaking scale. If the top quark plays a special role in electroweak
symmetry breaking its couplings to W bosons may differ from predictions. Modifications to top
quark interactions, in particular with weak gauge bosons, could yield the first signs of new physics
The effective Lagrangian describing the W tb interaction including operators up to dimension
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Figure 3: Effect on global electroweak fit and SM Higgs boson (left plot), and ∆χ2 curve derived from high-Q2
precision electroweak measurements, as a function of the Higgs-boson mass, assuming the SM to be the correct
theory of nature (right plot).

five is 5 :
g
g iσ µν qν Vtb L
L = − √ b̄γ µ Vtb (f1L PL + f1R PR )tWµ− − √ b̄
(f2 PL + f2R PR )tWµ− + h.c. ,
MW
2
2
where MW is the mass of the W boson, qν is its four-momentum, Vtb is the Cabibbo-KobayashiMaskawa matrix element, and PL = (1 − γ5 )/2, PR = (1 + γ5 )/2 are the left-handed and righthanded projection operators. It contains four form factors: f1L , f1R that parametrize the V − A
and V + A interactions, and f2L , f2R which reflect the strength of an anomalous weak magnetic
moment. In the SM, the coupling of W bosons to fermions is purely V − A, and therefore the
only non zero form factor is f1L . If the tW b couplings are standard, then top quarks decay to
left-handed W bosons (W− ) or to longitudinal W bosons (W0 ) in known proportions. In the
presence of non-standard couplings such as V + A, some admixture of right-handed W bosons
(W+ ) is expected.
There are two independent data samples which allow us to probe the tW b vertex. Measuring
the helicity of the W boson in tt deacys is a good probe of the tW b vertex. One can also look
for anomalous couplings in the electroweak production and decays of single top quarks. The two
measurements can be combined to fully specify the W tb vertex and provide a stringent test of
the standard model.
3.1

W boson helicity in tt events

Measurement of the W boson helicity can be performed using any leptonic top quark decay.
CDF and Dzero have analyzed both their dilepton and ℓ+jets samples to extract limits on the
W boson helicity using three sensitive variables.
• the helicity angle θ ∗ , defined as the angle between the charged lepton and the top quark
directions in the W boson rest frame,
• the transverse momentum of the lepton in the laboratory frame,
• the invariant mass, Mℓb , of the charged lepton and b−jet thought to come from the same
top quark.

If we define θ ∗ as the angle of the decay positron in the W boson rest frame, with the
polarization axis defined by the direction of the W boson in the top rest frame, then the angular
distribution of the lepton with respect to the polarization of the W boson is given by
3
3
3
w(cosθ ∗ ) = f− (1 − cosθ ∗ )2 + f0 (1 − cos2 θ ∗ ) + f+ (1 + cos(θ ∗ ))2
8
8
8
where f− , f0 and f+ are the fractions of left-handed, longitudinal, and right-handed W bosons,
respectively. In the SM f− , f0 and f+ are expected to be 0.7, 0.3 and 0, respectively.
Computation of the helicity angle requires the reconstruction of the top quark decays and
the pairing of the lepton with a jet in the event. Reconstruction of the top quark decays in
the lepton+jets channels is performed using a constraint kinematic fit to the tt hypothesis. In
the fit, MW and mt are fixed to their respective measured values. The fit is performed using
all possible jet assignments, 12 in general, six if there is a single b-tagged jet, or two if there
are two b-tagged jets. The permutation which gives the lowest χ2 is chosen. Once the event is
reconstructed, the helicity angle is computed after a boost to the rest frame of the reconstructed
W boson.
When dilepton events are used, each event has two leptons and hence contributes twice to
the measurement. Kinematic reconstruction of dilepton events is the same as for the mass measurement. Here, the presence of the two neutrinos kinematically under constrains the system.
For an assumed top quark mass, the kinematics are solved algebraically with a four-fold ambiguity in addition to the two-fold ambiguity which arises from the pairing of the lepton with the
jet. Once the detector resolution effects are folded into the measurement, an average value of
the helicity angle for each lepton is available.
Various measurements are Dzero and CDF are summarized in reference 1 . The most recent
measurement from CDF is based on lepton+jet events 6 . CDF finds f0 = 0.62 ± 0.10(stat) ±
0.05(syst) under the assumption that f+ = 0, and f+ = 0.04±0.04(stat)±0.03(syst) with f0 fixed
to the theoretically expected value of 0.70. Model-independent fits are also performed and simultaneously determine f0 = 0.66±0.16(stat)±0.05(syst) and f+ = 0.03±0.06(stat)±0.03(syst). All
these results are consistent with standard model expectations. A model-independent measurement by the Dzero collaboration 7 , based on a data sample of up to 2.7 fb−1 of candidate dilepton
and lepton+jets events finds that the fraction of longitudinal W bosons f0 = 0.490±0.106(stat)±
0.085(syst) and the fraction of right-handed W bosons f+ = 0.110 ± 0.059(stat) ± 0.052(syst),
which is consistent at the 23% C.L. with the standard model.
3.2

Anomalous W tb couplings in Single Top Quark Production

Dzero has examined the possibility of constraining the tW b vertex using single top quark events 9 .
One can constrain both the ratios and the magnitudes of the form factors described in equation
2 using single top quark production. The dominant modes for single top-quark production at
the Tevatron are the s-channel production and decay of a virtual W boson and the t-channel
exchange of a W boson. Both the cross section and the angular correlations of the final state
objects are modified in the presence of anomalous couplings. The total cross section for SM
single top-quark production is predicted to be 2.7 ± 0.3 pb if f1R = 1 and 10.4 ± 1.4 pb if f2L =1
or f2R = 1 and the other couplings vanish 8 . In these scenarios the ratio of the s− and t−channel
cross section is approximately 1:2 and 6:1, respectively. Ideally, one would like to set limits on
all four couplings f1L , f2L , f1R , and f2R simultaneously. This, however, requires more data than
are currently available. One therefore examines two couplings at a time and assumes that the
other two are negligible. Three cases are considered in which the left-handed vector coupling f1L
and any one of the three nonstandard couplings are allowed to be nonzero. These scenarios are
referred to as (L1 , L2 ), (L1 , R1 ), and (L1 , R2 ). For this analysis, one assumes that single top
quarks are produced exclusively through W boson exchange and that the W tb vertex dominates

Table 1: Measured values of the total cross section for single top production and one-dimensional limits on W tb
couplings in the three scenarios.

Scenario
(L1 , L2 )

Cross Section
+2.3
4.4−2.5
pb

(L1 , R1 )

+2.6
5.2−3.5
pb

(L1 , R2 )

+2.2
4.5−2.2
pb

|f1L |2
|f2L |2
|f1L |2
|f1R |2
|f1L |2
|f2R |2

Coupling
+0.6
= 1.4−0.5
< 0.5 at 95% C.L.
+1.0
= 1.8−1.3
< 2.5 at 95% C.L.
+0.9
= 1.4−0.8
< 0.3 at 95% C.L.

Table 2: Measured values with uncertainties and upper limits at the 95% C.L. for W tb couplings in three different
scenarios when combined with W helicity measurements.

Scenario Coupling

Coupling limit if f1L = 1

+0.57
(L1 , R1 ) |f1L |2 = 1.27−0.48
2
R
|f1R |2 < 1.01
|f1 | < 0.95
+0.60
L
2
(L1 , L2 ) |f1 | = 1.27−0.48
|f2L |2 < 0.32
|f2L |2 < 0.28
+0.55
2
L
(L1 , R2 ) |f1 | = 1.04−0.49
|f2R |2 < 0.23
|f2R |2 < 0.23

top quark production and decay. The Dzero analysis of the single top quark events using a
data sample of 0.9 fb−1 , leads to the limits on the tW B couplings in the three scenarios listed
in Table 1. The data prefer the left-handed vector coupling of the SM over the alternative
hypotheses studied. These are the first direct constraints on a general W tb interaction and the
first direct limits on left- and right-handed tensor couplings.

3.3

Combination

The two measurements of the tW b couplings, one from W helicity in tt events and the other from
single top quark events have been combined by the Dzero experiment ? . In the combination, the
results of the W helicity analysis forms input priors to single top quark anomalous couplings
analysis. The two-dimensional posterior probability density is computed as a function of |f1L |2
and |fX |2 , where fX is f1R , f2L , or f2R . these probability distributions are shown in Fig. 4.
In all three scenarios, one measures approximately zero for the anomalous coupling form
factors and the left-handed vector hypothesis is favored over the alternative hypothesis. The
95% confidence level (C.L.) upper limits on these form factors are computed by integrating
out the left-handed vector coupling form factor to get a one-dimensional posterior probability
density. The measured values are given in Table 2.
In comparison, the limits at 95% C.L. without the W helicity constraints are |f1R |2 < 1.83,
< 0.52, and |f2R |2 < 0.24. The kinematic distributions of the f1L and f1R single top quark
samples are similar enough that the single top anomalous coupling analysis in this scenario is
mainly sensitive to the total cross section. Hence, the W helicity analysis improves the |f1R |2
limit significantly. Conversely, it does not add much information to the right-tensor coupling
limit where most of the sensitivity is provided by the single top anomalous coupling analysis.
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Figure 4: W helicity prior (a, c, e) and final posterior density (b, d, f) for right- vs left-handed vector coupling
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4

Conclusion

Acknowledgments
I would like to thank the Dzero and CDF collaborators for an impressive array of results on the
top quark properties. I would also like to thank the organizers of the conference for a stimulating
week full of discussions and fun.
References
1. CDF web-page: http://www-cdf.fnal.gov/physics/new/top/public tprop.html
Dzero Web-page: http://www-d0.fnal.gov/Run2Physics/top/top public web pages/top public.html
2. The Dzero Collaboration, “ Measurement of the Top Quark Mass in Final States with
Two Leptons”, submitted to Phys. Rev. D , (); arXiv.org:0904.3195.
3. The Dzero Collaboration, “Measurement of the top quark mass in the electronmuon channel using the Matrix Element method with 3.6 fb−1 ”, http://wwwd0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T80/
4. “Combination of CDF and DØ Results on the Mass of the Top Quark”, arXiv:0903.2503;
http://tevewwg.fnal.gov/top/ and
http://lepewwg.web.cern.ch/LEPEWWG/plots/summer2008/
5. G. Kane, C.-P. Yuan, and G. Ladinsky, Phys. Rev. D 45, 124, (1992).
6. The CDF Collaboration, Phys. Lett. B 674, 160 (2009).
7. http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T69/
8. E. Boos, L. Dudko, and T. Ohl, Eur. Phys. J. C 11, 473 (1999).
9. The Dzero Collaboration, “Search for Anomalous W tb Couplings in Single Top Quark
Production”, Phys. Rev. Lett. 101, 221801 (2008).

MEASUREMENTS OF TOP PRODUCTION AND DECAY AT THE
TEVATRON
T.A. Schwarz
(on behalf of the CDF and D0 collaborations)
Fermi National Accelerator Laboratory
Batavia 60510-5011, Illinois, USA

Presented in this paper are the latest results from CDF and D0 in the study of top quark
production and decay, including measurements of the top pair cross section, searches for
resonant top production, charged Higgs production, and fourth generation top quarks. These
results were presented at the 2009 Moriond EWK conference.

1

Introduction

The top quark was discovered in 1995 by the CDF and D0 collaborations 1 2 . Over 30 times
more massive then any other quark, the top quark could play some special role in electroweak
symmetry breaking, and is an excellent probe for high energy new physics. Though few measurements of top properties outside the mass have been measured with precision, the Tevatron
has now produced over 10 times the statistics since top’s discovery. During this time, measurement techniques have advanced at a rapid pace. Now, with several f b−1 of collected data and
new advanced methods, precision measurements are a reality, allowing us to finally test the top
quark’s place in the standard model.
2
2.1

Measurements
Measurement of the Top Pair Production Cross Section

The top pair production cross section has been measured by the CDF collaboration in 2.8
f b−1 of collected data 3 4 . Two measurements have been performed: a more traditional bjet identification measurement and a topological approach. The b-jet measurement reduces
background by identifying a bottom quark from top decay using an algorithm SECVTX 5 . Secvtx
searches for a long lived b-hadron which creates a secondary vertex displaced from the primary
interaction. As opposed to b-tagging, the topological measurement uses event kinematics fed

into an artificial neural network to distinguish the top signal from background. The results are
σtt̄ = 7.1±0.4stat ±0.6syst ±0.4lumi pb for b-tagging and σtt̄ = 6.9±0.4stat ±0.4syst ±0.4lumi pb for
the topological measurement using a mass of 175 GeV/c2 . Both measurements are systematically
limited, with the dominant systematic being the uncertainty in the integrated luminosity.
To reduce the systematic uncertainty from luminosity, the top cross section can be measured
relative to the Z cross section. The Z cross section is measured using opposite-signed dilepton
events in an invariant mass range 66 GeV < Mll <116 GeV. The ratio of the top cross section
to the Z cross section is calculated. The top cross section is extracted from the ratio by multiplying by the theoretical Z cross section, effectively replacing the luminosity systematic with an
uncertainty on the theoretical Z cross section. This technique has been performed for both the
b-tagging and topological measurements. The results are σtt̄ = 7.0±0.4stat ±0.6syst ±0.1theory pb
for b-tagging and σtt̄ = 6.9 ± 0.4stat ± 0.4syst ± 0.1theory pb for the topological measurement
using a mass of 175 GeV/c2 .
2.2

Search for Resonant Top Production

Because of the relatively large mass of the top quark, it serves as an excellent probe for new
physics. The D0 collaboration has performed a direct search for new massive gauge bosons (
Z′ ) which could be contributing to top production 6 . The search is performed in the invariant
mass spectrum of the tt̄ system ( Mtt̄ ). For each event, Mtt̄ is fully reconstructed using an
algorithm that depends on the topology of the event. Narrow resonance templates are formed
from a topcolor monte carlo simulation, and fit to the data across several mass points. Limits
are placed on the mass of a new narrow resonance gauge boson, MZ ′ > 760 GeV at 95% CL 7 .
2.3

Search for Charged Higgs

New physics signals could appear in measurements focusing on the decay of the top quark. If
the top quark were to decay to an unexpected state, the relative rates of top production would
change across decay channel. The D0 collaboration has performed a search for top decay to
charged Higgs by analyzing events across three different channels: lepton + jets, dilepton, and
tau + jets 8 . Two possible models are considered in the search, models where charged Higgs
decays to a tau and neutrino, and where charged Higgs decays to a charm and strange quark.
Cross sections across the three channels are compared and limits set on the these two models in
the tanβ and mass of charged Higgs phase space.
2.4

Search for tt̄H Production

The D0 collaboration has performed a search for the production of standard model Higgs in
association with top pairs 9 . At the Tevatron, the cross section times branching ratio is very low
for this process, but this remains an interesting channel to search for deviations from the standard
model. The tt̄H signal is distinguished from background using multiple variables, including the
scalar sum of transverse energy, the total number of jets in the event, tracking parameters,
and the number of b-jets identified through a neural network identification technique. After a
likelihood fit is performed, no deviation from the standard model is observed. The observed
limit at MH = 115 GeV is 64 times larger then standard model prediction.
2.5

Search for Fourth Generation Top Quarks

The CDF collaboration has performed a direct search for a fourth generation heavy top-like
quark ( t′ ) decaying to a W -boson and quark final state. Such a fourth generation particle
exists in several new physics models such as little Higgs and beautiful mirrors 10 11 . The search

is performed by reconstructing the mass of the top from it’s decay products using kinematic
constraints. The reconstructed mass, along with the scalar sum of the transverse energy in the
detector ( HT ), are used to discriminate a t′ signal from standard model top as well as other
backgrounds. A binned 2D likelihood fit is performed, and in the absence of a signal, a limit is
placed on the mass of the t′ , Mt′ < 311GeV at 95% CL 12 .
3

Conclusion

The CDF and D0 collaborations continue towards the goal of mapping out the top quark’s place
in the standard model. With several f b−1 collected, precision top quark physics is now possible.
In this paper, it has been demonstrated that the cross section is now a precision measurement,
as well as several stringent limits have been set on new physics models. In no way does this
encompass all the results produced by the top groups at CDF and D0. More results can be
found at both groups public web sites 13 14 .
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OBSERVATION OF ELECTROWEAK SINGLE TOP QUARK PRODUCTION
AT THE TEVATRON
ENRIQUE PALENCIA
Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
We report the first observation of single top quark production using pp̄ collision data with
√
s = 1.96 TeV collected by the CDF II and D0 detectors at Fermilab. The significance of
both the observed CDF and D0 data is 5.0 standard deviations, and the expected sensitivity is
in excess of 5.9 and equal to 4.5 standard deviations, respectively. The single top production
cross section and the CKM matrix element value |Vtb | have been measured.

1

Introduction

The establishment of the presence of the electroweak production of single top quarks in pp̄
collisions is an important goal of the Tevatron program. The reasons for studying single top
quarks are compelling: the production cross section is directly proportional to the square of the
CKM matrix 1 element |Vtb |, and thus a measurement of the rate constrains fourth-generation
models, models with flavor-changing neutral currents, and other new phenomena 2 . Furthermore,
understanding single top quark production provides a solid anchor to test the analysis techniques
that are also used to search for Higgs boson production and other more speculative phenomena.
In the SM, top quarks are expected to be produced singly through t-channel or s-channel
exchange of a virtual W boson. This electroweak production of single top quarks is a really
difficult process to measure because the expected combined production cross section (σ s+t ∼
2.9 pb 3,4 ) is much smaller than those of competing background processes. Also, the presence
of only one top quark in the event provides fewer features to use in separating the signal from
background, compared with measurements of top pair production (t t̄), which was first observed
in 1995 5 .
Both the CDF and D0 collaborations have published evidence for single top quark production
at significance levels of 3.7 and 3.6 standard deviations, respectively 6,7 . This article describes
the latest analysis done using data collected with the CDF II 8 (with 3.2 fb−1 ) and D0 9 (with
2.3 fb−1 ) detectors at the Tevatron and reports observation of single top quark production 10,11 .
Since the two collaborations use similar analysis techniques, the next sections apply to both
of the analyses unless otherwise is stated.
2

Event Selection and Backgrounds

For the analyses shown here, we assume that single top quarks are produced in the s- and tchannel modes with the SM ratio, and that the branching fraction of the top quark to W b is
100% (corresponding to |Vtb | >> |Vts |, |Vtd |). For most of the analysis channels, we seek events

in which the W boson decays leptonically in order to improve the signal-to-background ratio
s/b.
6 T +jets events, where ℓ is an explicitly
The basic event selection is based on selecting ℓ+E
reconstructed electron or muon from the W boson decay. This lepton is required to be isolated
from nearby jets and to have large transverse momentum. The presence of high missing trans6 T ) and at least two energetic jets is also required. At least one of the jets has to
verse energy (E
be identified as containing a B hadron.
The background has contributions from events in which a W boson is produced in association
with one or more heavy flavor jets, events with mistakenly b-tagged light-flavor jets, multijet
events (QCD), tt̄ and diboson processes, as well as Z+jet events.
6 T +jets events, in CDF, as a function of the number of jets for
The expected number of ℓ+E
the signal and each background process is shown in Fig. 1 (left). The D0 yields for events with
2, 3 or 4 jets are shown in Fig. 1 (right). From these figures, it is clear that single top signal is
hidden under huge and uncertain backgorunds which make counting experiments impossible.

6 T +jets events as a function of the number of jets for the signal and
Figure 1: Left: Expected number of CDF ℓ+E
each background process. Right: D0 yields for events with 2, 3 and 4 jets.

3

Multivariate Analysis

To overcome these challenges, a variety of multivariate techniques for separating single top events
from the backgrounds have been developed as described below.

3.1

Likelihood Function (LF)

This technique is used only by the CDF collaboration. A projective likelihood technique 12 is
used to combine information from several input variables to optimize the separation of the single
top signal from the backgrounds. Two likelihood functions are created, one for two jet events,
and one for three jet events with 7 and 10 input variables, respectively. Some of the input
variables used are: the total scalar sum of transverse energy in the event H T , Q × η 13 , the dijet
∗ 14 and the t-channel matrix element.
mass Mjj , cosθlj
A new separate search for the single top in the s-channel is also done using this technique
(LFS). In this case, the likelihood function is optimized to be sensitive to the s-channel process.
6 T +jets sample with two b-tagged jets.
using the subset of the ℓ+E

3.2

Neural Networks (NN)

This approach employs neural networks which combine many variables into one more powerfull discriminant and have the general advantage that correlations between the discriminating
input variables are identified and utilized to optimize the separation power between signal and
background. D0 uses Bayesian NN (BNN), which average over hundreds of networks for each
analysis channel to obtain better separation.
3.3

Matrix Elements (ME)

The ME method relies on the evaluation of event probability densities for signal and background
processes based on calculations of the standard model differential cross sections 15 . We construct
these probability densities for each signal and background process for each event given their
measured quantities x by integrating the appropriate differential cross section dσ(y)/dy over the
underlying partonic quantities y, convolved with the parton distribution functions (PDFs) and
detector resolution effects.
The event probability densities are combined into an event probability discriminant: EP D =
Psignal /(Psignal + Pbackground ). To better classify signal events that contain b jets, the CDF
collaboration incorporates the output of a neural network jet-flavor separator 17 into the final
discriminant. D0 applies the NN tagging probability to each jet and weights all combinations
appropriately.
3.4

Boosted Decission Trees (BDT)

The BDT discriminant uses a decision tree method that applies binary cuts iteratively to classify
events 18 . The discrimination is further improved using a boosting algorithm 19 . The BDT
discriminant uses over 20 input variables in the case of CDF and 64 in D0. Some of the most
sensitive are the neural-network jet-flavor separator (only in CDF), the invariant mass of the
ℓνb system Mℓνb , the total scalar sum of transverse energy in the event H T , Q × η, the dijet
mass Mjj , and the transverse mass of the W boson.
6 T + jets (MJ)
3.5 E
6 T and jets, while
The MJ analysis is a new analysis in CDF designed to select events with E
6 T +jet analyses. It accepts events in which the W boson
vetoing events selected by the ℓ + E
decays into τ leptons and those in which the electron or muon fails the lepton identification
criteria.
6 T +jets analysis described
The advantage of this analysis is that it is orthogonal to the ℓ+E
above, increasing the signal acceptance by ∼30%. The disadvantage is the huge instrumental
~6 T aligned in
background due to QCD events in which mismeasured jet energies produce large E
the same direction as jets. To reduce this background, a neural network is used removing 77%
of the QCD background while keeping 91% of the signal acceptance.
Finally, the MJ discriminant uses a neural network to combine information from several
~6 T and the second
input variables. The most important variables are the invariant mass of the E
~6 T
6
leading jet, the scalar sum of the jet energies, the ET , and the azimuthal angle between the E
and the jets.
3.6

Combination

D0 combines the ME, BNN and BDT channels using a bayesian neural network. The three
discriminant outputs from each analysis channel are used as inputs to a Bayesian neural network,

obtaining a single discriminant output for each channel. As a cross-check, the Best Linear
Unbiased Estimator (BLUE) 21 is used.
CDF combines the LF, ME, NN, BDT, and LFS channels using a super-discriminant (SD)
technique. The SD method uses a neural network trained with neuro-evolution 20 to separate
the signal from the background taking as inputs the discriminant outputs of the five analyses
for each event. A simultaneous fit over the two exclusive channels, MJ and SD, is performed to
obtain the final combined results (see next Section).
6 T +jets discriminants result
For illustrative purposes, Fig. 2 shows the distributions of the ℓ+E
of the combination for CDF (left) and D0 (right).
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6 T +jets analyses
Figure 2: Left (Right): CDF (D0) discriminant output distribution of the combined analysis (ℓ+E
only in the CDF case).

4

Statistical Methods

The cross section is measured using a Bayesian binned likelihood technique 16 assuming a flat
non-negative prior in the cross section and integrating over the systematic uncertainties. The
measured cross section is quoted as the position of the peak of the posterior density distribution
and the shortest interval containing 68% of the integral of the posterior is used to set the ±1
sigma uncertainties.
The significance, in CDF, is calculated as a p-value 16 , which is the probability, assuming
single top quark production is absent, that −2 ln Q = −2 ln (p(data|s + b)/p(data|b)) is less than
that observed in the data.
D0 also measures the significance as a p-value but in a different way. An ensemble of
pseudo-datasets without signal contribution are generated and the significance is defined as the
fraction of these background-only pseudo-datasets with a cross section equal to or higher than
the measured one.
In both cases, the p-value is then converted into a number of standard deviations using the
integral of one side of a Gaussian function.

5

Cross-checks

Before investigating the sample of selected events, both collaborations check the modeling of
the distributions of each input variable and the discriminant outputs in data control samples
depleted of signal. These are the ℓ + b-tagged four-jet sample, which is enriched in t t̄ events,
and the two- and three-jet samples in which there is no b-tagged jet. The latter have high
statistics and are enriched in W +jets and QCD events with kinematics similar to the b-tagged
signal samples. The data distributions in the control samples are described well by the models.
6

Systematics

All sources of systematic uncertainty are included and correlations between normalization and
discriminant shape changes are considered. Uncertainties in the jet energy scale, b-tagging
efficiencies, background modeling, lepton identification and trigger efficiencies, the amount of
initial and final state radiation, PDFs, and factorization and renormalization scale have been
explored and incorporated in all individual analyses and the combination.
7

Results

Table 1 lists the cross sections and significances for each of the component analyses and the combination for each collaboration. The excess of signal-like events over the expected background
is interpreted as observation of single top production with a p-value of about 3.10 × 10 −7 and
2.5 × 10−7 for CDF and D0 respectively, corresponding in both cases to a signal significance of
5.0 standard deviations. The sensitivity in CDF is defined to be the median expected significance and is found to be in excess of 5.9 standard deviations. D0 defines it as the fraction of
background-only pseudo-datasets that have a measured cross section equal to or larger than the
SM predicted cross section value and the obtained value is 4.5 standard deviations.
CDF finds a value of the combined s-channel and t-channel cross sections of 2.3 +0.6
−0.5 pb
assuming a top quark mass of 175 GeV/c2 . D0 finds a value of 3.94 ± 0.88 pb assuming a top
quark mass of 170 GeV/c2 .
Since the CKM matrix element |Vtb |2 is proportional to the cross section, its value can be directly measured. From the cross section measurement at m t = 175 GeV/c2 , CDF obtains |Vtb | =
0.91±0.11(stat + syst)±0.07(theory 3 ) and a limit |Vtb | > 0.71 at the 95% C.L. D0, from the cross
section measurement at mt = 170 GeV/c2 , obtains |Vtb f1L | = 1.07 ± 0.12(stat + syst + theory)
and a limit of |Vtb | > 0.78 at the 95% C.L. A flat prior in |V tb |2 from 0 to 1 is assumed for the
95% CL limit results.
8

Conclusions

In summary, both the CDF and D0 collaborations have developed several multivariate analysis
techniques to distinguish single top signal from background events and have combined them
to precisely measure the electroweak single top production cross section and the CKM matrix
element |Vtb |. Single top production has been observed for the first time by both collaborations,
CDF and D0, with a significance of 5.0 standard deviations. More details can be found here 22,23 .
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2.5
Flavour Physics
New prospects

Looking for New Physics: Prospects for B Physics at LHCb
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69120 Heidelberg, Germany

With the startup of LHCb, the dedicated heavy flavor experiment at the LHC, the next round
of precision B-experiments will be launched. LHCb has access to about 1012 B meson decays
per year, allowing significant measurements of even very rare B decays and, in particular,
the precision study of the Bs system. With the measurement of rates, angular distributions
and CP asymmetries of loop suppressed B decays, LHCb will probe the quantum corrections
predicted by the Standard Model. Many observables show a large sensitivity to New Physics
contributions. In the following the expected LHCb physics performance and the potential to
search for New Physics is discussed for a set of key measurements.

1

Introduction

The LHCb experiment 1 is a dedicated beauty and charm-physics experiment at the protonproton collider LHC at CERN. The experiment exploits the copious production of heavy quarks
in proton-proton collisions. For a centre-of-mass energy of 14 TeV a bb̄ production cross section
of more than 500 µb is expected. At LHC, all b-hadron species (Bd , Bu , Bs , Bc , Λb , ...) will be
produced.
To unambigiously assign long-lived particles to an interaction point (primary vertex) and
to facilitate the event reconstruction, single interactions per beam crossing are prefered. It is
therefore planned, to adjust the beam luminosity at the LHCb interaction point to a value of
2 × 1032 cm−2 s−1 . At this luminosity, the number of bunch crossings with a single interaction
is maximized.
With the measurement of rates, angular distributions and CP asymmetries of loop suppressed
B decays LHCb will probe the quantum corrections predicted by the Standard Model. Many
of the observables show large sensitivities to New Physics contributions. The unprecedented
quantity of b hadrons will allow LHCb to perform significant measurements of rare B decays

down to branching fractions of 10−9 . One of the early LHCb key measurements will be the
determination of the Bs mixing phase, Φs , in the decay Bs → J/ψφ. Data of a few months
of LHC running will allow to cross-check the deviation from the Standard Model prediction
currently observed by the two TEVATRON experiments CDF and D0 2 . The measurement of
the direct CP asymmetry in B → DK tree-level decays will result in a determination of the
CKM angle γ with an expected final precision better than 3◦ . The comparison with results from
loop-suppressed decays and with the result of the indirect determination of γ from the CKM fits
will probe possible new physics contributions. Flavor changing neutral current (FCNC) decays
such as Bs → µ+ µ− and B 0 → K ∗ µ+ µ− are very sensitive to different extensions of the Stadard
Model and might be the first place to observe effects of New Physics at the LHC.
The LHCb detector construction was completed in summer 2008. The commissioning of
the detector is well advanced. A large sample of cosmic muon events was taken and was used
to perform a first time and and space alignment of the large area tracking detectors and the
calorimeters. Data taken during injection tests, where the LHC beam was dumped before
reaching the LHC main ring upstream of the LHCb detector, showed to be very useful for the
understanding of the silicon detectors. The events with muon fluxes of several particles/cm2
were successfully used to align the silicon detectors.
In the following the expected physics performance of the LHCb experiment is discussed for
four key measurements.
2

Measurement of the Bs mixing phase

The interference between Bs → J/ψφ decays with or without Bs − B̄s oscillation gives rise to
an observable CP violating phase Φs . In the Standard Model, this phase is predicted to be
∗
Vts Vtb
Φs = −2βs = −0.0368 ± 0.0017, where βs = arg(− Vcs
∗ ) is the smaller angle of the bs unitary
Vcb
triangle of the CKM matrix.
The value of Φs can be extracted from the mesurement of the time dependent CP asymmetry
ACP (t),
ηf sin Φs sin(∆ms t)
ACP (t) =
,
cosh(∆Γs t/2) − ηf cos Φs sinh(∆Γs t/2)
where ∆ms and ∆Γs are the differences in mass and width of the two Bs mass eigenstates, and
ηf = ±1 is the CP eigenvalue of the final state.
The measurement of the phase Φs is a sensitive test of the Standard Model as Φs is one of
the CP observables with the smallest theoretical uncertainty. New Physics could significantly
modify this prediction, if, for example, new particles contribute to the Bs − B̄s mixing diagram.
As the final state J/ψφ contains two vector mesons its CP value depends on the relative
angular momentum of both vector mesons. The relative contribution of the two CP states has to
be determined on a statistical basis using an angular analyis of the three decay product angles
Ω = {θ, φ, ψ} as depicted in Figure 1.
Both TEVATRON collaborations, CDF and D0, have recently presented measurements of the
time dependent CP asymmetrie for the channel Bs → J/ψφ and the phase Φs 2 . A combination
by HFAG 3 results in the following experimentally prefered 90% CL intervalls for Φs ,
Φs ∈ [−1.47; −0.29] ∪ [−2.85; −1.65] at 90% CL,
These experimental constraints deviate from the Standard Model prediction. An update by
CDF 4 using 2.8 fb−1 further degrades the consistency with the Standard Model value.
For the decay Bs → J/ψφ the LHCb experiment expects a proper time resolution of about
38 ps, a Bs mass resolution of 16 MeV and an effective tagging power (ǫD2 ) of 6.2 %. With a
total efficiency of 2.6% (including the trigger) the simulation predicts a yield of 117k selected

Figure 1: Definition of the angles Ω = {θ, φ, ψ} in the transversity basis.

signal events per 2 fb−1 with a background to signal ratio of long-lived backgrounds of about
0.5. The signal events will allow a determination of the phase Φs = −2βs with a statistical
precision σ(Φs ) ∼ 0.03. Systematic effects due to proper time and angular resolutions, angular
acceptance and flavour tagging have been studied and found to be smaller than the statistical
uncertainty expected for 2 fb−1 .
Figure 2 shows the expected statistical uncertainty for Φs = −2βs versus the integrated
luminosity Lint . The sensitivity has been estimated for 0.5 and 2 fb−1 , the values are 0.060±0.005
and 0.030 ± 0.002 respectively. The red line is an extrapolation from these two values. The blue
lines show the uncertainties related to the bb̄ cross-section and the visible branching ratio of
Bs → J/ψ(µµ)φ(KK). The line labelled ”CDF+D0” is the combined CDF/D0 uncertainty in
2008 scaled to an integrated luminosity of 2 × 9 fb−1 , as expected for the TEVATRON by 2010.
It should be noted that LHCb is able to perform a competitive measurement of Φs already with
the very first data.

Figure 2: Expected statistical uncertainty on Φs = −2βs as function of the integrated luminosity.

3

Measurement of the CKM angle γ

Several methods to directly measure the CKM angle γ in B → DK tree decays have been
pioneered by the BABAR and BELLE experiment. The achieved precision so far is limited by
statistics and is still much worse than the precision of γ determined indirectly from the CKM
fits 5 .
In all cases, the measurement of γ in B → DK tree decays exploits the interference between
the two decay amplitudes, B − → D0 K − and B − → D̄0 K − , depicted in Figure 3, which appears
in the case that the D and D̄ are observed in the same final state. The interference allows the
observation of the phase difference between the two amplitudes,
A(B − → D 0 K − )
= rB eδB e−iγ ,
A(B − → D̄0 K − )

where rB is the relative magnitude of the two amplitudes and δB is an additional strong phase
difference.
LHCb has investigated the expected sensitivity to γ for the ADS 6 the GLW 7 and the GGSZ 8
method. The different methods result into a similar sensitivity (between 10 and 13 degrees for
a data-sample corresponding to 2 fb−1 ). For the combination, a sensitivity, depending on the
strong phase δB , between 4.3◦ (δB = 180◦ ) and 6.1◦ (δB = 45◦ ) is expected 9 .
An alternative way to determine γ, unique to LHCb, is the determination of the sum of the
two phases γ + Φs from the observation of the time dependent CP asymmetry of the decays
Bs → Ds∓ K ± . As the Bs and the B̄s can both decay to Ds± K ∓ , there exists an intereference
between amplitudes with and without a preceding oscillation. The main issue of this analysis
is to separate the decay Bs → Ds∓ K ± from the very similar decay Bs → Ds∓ π ± with a
∼15 times larger branching fraction. Here, the excellent LHCb particle identification based on
the two RICH counters allows a significant reduction of the background contamination. For
a data-sample equivalent to 2 fb−1 , a signal yield of 6.2×103 Bs → Ds∓ K ± events with a
background-to-signal ratio of ∼0.7 is expected. The resulting sensitivity to γ + Φs depends on
the strong phase and varies between 9◦ and 12◦ .
Combining all tree-level measurements of γ (B ± → DK ± , B 0 → DK ∗ and Bs → Ds∓ K ± )
one obtains the expected sensitivities listed in Table 1 9 . As can be seen, data corresponding to
about 0.5 fb−1 would already allow a determination of γ with an error better than 10◦ .
4
4.1

Search for New Physics in flavor changing neutral current processes
B → K ∗ µ+ µ−

In the Standard Model, the flavor changing neutral current decay b → sℓ+ ℓ− cannot occur at
tree level but only through electroweak penguin amplitudes with small branching fractions, e.g.

Figure 3: Feynman diagrams for the decays B − → D0 K − and B − → D̄0 K − .

Table 1: The expected combined sensitivity to γ from B → DK and time-dependent measurements 9 for data
sets corresponding to integrated luminosities of 0.5, 2 and 10 fb−1 .

δB (◦ )
σγ for 0.5 fb−1 (◦ )
σγ for 2 fb−1 (◦ )
σγ for 0.5 fb−1 (◦ )

0
8.1
4.1
2.0

45
10.1
5.1
2.7

90
9.3
4.8
2.4

135
9.5
5.1
2.6

180
7.8
3.9
1.9

BR(B → K ∗ µ+ µ− ) ∼ 1.2 × 10−6 . An angular analysis of the decay B → K ∗ µ+ µ− is well
suited to search for New Physics: most New Physics scenarios make definite predictions, for
the forward-backward asymmetry, AF B , of the µ+ relative to the B direction in the µ+ µ− rest
frame. In particular, the value s0 of the µ+ µ− invariant mass, q 2 , for which the asymmetry
becomes zero, is predicted with small theoretical uncertainties and may provide a stringent test
of the Standard Model and New Physics scenarios.
Because of the clear di-muon signature and the good K/π separation provided by the RICH
detectors, the exclusive decay B → K ∗ µ+ µ− can be triggered and reconstructed in LHCb
with high efficiency 10 . The selection including trigger has an efficiency of ∼1% resulting in
an expectation of ∼7.2k signal events for an integrated luminosity of 2 fb−1 . A simple counting of forward and backward events together with a linear fit results in a precision on s0 of
0.5 GeV2 . In addition to measuring AF B , LHCb is able to extract other angular observables,
(2)
such as the longuitudinal K ⋆ polarization FL (q 2 ) or the transverse asymmetry AT (q 2 ) 11 . These
quantities show a high sensitivity to minimal flavor violating MSSM models with small tan β.
In the theoretically favored region away from the photon pole and below the charm resonances
(2)
(1 GeV2 < q 2 < 6 GeV 2 ) the sensitivity of FL and AT is 0.016 and 0.42 respectively, for the
above mentionned data sample.
4.2

Bs → µ + µ −

0 → µ+ µ− are FCNC processes. In the Standard Model, these
The purely leptonic decays Bd,s
decays can only proceed at a very low rate through higher order diagrams (Z/Higgs-penguins
and W-box diagram - the latter is suppressed). Moreover, the decays are helicity suppressed by
a factor (mµ /MB )2 . The decays are therefore very sensitive to any New Physics model with new
scalar or pseudo-scalar interactions, in particular, they are sensitive to models with an extended
Higgs sector. In the MSSM the branching fractions are known to increase with tan6 β.
The Standard Model branching fraction for Bs → µ+ µ− is computed 12 to be BR(Bs →
µ+ µ− ) = (3.35 ± 0.32) × 109 . The branching fraction for Bd0 → µ+ µ− is further suppressed
by the CKM ratio |Vtd /Vts |2 leading to a predicted Standard Model branching fraction of ∼
1 × 10−10 . The current upper limit of the Bs → µ+ µ− branching fraction from the TEVATRON
experiments 3,13 is 4.7 × 10−8 .
At LHCb, the background expected in the search for the decay Bs → µ+ µ− is dominated
by random combinations of two muons originating from two distinct B decays. This background
can be kept under control by exploiting the excellent tracking and vertexing capabilities of
the detector. Due to a very low muon misidentification rate, two-body hadronic decays, B →
h+ h− , where the hadrons are misindentified as muons, do not contribute to a significant level
compared to the combinatorial background. The LHCb experiment has the sensitivity to observe
a branching fraction of 1 × 10−8 with a 3σ significance already with 0.1 fb−1 of data. A data-set
of 2(6) fb−1 will allow the observation of the Standard Model branching fraction with a 3(5)σ
signficance.

5

Summary and Outlook

The large bb̄ production cross section at the LHC provides a unique opportunity to measure
rates, angular distributions, and CP asymmetries of even very rare, loop suppressed b decays.
Many of the observables show large sensitivities to New Physics contributions. In particular, the
production of Bs mesons could play a crucial role to identify new CP violating effects originating
from New Physics. Already with a data-set of 0.5 fb−1 LHCb expects to perform sensitive tests
of the Standard Model and New Physics scenarios: The Bs mixing phase Φs can be measured
with a precision of ±0.06; the reachable precision of the CKM phase γ is estimated to be between
8◦ and 10◦ ; a Bs → µ+ µ− branching fraction of 5 × 10−9 can be observed.
The LHCb measurements will either limit New Physics contributions to B decays or, more
optimistically, uncover them. The measurements will complement the direct searches of New
Physics performed by ATLAS and CMS. If New Physics phenomena will be observed first by
the high-pt experiments, the LHCb measurements will help to understand the flavor structure
of the new phenomena.
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The NA62 Project at CERN: K + → π + ν ν̄ at the SPS
A. CECCUCCI
Department of Physics, CERN,
1211 Geneva 23, Switzerland

There are currently three main directions in elementary particle physics. On the one hand
experiments at the highest possible energies are searching for the origin of electroweak breaking
and direct evidence of New Physics (NP); a second line of attack aims to study the properties of
neutrinos, both of accelerator and cosmic origin, and of other astro-particle messengers. The
third strategy is to explore the precision frontier looking for deviations from the Standard
Model (SM) predictions in rare or forbidden processes. In this latter case, the sensitivity
to NP originates from the virtual contributions that can involve all discovered and not yet
discovered particles in higher order quantum loops and therefore can address, indirectly, energy
scales even beyond those accessible at colliders. Some of the most interesting rare decays are
those Flavour Changing Neutral Currents (FCNC) that can be predicted with small hadronic
uncertainties in the SM. There are only very few observables where there is both sensitivity to
NP and a well calculable expectation within the SM. A very good example is the K + → π + ν ν̄
decay which will be studied by the NA62 experiment at the CERN SPS.

1

Physics Motivation

The decisive progress that has taken place over the past decade has confirmed the CabibboKobayashi-Maskawa (CKM) picture 1,2 of quark-mixing and CP-Violation. As it can be seen, in
Figure 1, where the constraints to the unitarity triangle are presented 3 , all manifestations of CPViolation (K and B decays and mixing) are consistent with just one complex phase in the CKM
matrix. We should stress that the values of ρ̄ and η̄ are not so much relevant per se but that their
over-constrained determination is important to signal possible inconsistencies of the Standard
Model (SM) due to the presence of New Physics (NP). After all, if NP has to exist to make the
SM consistent at high energy why its effects are not seen in precision flavor measurements? This

Figure 1: Constraints on the ρ̄ η̄ plane.

is the essence of the so called flavor problem 4 . To address this question requires a paradigm
shift: once the charged current couplings are precisely determined from quantities unlikely to
be affected by NP (e.g. tree decays), we should measure loop induced, well calculable, Flavor
Changing Neutral Currents (FCNC) processes to detect a possible pattern of deviations. The
importance to continue a strong experimental program in flavor physics in the LHC era was
the object of an extended CERN workshop, whose proceedings provide detailed references and
justification 5 .
In this context, a theoretically pristine opportunity is represented by the K → πν ν̄ decays 6,7 .
The main reason for the exceptional theoretical cleanliness of the SM prediction for KL0 → π 0 ν ν̄
and K + → π + ν ν̄ stems from the fact that these transitions are described by Z 0 -penguins and
box diagrams mediated by O(G2F ) interactions where a power-like GIM 8 mechanism suppresses
the non-perturbative effects. This is generally not the case for gluon- and photon-penguins
which are characterized by amplitudes proportional respectively to O(GF αs ) and O(GF αem )
and therefore present only a logarithmical GIM suppression. A related feature is that these
decays are mediated by one single effective operator:
Qνsdν̄ = (s̄L γ µ dL )(ν̄L γµ νL ).

(1)

The hadronic matrix element can be extracted from the precisely measured K + → π 0 e+ ν
decay. The uncertainty due to the charm contribution present in the charged kaon case was
reduced by the NNLO calculation 9 . Long distance contributions due to EW corrections 10
and due to light quarks were also recently computed 11 . Improvements to the determination
of the hadronic matric element using semi-leptonic kaon decays were also performed 12 . After
summation over the three lepton families, the SM branching ratios can be written as:
Br(K + → π + ν ν̄(γ)) = κ+ (1 + ∆EM ) ×

|Vts∗ Vtd Xt (m2t ) + λ4 ℜVcs∗ Vcd (Pc (m2c ) + δPc,u )|2
λ5

(2)

Figure 2: Sensitivity of precision observables to SUSY breaking trilinear couplings.

Br(KL0 → π 0 ν ν̄) = κL



2

ℑVts∗ Vtd
Xt (m2t )
λ5

,

(3)

where κ+ and κL are numerical factors encoding the hadronic matrix elements whose uncertainties are negligible. A recent numerical appraisal of the above equations 10,13 gives:
Br(K + → π + ν ν̄(γ)) = (0.85 ± 0.07) × 10−10 and Br(KL0 → π 0 ν ν̄) = (2.76 ± 0.40) × 10−11 ,
where the uncertainty is mainly of parametric nature and not related to the non-perturbative
effects. The precision of the theoretical predictions contrasts with the large uncertainties affecting the current experimental results 14,15 :
+1.15
Br(Exp)(K + → π + ν ν̄(γ)) = (1.73−1.05
) × 10−10

Br(Exp)(KL0 → π 0 ν ν̄) ≤ 6.7 × 10−8

90%

CL.

(4)
(5)

The importance to measure precisely these reactions resides in the fact that their predictability power is preserved in many extensions of the SM. The SM is generally understood to be an
effective field theory valid up to some energy scale. For instance, to avoid quadratic divergences
introduced by the Higgs mechanism some NP must exist in the TeV range. Supersymmetry
(SUSY) is a framework to make the Standard Model consistent up to the GUT scale. Generic
SUSY has many parameters including extra CP-Violating phases and FCNC couplings. Fine
tuning of the parameters is necessary to satisfy the experimental bounds (e.g. K 0 − K̄ 0 mixing,
µ → eγ, neutron EDM, etc.). As shown in 16 , scans of allowed parameters in the framework of
the Minimal Supersymmetric Standard Model (MSSM) still leave possible a very wide range for
the value of the K + → π + ν ν̄ and KL0 → π 0 ν ν̄ branching ratios. In more constrained models,
such as Minimal Flavor Violation (MFV), the FCNC effects are reduced by imposing that the
flavor structures are aligned to those of the SM and new FCNC effects are confined to symmetry
breaking terms. In this case very few observables maintain a significant sensitivity to NP. As
shown in Figure 2, K + → π + ν ν̄ is among the most sensitive observables for typical SUSY energy
scales and parameters 17 in MFV models.
In summary, given the firm bases on which the theory stands both within and beyond the
SM, the study of these decays represents an exquisite experimental challenge. In the remainder
of this paper we describe how the NA62 experiment intends to address this challenge by making
a precise measurement of the decays K + → π + ν ν̄ at the CERN SPS with kaon decays in flight.

2

Principle of NA62

The CERN proton complex is unique. Plans for the next round of Fixed Target experiments at
CERN are based on the consideration that the Super-Proton-Synchrotron (SPS) is needed as
LHC proton injector only on a part-time basis. For the rest of the time it can provide 400 GeV/c
protons for fast or slow extraction experiments. The K + → π + ν ν̄ decay has been discovered
using the stopped kaon technique 14 . A proposal to study the reaction in flight was approved
at FNAL but not carried out 18 . At CERN we have taken the approach 19,20 to exploit a high
momentum kaon beam to improve the rejection of the background induced by K + → π + π 0
decays. The in-flight decays at high momentum require the instrumentation of a large decay
volume but avoids the scattering and backgrounds introduced by the stopping target. The NA62
experimental technique exploits:
1. Precise timing to associate the outgoing π + to the correct incoming parent particle (K + ).
2. Kinematic rejection of backgrounds induced by two- and three-body kaon decays.
3. Hermetic vetoes of µ and γ.
4. Particle Identification (K + /π + and π + /µ+ ).
The proposed NA62 detector layout is presented in Figure 3. A 75 GeV/c unseparated
hadron beam with an instantaneous rate of about 800 MHz and a kaon fraction of ≈ 6% enters a long decay tank. Particle identification of the beam particles is provided by a differential Cherenkov counter (CEDAR) while event-by-event tracking, timing and refined momentum
measurement is provided by a silicon micro-pixel Gigatracker(GTK) detector 21,22 placed in a
four-dipole magnetic achromat. The large decay tank is surrounded by twelve stations of photon
anti-counters (ANTI). The decay particles are tracked by four stations of straw tubes (STRAW)
operated in the vacuum tank itself to reduce the effect of multiple scattering. A 17 m long
RICH detector provides π/µ separation up to 35 GeV/c. The NA48 Liquid krypton Calorimeter
(LKR) 23 is employed as photon veto in the forward region and a muon veto detector (MUV)
provides fast muon rejection. The sensitivity of the experiment is not limited by the proton flux
available but by the rate that can be handled by the GTK detector. For comparison, NA62
requires a similar amount of protons on target as NA48, the predecessor kaon experiment at
CERN. In the next subsections we briefly describe the proposed technique.
2.1

Precise Timing

The choice to employ an unseparated beam requires a beam tracker with outstanding rate
capabilities. The beam size (60 mm × 27 mm) and divergence (0.1 mrad) are too large to
provide a good enough constraint on the direction of the incoming kaon and therefore each
beam particle has to be tracked on an event-by-event basis by the GTK. To allow the association
with the decay particle without too many ambiguities introduced by accidental tracks, the GTK
must provide a time resolution of about 200 ps per station. The timing of the decay pion
is provided by the RICH detector. Tests performed with a full length RICH prototype have
measured 24 65ps time resolution, a performance which satisfies completely the experimental
requirements. To appreciate the importance of the timing on the performance of NA62 it
is sufficient to mention that if the association between the kaon and the pion is wrong, the
kinematic rejection is jeopardized because the constraint given by the two-body kinematics is
weakened and K + → π + π 0 events can be mistaken for signal if both photons from the π 0 decay
are not detected.

Figure 3: Elements of the NA62 experimental setup, the decay tank is not shown.

2.2

Kinematic Rejection

About 92 % of the kaon decays are kinematically constrained and can be rejected applying a
cut on the missing mass variable computed under the hypothesis that the charged particle is a
pion. To illustrate the power of the kinematical rejection, the missing mass distribution


m2miss = (P̃K − P̃π )2 ≃ m2K 1 −

|Pπ |
|PK |





+ m2π 1 −

|PK |
|Pπ |



2
− |PK ||Pπ |θπK

(6)

for frequent kaon decays and for the expected signal is shown in Figure 4 in arbitrary scale.
The expected (simulated) NA62 missing mass resolution is shown in Figure 5. A prototype of

Figure 4: Missing mass recoiling against the charged particle assumed to be a pion for different kaon decays (arbitrary scale).

Figure 5: Simulated missing mass resolution for the
NA62 spectrometer.

the STRAW tracker was operated in a vacuum tank in 2007 and 2008 at the CERN SPS. The
achieved position resolution is in line with the expectations.

Figure 6: Artist’s view of one ANTI station. The Lead Glass blocks are arranged in five staggered crowns. A
photon from a kaon decay crosses at least ≈15 X0 .

2.3

Muon and Photon Vetoes

By limiting the highest momentum range of the π + to 35 GeV/c one insures that, for the
potentially dangerous backgrounds originating from the K + → π + π 0 decay, at least 40 GeV
of electro-magnetic energy is deposited in hermetic calorimeters so that the π 0 can hardly be
missed. Hence, the signature of the experiment is the time coincidence between a high momentum incoming K + and an outgoing π + coupled to a lot of missing energy carried away by the
undetected neutrino-antineutrino pair. According to our estimates, based on data accumulated
in NA48 and test beams and to simulation, a π 0 suppression factor of the order of 108 can
be achieved. The ANTI are made from Lead Glass blocks recovered from the OPAL Electromagnetic calorimeter 25 and arranged into twelve stations surrounding the decay vacuum. The
drawing of one station in presented in Figure 6. Extensive measurements of the photon detection
capability of the NA48 Liquid Krypton Calorimeter (LKR) were performed using a sample of
K + → π + π 0 collected by NA48 and selected kinematically without using calorimeter information. The inefficiency to detect high energy photons (photon energies larger than 10 GeV) was
found to be less than 10−5 . This figure, coupled to the geometrical acceptance of the ANTI
counters and their measured photon detection efficiency satisfies the experiment specifications
for the π 0 rejection.
The suppression of muons is crucial for two reasons. Although the K + → µ+ ν decay is
reconstructed outside the missing mass signal region when a muon is mistakenly assumed to be
a pion, the rate of these events is so high that a muon detector based on calorimetry (MUV)
with good segmentation is required to avoid the feed-down of background events into the signal
region. On the other hand, the rate of single muon tracks crossing the experiment is very high
and a suppression of these events at the earliest stage of the trigger selection is essential to limit
the lowest level trigger rate to about 1 MHz.

Decay Mode
Signal (flux 4.8 ×1012 )
K + → π+π0
K + → µ+ ν
K + → e+ π + π − ν
Other 3-track decays
K + → π+π0γ
K + → µ+ νγ
K + → e+ (µ+ )π 0 ν, others
Total Expected Backgrounds

Events/year
55
2.4
1.2
≤ 1.6
≤ 0.8
1.1
0.4
≤7.5

Table 1: Signal and background events expected for NA62 year of data taking.

2.4

Particle Identification

The positive event by event identification of the K + in the unseparated hadron beam is important
to avoid that pions scattered in the residual gas in the decay tank mimic the signal. This is
achieved using a differential Cherenkov counter of the CEDAR 26 equipped with new optics and
front-end and filled with pressurized hydrogen. To further suppress backgrounds that might
originate from kaon decays with muons and from decays not kinematically constrained, a 17 m
long RICH counter equipped with photomultipliers provides strong particle identification. The
π + /µ+ separation provided by the RICH is expected to exceed two standard deviations up to
35 GeV/c.
3

Physics Sensitivity

The sensitivity of the experiment was evaluated by Monte Carlo simulation. The number of
expected signal and background events for one year of data taking is given in Table 1. By
extrapolating from the NA48 experience, it is expected that a 10% measurement of the Br(K + →
π + ν ν̄) at the SM level can be achieved with two years of data taking.
4

Status of the Experiment

The Physics case to study rare kaon decays at the SPS during the LHC era is very strong. The
project was approved by the CERN Research Board on December 5, 2008 and the Memorandum
of Understanding between the Collaborating Institutes is under preparation. Construction of
the new experiment should take about two and a half years and the first data taking is expected
to take place in 2012. With ≈ 50 times the kaon flux of NA48/2, the previous charged kaon
experiment at CERN, the NA62 physics menu, in addition to the very rare decays, promises
to be rich ranging from the precision-tests of lepton universality to the study of the strong
interaction at low energy. There should be good material for both the Electro-Weak and the
QCD Moriond sessions in 201X!
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SuperB
A. J. BEVAN
Department of Physics, Queen Mary University of London, Mile End Road, London E1 4NS, England

An overview of the SuperB project and its physics programme is presented. There are many
new physics sensitive observables that can be measured at a high luminosity e+ e− collider
operating near a centre of mass energy of ∼ 10 GeV, and many new physics scenarios to
test in the literature. Together these form a golden matrix of observables versus scenarios.
Each scenario has its it’s own golden channel(s) and the pattern of deviations from Standard
Model behaviour that will be measured by SuperB can be used to home in on the new physics
scenario describing nature at high energies.

1

Introduction

Two related problems facing modern physics are the universal asymmetry problem and the
flavour problem. The universal asymmetry problem arises from the fact that the known level of
CP violation as described by the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix 1,2
is a billion times too small to account for our matter dominated universe. The flavour problem is
the tension between our expectations that new physics (NP) scale ΛNP should occur at a TeV energy scale and our understanding that flavour changing neutral currents place strong constraints
on NP scenarios and impose much higher scales for ΛNP . Precision electroweak constraints imply ΛNP ∼ 1 TeV, yet at the same time flavour changing neutral current measurements require
ΛNP ≥ 10 − 100 TeV.
2

SuperB in a nutshell

SuperB is a next generation high luminosity asymmetric energy e+ e− collider proposed to be
built on the campus of Tor Vergata University of Rome. The purpose of this experiment will be
to elucidate the nature of NP in a way that compliments the existing direct search programme at
CERN. The accelerator will have 7 GeV electrons colliding with 4 GeV positrons, with a 15mrad
crossing angle. The Lorentz boost of the resulting center of mass system is approximately half
of that at the SLAC B-factory. The finite beam crossing angle results in a lower background
that the current B-factories. To compensate for the geometrical effect of the crossing, sextupole
magnets will be used before and after the interaction point (IP) in the so-called crabbed waist
scheme in order to maintain maximal overlap of colliding bunches 3 . The design luminosity for
the accelerator is 1036 cm−2 s−1 , with a total of 75ab−1 of data being delivered at the Υ(4S)
resonance in the first five years of operation. To achieve this luminosity the vertical beam-size
will be of the order of 20nm, so the collider will operate with a small vertical emittance. In

addition to operating at the Υ(4S) centre of mass (CM) energy, the accelerator will be able to
operate at other energies including near charm threshold at the ψ(3770) and at the other Υ
resonances.
It is anticipated that SuperB will reuse a number of components of the SLAC B-factory,
including parts of the PEP-II accelerator complex, the super-conducting solenoid magnet, barrel
of the electromagnetic calorimeter, and the quartz bars of the detector of internally reflected
cerenkov radiation (DIRC). There are a number of proposed improvements to the detector
technology compared to the BABAR detector, including faster readout, a smaller stand-off-box
for the SuperB DIRC, a layer 0 of Monolithic Active Pixel Sensors, and a muon system similar
to the MINOS scintillating fibre detector. The SuperB project and its physics goals are also
described at length in a Conceptual Design Report 4 and the proceedings of a Valencia Physics
Workshop 5 . There is a great deal of international interest in SuperB and a Technical Design
Report (TDR) describing the details of the SuperB detector, accelerator and physics goals is
in preparation. This is expected to be completed within the next two years. The remainder of
these proceedings concentrate on the physics potential of SuperB.
3
3.1

Physics potential of SuperB
Measurements sensitive to new physics

τ decays
The search for Lepton Flavour Violation (LFV) in τ decay is complementary with the existing
neutrino experiments aimed at measuring θ13 and the MEG experiment at PSI that is dedicated
to the search for µ → eγ. Table 1 summarizes anticipated sensitivities for several τ LFV searches
possible at SuperB. SuperB has a 85% polarization for the electron
√ beam which is instrumental
in reducing backgrounds in searches and results in a better than N scaling from the current Bfactories. The sensitivities achievable are between 10 and 50 times more stringent than possible
enhancements from new physics. SuperB has the potential to severely constrain or discover new
physics in these scenarios. Recent sensitivity studies from the LHC experiments indicate that
the LHC will not be competitive with SuperB for any of these channels 6 . SuperB has a better
search capability than SuperKEKB project being pursued in Japan as SuperB uses polarized
beams (leading to reduced backgrounds) and has a larger target luminosity than SuperKEKB.
Table 1: The experimental sensitivities (in units of 10 −10 ) expected for LFV searches in τ decay.

Final State
µγ
eγ
3µ
3e
µη
eη
ℓKS0

Sensitivity /10−10
20
20
2
2
4
6
2

Rare decays
SuperB will be able to measure many rare decay processes that are sensitive to different scenarios
of new physics. Each scenario has its own golden channels, together they form a golden matrix
of observables versus models. The golden channels are clear signals for new physics in one or
more scenarios and by measuring the set of observables for all of these golden channels it is

possible to distinguish between many different types of new physics. This pattern matching
process using rare decays (and the processes described in other sections of these proceedings) is
required as it will not be possible for the LHC experiments to determine the precise nature of
new physics through its extensive programme of measurements. Table 2 summarises the golden
matrix for rare B decays. In most cases SuperB will be able to measure the observables listed in
this matrix to the few percent level. In particular with 75ab−1 of data SuperB’s measurement of
B(B → τ ν) will have a new physics search potential above 1TeV, and will be able to observe the
decay B → Kνν occurring at the expected SM rate. The expected experimental sensitivities of
these observables is listed in Table 3.
Table 2: The golden matrix of observables versus new physics scenarios. L denotes a large effect, M denotes
a measurable effect, and CKM denotes a measurement that also requires precision determination of the CKM
matrix.

H+
high tan β
B(B → Xs γ)
ACP (B → Xs γ)
B(B → τ ν)
B(B → Xs ℓℓ)
B(B → Kνν)
SK S π 0 γ
The angle β (∆S)

MFV

Non-MFV

L

M
L

NP
Z-penguins

Right-handed
currents
M
M

M
L

M

L-CKM
M
M

L
L

L-CKM

Table 3: Experimental sensitivities of the observables in the golden matrix shown in Table 2. Here X denotes
that this measurement is not possible with a given data sample.

B(B → Xs γ)
ACP (B → Xs γ)
B(B → τ ν)
B(B → µν)
B(B → Xs ℓℓ)
B(B → Kνν)
SK S π 0 γ
The angle β (∆S)

Current
7%
0.037
30%
X
23%
X
0.24
0.07

10ab−1
5%
0.01
10%
20%
15%
X
0.08
0.02

75ab−1
3%
0.004 − 0.005
3 − 4%
5 − 6%
4 − 6%
16 − 20%
0.02 − 0.03
0.01

SUSY CKM
As an illustration of the power of rare B decays in constraining new physics we consider constraints on the parameters of the SUSY CKM sector. In MSSM with right handed neutrinos one
has to measure 160 parameters in order to fully constrain the theory. Of these 160 parameters,
110 are flavour changing parameters. So over two thirds of the information required in order
to fully constrain MSSM is the domain of flavour physics measurements. We know that quarks
and neutrinos mix in a non trivial way, the latter introducing LFV to the SM. It follows that
any natural extension of the SM introducing super-parters of the quarks and leptons will have
a non-trivial set of flavour couplings that need to be determined. As new CP violating phases
could be introduced by new physics it is necessary to measure the real and imaginary parts
q
of the flavour couplings which can be denoted (δij
)AB , where q is a quark, i and j are squark
indices and AB are different combinations of left and right handed currents 7 . The magnitude
of these couplings is inversely proportional to the square of the squark mass m2q̃ in the effective

Lagrangian describing new physics. The corollary of this is that a measurement of either the
q
magnitude or the real and imaginary parts of (δij
)AB will constrain mq̃ .
−1
For example, with a data sample of 75ab and using the branching fractions of inclusive b
to sℓℓ and sγ processes and the direct CP asymmetry measurement of b → sγ, SuperB will be
d )
able to make a percent level measurement of the real and imaginary parts of (δ23
LR or rule out
a squark signal at the TeV scale. The contribution to these proceedings by G. Hiller discusses
the possibility of using an extremely long lived t̃ to measure some of the off-diagonal SUSY CKM
parameters at energy frontier machines 8 . However if the t̃ is short lived then these machines
will only be able to measure the diagonal terms in this matrix. In either case, SuperB is able to
constrain many of the off-diagonal terms irrespective of the t̃ lifetime thus complementing the
physics programme at the LHC. Examples of the SuperB capability to constrain the SUSY-CKM
sector can be found in 4,5 .
Light Higgs Searches
The decays Υ(N S) → ℓℓ where N = 1, 2, 3, and ℓ is a charged lepton, can be used to test lepton
universality (LU) 9 . In the SM the coupling constants of the different generations of leptons
are the same, so ratios of branching fractions of Υ decays to e+ e− , µ+ µ− , and τ + τ − can be
compared to one another in order to search for violation of LU. One possible mechanism that
could violate LU is a light neutral Higgs particle A0 with a mass ∼ 10 GeV. Many popular
scenarios of NP include such a particle, for example 2HDM and NMSSM 10,11 . So if in addition
to the SM amplitude, there is a contribution to the Υ(N S) → ℓℓ decay from a state with an
intermediate A0 this might be detectable through the observation of LU violation at SuperB.
Dark Matter Searches
There are many possible dark matter scenarios, however to date there is no confirmed evidence
for a dark matter candidate. It is possible for SuperB to search for light dark matter candidates
by studying the decays of light mesons M to invisible final states 11 . The light mesons discussed
in the literature include Υ, η, J/Ψ. The SM process for these decays is M → νν. Additional
amplitudes from NP, such as M → χχ could significantly enhance the observed branching
fraction for such decays. For example the decay Υ(1S) → invisible has a SM branching fraction
of 10−4 , whereas new physics could enhance this up to the current experimental limit from Belle
of 2.5 × 10−3 12 . This limit used only 7fb−1 of data collected at the Υ(1S), whereas SuperB has
the potential to collect hundreds of fb−1 . It would be possible to measure the Υ(1S) → invisible
decay at the level of the SM with SuperB in order to place precise constraints scenarios with
light dark matter candidates. Similar constraints will be possible using other M → invisible
decays.
∆S Measurements
It is possible to probe the presence of new physics in loops by comparing the tree level measurement of sin(2β) from ccs decays with the sin(2βeff ) measured from loop dominated b → s
penguin, and the loop and tree b → d transitions. In order to correctly compare these quantities one has to compute the quantity ∆S = sin(2βeff ) − sin(2β) − ∆SSM . Here quantity ∆SSM
accounts for higher order contributions to the difference coming from neglected standard model
(SM) processes. Some of the possible ∆S measurements are golden modes such as η ′ K 0 , φK 0 ,
and K + K − K 0 which all have small ∆SSM . Theoretical uncertainties calculated for different
b → s penguin decays by several groups are shown in Figure 1. The figure is divided into decay
modes, and each decay mode has up to four error bands drawn on it. These error bands come
from (top to bottom) calculations by Beneke at al. 13 , Williamson and Zupan 14, Cheng at al. 15 ,

and Gronau at al. 16 . Figure 1 summarizes projections of current measurements of ∆S from
the B-factories to 75ab−1 . Based on these projections the golden modes have a 5σ discovery
potential at SuperB. Several other channels also have the potential for a 5σ discovery assuming
that the theoretical uncertainties can be controlled at the level of a few percent. When performing these ∆S measurements we should also compare the values obtained with the results
of theoretical predictions based on clean interpretations of SM processes. It has recently been
noted by Lunghi and Soni 17 that by comparing the loop to tree processes one is insensitive to
possible new physics common to both, so it is important to also compare the value of sin(2β(eff ) )
obtained in these measurements with the predictions of SM based constraints for this observable.
The data currently deviate by 2.1σ for the tree and 2.7σ for the golden modes. SuperB is needed
in order to determine if this is a first tantalizing hint of new physics of if this is just a statistical
fluctuation.
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Figure 1: (left) Theoretical uncertainties calculated for ∆S measurements of several b → s penguin processes and
(right) predictions for ∆S measurements with 75ab−1 of data at SuperB, extrapolating from current data.

3.2

Standard model measurements

In addition to being able to search for and constrain new physics effects, SuperB will be able to
perform many precision tests of the SM. In particular SuperB will be able to overconstrain the
CKM matrix at the percent level through measurements of the angles of the unitarity triangle.
Precise measurements of the sides of the triangle will also be possible. These tests of the SM
will be able to limit the effects of new physics corrections to the quark sector description of CP
violation in nature. One should keep in mind that while these precision over-constraints are not
the main aim of SuperB, they will be useful calibration measurements for the experiment. In fact
some of the golden matrix measurements require this improved determination of SM parameters
in order to elucidate NP. They will also serve to reduce SM uncertainties on many new physics
sensitive rare processes such as neutral and charged decays K → πνν 18 which will be measured

in the coming decade by the NA62 and KOTO experiments. Details of the anticipated precision
that SuperB can reach on SM calibration modes are given in the CDR and Valencia workshop
proceedings.
3.3

Current Status of the Project

The process of preparing a TDR has just begun. It is anticipated that this will be completed
by the end of 2010 or early in 2011. The TDR will contain a detailed description of the accelerator facility, including the accelerator lattice description, as well as the detector and the main
elements of the physics case for the SuperB experimental programme. Aspects of the detector
design as described in the CDR will be revisited while fully optimizing SuperB for a broad range
of new physics searches. This process will be done while keeping in mind that we intend to
re-use the DIRC quartz bars, CsI(Tl) calorimeter barrel, and super-conducting solenoid magnet
from BABAR. There is a lot of work to do over the coming two years, however all of the necessary
simulation, computing infrastructure and analysis tools are available to complete this task. It is
anticipated that the SuperB complex will be constructed within five years of TDR completion
and approval of the project funding. This timescale corresponds to data taking as early as
mid-2015.
4

Summary

SuperB will be able to elucidate our understanding of new physics and the flavour problem by
performing high precision measurements irrespective of the results of the CERN particle physics
programme. In the event that new physics is found at the LHC, SuperB will be able to constrain
the flavour parameters that will be inaccessible to the CERN experiments. If no new physics is
found at the LHC, the indirect energy scale search potential of SuperB will be several hundred
TeV, which is several orders of magnitude greater than any scale that can be directly accessed in
any existing or planned facility. Most of the golden matrix measurements at SuperB simply can
not be made by the CERN experimental programme, these include the τ lepton flavour violation
and CP violation measurements, most of the ∆S measurements and the rare decays discussed
in these proceedings. Although the potential for charm physics is not discussed in detail in
these proceedings, there are many important measurements of charm decays that will be done
at SuperB. These include searches for CP violation and other fundamental tests of the SM that
could be sensitive to the effects of new physics. The avid reader will find more details on the
SuperB physics programme in the Conceptual Design Report and Valencia Physics Workshop
proceedings 4,5 .
In order for this experiment to be a success, it is important to understand the golden matrix
of physics observables versus models that can be used to distinguish between different forms of
new physics proposed in the literature. By mapping out the golden matrix, we can be sure that
any future measurements found to deviate significantly from the SM of particle physics can be
used to test our theoretical understanding of high energy physics, and distinguish between those
hypotheses that remain compatible with measurement. Many signatures of physics beyond the
SM have distinct predictions that are only manifest through the parameters of broken flavour
symmetry, and these parameters are best accessed via an experiment like SuperB. Measurements
made in order to elucidate the flavour problem could have a significant impact on the related
universal asymmetry problem. A TDR will be prepared over the next two years that will
refine the design of the SuperB facility and the ability to determine the observables required to
distinguish between NP scenarios in the golden matrix. Once the TDR has been completed, it
will take five years to construct the SuperB facility (drawing from the experience of constructing
BABAR). Based on these timescales SuperB could start to take data as early as mid-2015.
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Abstract
Scalar fields with SU (2)L quantum numbers provide several viable Dark Matter candidates around the TeV scale. Thanks to scalar quartic interactions, the observed relic density
can be obtained for a large range of masses, which we determine. In turn, the constraints on
the scalar couplings lead to testable predictions in future direct and indirect searches.
1

Minimal models of Dark Matter

The WIMP miracle has often been put forward as an argument in favor of theories like
Supersymmetry. Stripped to the core, it states that a Dark Matter (DM) candidate with a
mass around 1 TeV and a typical weak interaction annihilation cross-section should have a
relic density of order one (in units of the critical density). The possibility of a DM candidate
in Supersymmetry is therefore a free gift.
One could instead build a minimal model of Dark Matter, and would therefore naturally
be led to consider extra fields with SU (2)L quantum numbers. By minimality, we mean that
only one extra field is added to the Standard Model, so that the number of new parameters
is limited. Such a criterion is important with respect to the predictivity and the testability of
the model. A parity symmetry under which the extra field is odd while all Standard Model
fields are even should also be added in order to guarantee the stability of DM.
For a fermionic field, only gauge interactions are allowed by renormalizability. Therefore,
the observed DM relic abundance can only be obtained for a specific value of the DM mass,
which depends on the dimension of the SU (2)L multiplet containing the extra field 1 . For a
scalar field however, renormalizability allows for scalar quartic interactions on top of gauge
interactions. Therefore, the most general scalar case, although minimal, should include this
possibility. This freedom allows to have viable DM candidates within an extended mass range
around the TeV scale. For a precise determination of this mass range (for each multiplet),
perturbativity and stability constraints have to be taken into account. Moreover, the epoch
of the electroweak phase transition also plays an important role in the case of a doublet.

Finally, for higher multiplets, non-perturbative enhancements known as Sommerfeld effects
are far from negligible. We refer the reader to Ref. 2 (and references therein) for technical
details.
Here we will only describe general features of scalar multiplet models and stress the role
of the scalar interactions. Let us denote by H1 the usual Brout-Englert-Higgs scalar SU (2)L
doublet of the Standard Model (SM). We add an extra scalar multiplet Hn to the SM, odd
under some Z2 symmetry, and with n being its dimension. Two distinct cases have to be
considered, namely the doublet case and the higher multiplet case. Indeed, if the multiplet
is a doublet, bilinears H1† H2 can be constructed, leading to a different potential.
For the doublet case, the most general renormalizable potential is
V (H1 , H2 ) = µ21 |H1 |2 + µ22 |H2 |2 + λ1 |H1 |4 + λ2 |H2 |4
i
λ5 h †
+ λ3 |H1 |2 |H2 |2 + λ4 |H1† H2 |2 +
(H1 H2 )2 + h.c. .
2

(1)

After the electroweak symmetry breaking, H1 develops its vev, v0 = −µ21 /λ1 ≃ 246 GeV,
which√leads to mass splittings between charged and neutral components of H2 = (H + (H0 +
iA0 )/ 2)T . We have
m2h
m2H0
m2A0
m2H +

=
=
=
=

2λ1 v02 ,
µ22 + λH0 v02 ,
µ22 + λA0 v02 ,
µ22 + λHc v02 ,

(2)

whith λHc ≡ λ3 /2 and λH0 ,A0 ≡ (λ3 +λ4 ±λ5 )/2. In particular, the last term of the potential
Eq. (1), when present, generates a mass splitting between the neutral components of H2 .
To have a viable DM candidate, such a mass splitting is necessary to avoid too large elastic
scattering cross-sections in direct detection experiments through a vector coupling to the Z
boson. As we will see, for higher multiplets, such a mass splitting cannot be generated at
this level of minimality in the lagrangian, therefore excluding all the models with a non-zero
hypercharge. The combinations λH0 , λA0 and λHc that appear in the mass spectrum also
play the role of scalar quartic couplings in the potential. Therefore, the phenomenology of
the so called Inert Doublet Model is completely determined by these couplings and the mass
of the DM candidate, conventionally chosen as H0 .
For higher multiplets, the most general renormalizable potential is



2
λ2
V (Hn , H1 ) = V1 (H1 ) + µ2 Hn† Hn +
Hn† Hn + λ3 H1† H1 Hn† Hn
2
 (3)


λ4  † (n) 2
† (2)
† (n)
+
Hn τa Hn + λ5 H1 τa H1 Hn τa Hn ,
2
(n)

where a sum over a is implicit in the last two terms, and τa are the SU (2) generators for the
representation of dimension n. As announced, no term in the potential Eq. (3) can generate
a mass splitting between the real and the imaginary parts of the neutral component of Hn .
If Y 6= 0, the DM candidate would couple to the Z boson, with elastic scatterings orders of
magnitude above current detection limits 4,5 . For Y = 0, the multiplet can still be real or
complex. In Ref. 2 , we argue that phenomenologically viable complex multiplet models are
very similar to real multiplet models, except for the doubling of the number of fields.
For real multiplets, bilinears with SU (2) generators identically vanish, so that the potential Eq. (3) reduces to


2

λ2
Hn† Hn + λ3 H1† H1 Hn† Hn
V (Hn , H1 ) = V1 (H1 ) + µ2 Hn† Hn +
.
(4)
2
At tree-level, the mass spectrum is degenerate, with a common mass
m20 = µ2 +

λ3 v02
2

.

(5)

This degeneracy is lifted by radiative corrections which increase the mass of charged components by a few hundreds MeV 1 . An important consequence of this analysis is that the

Models
Inert Doublet
Real Triplet
Real Quintuplet
Real Septuplet

λ3 = 0
0.534 ± 0.0085
1.826 ± 0.028
4.642 ± 0.072
7.935 ± 0.12

λ3 = 2π
22.5
11.1
9.6
10.6

λ3 = 4π
46
21.9
17.4
16.1

λ3 = 0 (SE)
0.55
2.3
9.4
22.4

λ3 = 4π (SE)
47
28.1
35.7
46.3

Table 1: Threshold masses (in TeV) without or with Sommerfeld effect (SE) for scalar multiplet models, as
determined by the WMAP constraint, the errors quoted correspond to a 1σ variation of the relic density. The
large mass range of the DM candidate is shown by the indicative values for λ3 = 2π and 4π.

phenomenology of higher multiplet models (w.r.t. DM) is completely determined by only one
scalar quartic coupling, namely λ3 , whereas three such couplings are present in the doublet
case.
2

Scalar vs. gauge interactions

When scalar quartic couplings are absent, all DM states are degenerate at tree-level. The
pure gauge annihilation cross-section is a function of the DM mass only. In a standard
thermal freeze-out scenario, the relic abundance of the DM candidate roughly scales as the
inverse thermal average of the annihilation cross-section ΩDM ∝ hσvi−1 . The latest five-year
WMAP combined result on the DM density ΩDM h2 = 0.1131 ± 0.0034 3 therefore fixes the
mass of the DM candidate. These threshold values for all candidates of phenomenological
interest are given in Table 1. Without scalar interactions, the scalar DM candidate has a mass
in the TeV range, and annihilates mainly into W , Z bosons and photons. Coannihilation
channels into fermions pairs and Zh (or W h) are non negligible.
With the scalar quartic couplings present, the doublet case has to be distinguished from
the higher multiplet case because mass splittings between the doublet components are generated. Therefore, in the doublet case, it is possible to suppress the coannihilation channels
even for a light DM mass. It has been shown that the Inert Doublet Model can give rise to
the correct relic density in three posible regimes : the low-mass, the middle-mass and the
high-mass regimes. Here we will focus on the high-mass regime only. For higher multiplet
models however, the multiplet components stay degenerate even when scalar quartic couplings are switched on. As a consequence, higher multiplet models are compatible with the
relic density constraint only in the high-mass regime.
In the high-mass regime, it turns out that the total annihilation cross-section relevant for
the calculation of the relic density can only increase when scalar quartic couplings are turned
on. For higher multiplet models, this is because the Higgs pair channel is opened while the
pure gauge channels are not modified. For the doublet case, the analysis is more subtle
and is deeply connected to gauge invariance. Indeed pure gauge annihilations for λ = 0
mainly produce transverse modes of gauge bosons. Any annihilation amplitude into a pair of
longitudinal modes of W (or Z) is suppressed by a factor m2H0 /m2W . This residual amplitude
is the result of a cancellation between various amplitudes (point-like, t and u-channels).
In the high-mass regime, this residual amplitude is completely negligible compared to the
transverse amplitude. When scalar quartic couplings are switched on, the cancellation is
lost since the doublet partners of the DM candidate can have a higher mass. Therefore the
annihilation amplitude into gauge bosons picks up a longitudinal contribution proportional
to a mass splitting between the odd fields. As cross-sections into transverse and longitudinal
modes add up quadratically, it is clear that the total annihilation cross-section can only
increase when scalar quartic couplings are switched on. The scalar contribution to the crosssection becomes comparable to the pure gauge one for λ ≃ 1.
3

Relic abundance

The discussion on how scalar quartic couplings increase the annihilation cross-section shows
that scalar multiplet models can fulfill the WMAP abundance requirement for any DM mass
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Figure 1: Maximal values of scalar quartic couplings (left panel) and mass splittings (right panel) as a function
of the DM mass, constrained by WMAP, without (dashed lines) and with (thin solid lines) the vacuum stability
conditions included. We assume a Higgs mass mh = 120 GeV, and a sharp threshold between the freeze-out in
the broken and in the unbroken phases of the SM at a mass mH0 = 5 TeV.

above the threshold values in Table 1.
In the doublet case, this constraint translates into an upper bound for each scalar quartic
coupling and for the mass splittings, as shown on Fig. 1. For a given DM mass, the values
of the scalar quartic couplings corresponding to WMAP lie approximately on an ellipsoid,
see Fig. 2.
For higher multiplet models, the annihilation cross-section depends only on one scalar
quartic coupling. Therefore, the WMAP constraint determines this parameter as a function
of the DM mass. As shown in Fig. 3, for very heavy candidates, non-perturbative effects
(known as Sommerfeld enhancement of the annihilation cross-section) due to long range
forces become non-negligible. Their strength increases with the dimension of the multiplet.
Therefore, scalar multiplet DM models provide viable candidates with a TeV or multi-Tev
mass range. An upper bound on the DM mass can in principle be derived by imposing that
the theory stays perturbative. The values of the DM mass for λ = 2π or λ = 4π (Table 1)
give an indication of the extent of the allowed mass range.
4

Direct & Indirect detection signals

Dark matter candidates sensitive to weak interactions give rise to precise and testable predictions in direct and indirect detection experiments. The pure gauge interactions lead to
a minimal cross-section, therefore these candidates cannot be ”hidden”. The scalar interactions lead to more freedom and more possibilities compared to a fermionic DM candidate.
Moreover, their strength is constrained by the relic abundance constraint. As a result, there
is also an upper bound on the interaction cross-section at low energy.
These characteristics are illustrated in Fig. 4 for the direct detection. In particular, we see
that scalar multiplet models will become testable with future direct detection experiments
with a ton × year sensitivity.
For indirect searches, the most promising signal is the observation of γ rays from the
galactic center, with a possible complementarity with high energy neutrinos. The signal will
be observable by the FERMI-LAT satellite if the galactic DM halo is cuspy enough, and
if the DM mass is not too heavy (The number density of DM particles which controls the
annihilation rate is obviously inversely proportional to the DM mass). Moreover, annihilation
signals can benefit from a possible Sommerfeld enhancement. As scalar DM candidates
are viable for a continuous range of mass, for some values, a resonance phenomenon can
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occur. The absolute boost factor due to particle physics enhancements is however limited
by constraints from existing γ ray measurements like the EGRET data 7 .
The complementairity of different searches is illustrated by the fact that the main primary
annihilation channels of scalar multiplet DM candidates are W + W − , ZZ and hh. Therefore,
the production rates of photons, neutrinos and charged cosmic rays are determined by the
subsequent decays and hadronization processus involved by these particles. In particular, it
appears that the charged cosmic ray fluxes (antiprotons and positrons) are several orders of
magnitude below the observed background. The recent positron excesses claimed by both
the PAMELA and the ATIC experiments cannot be explained in this context, unless an
important boost factor is applied. Such a boost factor would however again lead to a gamma
ray flux in excess of the EGRET data for most of the parameter space.
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The 15th of June 2006, the PAMELA satellite–borne experiment was launched from the
Baikonur cosmodrome and it has been collecting data since July 2006. The apparatus comprises a time–of–flight system, a silicon–microstrip magnetic spectrometer, a silicon–tungsten
electromagnetic calorimeter, an anticoincidence system, a shower tail counter scintillator and
a neutron detector. The combination of these devices allows precision studies of the charged
cosmic radiation to be conducted over a wide energy range (100 MeV – 100’s GeV) with high
statistics. The primary scientific goal is the measurement of the antiproton and positron energy spectrum in order to search for exotic sources, such as dark matter particle annihilations.
PAMELA is also searching for primordial antinuclei (anti–helium) and testing cosmic–ray
propagation models through precise measurements of the anti–particle energy spectrum and
precision studies of light nuclei and their isotopes. Moreover, PAMELA is investigating phenomena connected with solar and earth physics.

1

Introduction

The main stream of physics goals the WiZard Collaboration is devoted to is the study of cosmic
rays through balloon and satellite borne devices.
The determination of the antiproton 1 and positron 2 spectra, the search of antimatter, the
measurement of low energy trapped and solar cosmic rays was carried out using both balloon
and satellite experiments (NINA-1 3 and NINA-2 4 ). Other research on board Mir and International Space Station has involved the measurement of the radiation environment, the nuclear
abundances and the investigation of the Light Flash phenomenon with the Sileye experiments 5,6 .
PAMELA is a dedicated satellite borne experiment conceived by the WiZard collaboration to
study the anti–particle component of the cosmic radiation. At present PAMELA is the largest
and most complex device built by our collaboration. In this work we describe the scientific
objectives, the detector and the first preliminary results of PAMELA after almost three years
of data taking.
2

Physics goals and instrument description

PAMELA aims to measure in great detail the cosmic ray component at 1 AU (Astronomical
Unit). Its 70 degrees, 350–610 km quasi–polar elliptical orbit makes it particularly suited to
study items of galactic, heliospheric and trapped nature. PAMELA has been mainly conceived
to perform high–precision spectral measurement of antiprotons and positrons and to search for
antinuclei, over a wide energy range. Besides the study of cosmic antimatter, the instrument
setup and the flight characteristics allow many additional scientific goals to be pursued. Due
to the high–identification capabilities of the instrument light nuclei and their isotopes, as well,
at least up to Z=8, can be identified. This provides complementary data, besides antimatter
abundances, to test models for the origin and propagation of galactic cosmic rays. In addition,
the low–cutoff orbit and long–duration mission permits to detect low–energy particles (down
to 50 MeV) and to follow long–term time variations of the radiation intensity and transient
phenomena. This allows to extend the measurements down to the solar–influenced energy region,
providing unprecedented data about spectra and composition of solar energetic particles and
allowing to study solar modulation of galactic cosmic rays over the minimum between solar
cycles 23 and 24. Finally, the satellite orbit spans over a significantly large region of the Earth
magnetosphere, making possible to study its effect on the incoming radiation. A more detailed
overview of the PAMELA scientific goal can be found in 7 .
The instrument is installed inside a pressurized container (2 mm aluminum window) attached
to the Russian Resurs–DK1 Earth–observation satellite that was launched into Earth orbit by a
Soyuz–U rocket on June 15th 2006 from the Baikonur cosmodrome in Kazakhstan. The mission
is foreseen to last till at least December 2011.

Figure 1: A schematic view of the PAMELA apparatus. The instruments is ∼1.3 m tall and has a mass of 470 kg.
The average power consumption is 355 W. Magnetic field lines are oriented parallel to the y direction.

The PAMELA apparatus comprises the following subdetectors, arranged as shown in Figure 1 (from top to bottom): a time–of–flight system (TOF – S1, S2, S3); a magnetic spectrometer; an anticoincidence system (AC – CARD, CAT, CAS); an electromagnetic imaging
calorimeter; a shower tail catcher scintillator (S4) and a neutron detector. Planes of plastic
scintillator mounted above and below the spectrometer form the TOF system which also provides a fast signal for triggering the data acquisition. The timing resolution of the TOF system
allows albedo–particle identification and mass discrimination below 1 GeV/c. The central part
of the PAMELA apparatus is the magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon tracking system, composed of 6 planes of double–sided microstrip sensors.
The spectrometer measures the rigidity (momentum over charge) of charged particles and the
sign of their electric charge through their deflection (inverse of rigidity) in the magnetic field.
Ionization losses are measured in the TOF scintillator planes, the silicon planes of the tracking
system and the first silicon plane of the calorimeter allowing the absolute charge of traversing
particles to be determined. The acceptance of the spectrometer, which also defines the overall
acceptance of the PAMELA experiment, is 21.5 cm2 sr and the spatial resolution of the tracking
system is better than 4 µm up to a zenith angle of 10◦ , corresponding to a maximum detectable
rigidity (MDR) exceeding 1 TV. The spectrometer is surrounded by a plastic scintillator veto
shield, aiming to identify false triggers and multiparticle events generated by secondary particles
produced in the apparatus. Additional information to reject multiparticle events comes from
the segmentation of the TOF planes in adjacent paddles and from the tracking system. An
electromagnetic calorimeter (16.3 X0 , 0.6 λ0 ) mounted below the spectrometer measures the
energy of incident electrons and allows topological discrimination between electromagnetic and
hadronic showers, or non–interacting particles. A plastic scintillator system mounted beneath
the calorimeter aids the identification of high–energy electrons and is followed by a neutron
detection system for the selection of high–energy electrons which shower in the calorimeter but
do not necessarily pass through the spectrometer. For this purpose, the calorimeter can also operate in self–trigger mode to perform an independent measurement of the lepton component up
to 2 TV. More technical details about the entire PAMELA instrument and launch preparations
can be found in 8 .
PAMELA was first switched on June 21st 2006 and it has been collecting data continuosly
since July 11th 2006. To date about 650 days of data have been analyzed, corresponding to

more than one billion recorded triggers and about 12 TB data.
3

Anti–particle measurement

The main task of PAMELA is to identify antimatter components against the most abundant
cosmic–ray components. At high energy, main sources of background in the antimatter samples
come from spillover (protons in the antiproton sample and electrons in the positron sample)
and from like–charged particles (electrons in the antiproton sample and protons in the positron
sample). Spillover background comes from the wrong determination of the charge sign due to
measured deflection uncertainty; its extent is related to the spectrometer performances and its
effect is to set a limit to the maximum rigidity up to which the measurement can be extended.
The like–charged particle background is related to the capability of the instrument to perform
electron–hadron separation.
3.1

Antiproton to proton ratio

Electrons in the antiproton sample can be easily rejected by applying conditions on the calorimeter shower topology, while the main source of background comes from spillover protons. In order
to reduce the spillover background and accurately measure antiprotons up to the highest possible
energy, strict selection criteria were imposed on the quality of the fit. To measure the antiproton–
to–proton flux ratio the different calorimeter selection efficiencies for antiprotons and protons
were estimated. The difference is due to the momentum dependent interaction cross sections
for the two particles. These efficiencies were studied using both simulated antiprotons and protons, and proton samples selected from the flight data. In this way it was possible to normalize
the simulated proton and therefore the antiproton selection efficiency. The selected proton and
antiproton samples could be contaminated by pions produced by cosmic–ray interactions with
the PAMELA payload. This contamination was studied using both simulated and flight data.
At low energy, below 1 GV, negatively and positively–charged pions were identified in the flight
data using the velocity measurement of the ToF system once the calorimeter rejected electrons
and positrons from the sample. Since the majority of these pion events are produced locally in
the PAMELA structure or pressure vessel it was possible to reject most of them by the mean of
strict selection criteria on the AC scintillators and on the energy deposits in either S1 or S2. The
energy momentum spectrum of the surviving pions was measured below 1 GV and compared
with the corresponding spectrum obtained from simulation. In the simulation, protons impinged
isotropically on PAMELA from above and from the side. The protons were generated according
to the experimental proton spectrum measured by PAMELA and for the pion production both
GHEISHA and FLUKA generators 9,10 were considered. The comparison between simulated and
experimental pion spectrum below 1 GV resulted in a normalization factor for the simulation
which accounted for all uncertainties related to the pion production and hadronic interactions.
This procedure allowed to estimate the residual pion contamination on all the energy range,
resulting to be less than 5% above 2 GV decreasing at less than 1% above 5 GV.
Figure 2 shows the antiproton–to–proton flux ratio measured by the PAMELA experiment 11
compared with other contemporary measurements 12,13,14,15,16,17,18 . Only statistical errors are
shown since the systematic uncertainty is less than a few percent of the signal, which is significantly lower than the statistical uncertainty. The PAMELA data are in excellent agreement with
recent data from other experiments, the antiproton–to–proton flux ratio increases smoothly with
energy up to about 10 GeV and then levels off. The data follow the trend expected from secondary production calculations and our results are sufficiently precise to place tight constraints
on secondary production calculations and contributions from exotic sources, e.g. dark matter
particle annihilations.
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Figure 2: The antiproton-to-proton flux ratio obtained by PAMELA compared with contemporary measurements.

3.2

Positron fraction

The main issue in the positron measurement is to control the proton contamination in the
positron sample. Two different methods have been used to deal with the proton contamination:
the proton background suppression and the proton background estimation.
The first method assume that the proton contamination in the positron sample can be
reduced to a negligible amount using strong selection criteria on the topology of the shower
inside the calorimeter and by requiring the match between the calorimeter detected energy
and the tracker measured momentum. Using particle beam data collected at CERN we have
previously shown 19 that a proton rejection power of 105 can be achieved up to 200 GeV/c
keeping an electron selection efficiency of 80%.
The second approach consists in keeping a very high selection efficiency and in quantifying
the residual proton contamination by the mean of a so–called “spectral analysis” 20 . In a conservative approach, the proton distributions needed to estimate the contamination were obtained
using the flight calorimeter data without any dependence on simulations or test beam data. The
calorimeter was divided in two parts: the upper part (“pre–sampler”) made of two tungsten
planes and four detector planes was used to reject non-interacting particles. The sample of
events passing this condition is a nearly pure sample of protons with a positron contamination
of less than 2% at rigidities greater than 1.5 GV. Calorimeter variables were evaluated for the
lower part of the calorimeter made of 20 tungsten planes and 40 detector planes and the distribution of the lateral shower spread for protons was obtained. Hence, positive particles were
selected using the first 20 tungsten planes of the calorimeter. Results are shown in figure 3,
where PAMELA data 20 are compared to some contemporary measurements 21,22,23 and to theoretical predictions for dark matter 25,24 and astrophysical 26,27 primary production. At low
energy PAMELA data are lower than most of the other data and this can be interpreted as an
observation of charge-sign dependent solar modulation effects. PAMELA data are in agreement
with results from a balloon–borne experiment which flew in June 2006 28 which observed a low
positron fraction at low energies, but with large statistical uncertainties. At higher energies and
below 10 GeV the PAMELA positron fraction is compatible with other measurements but does
not confirm the structure between 6 and 10 GeV which was claimed previously by the HEAT
experiment 29 . Above 10 GeV the positron fraction is in agreement with the recent measurements and it increases significantly with energy. The PAMELA data cannot be described by the
standard model of secondary production, black line 30 in figure 3.
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Figure 3: The PAMELA positron fraction compared to other experimental results and theoretical predictions.

4
4.1

Other physics results
Galactic cosmic rays

The most common particles in the cosmic radiation, protons and helium nuclei, are detected by
PAMELA with very high statistics over a wide energy range. This allows to perform a precise
measurements of their spectral shape and makes possible to study time variations and transient
phenomena. The measurement of the spectra of primary cosmic rays has deep astrophysical
implications and the importance of knowing the absolute values of the fluxes is essential to
perform, for example, atmospheric neutrino observations. The launch of PAMELA occurred
during the 23rd solar minimum. In this period it is possible to observe solar modulation of
galactic cosmic rays due to varying solar activity. A long term measurement of the proton,
electron and nuclear flux at 1 AU provides information on propagation phenomena occurring
in the heliosphere. As already mentioned, the possibility to identify the anti–particle spectra
allows to study also charge dependent solar modulation effects. Figure 4 shows the proton flux
as measured by PAMELA in three different months in 2006, 2007 and 2008. An increasing flux
of galactic cosmic rays corresponds to a decreasing solar activity. This effect is in agreement
with the increase of neutron monitor fluxes 31 .
4.2

Nuclei

Also light nuclei (up to Oxygen) are detectable with the scintillator system. In this way it
is possible to study with high statistics the secondary/primary cosmic ray nuclear and isotopic
abundances such as B/C, Be/C, Li/C and 3 He/4 He. These measurements can constrain existing
production and propagation models in the galaxy, providing detailed information on the galactic
structure and the various mechanisms involved. The preliminary B/C ratio as function of
kinetic energy per nucleon measured by PAMELA is in very good agreement with previous
measurements.
4.3

Primary, re-entrant albedo and trapped particles measurements

Albedo particles are secondary particles produced by cosmic–rays interacting with the Earth’s
atmosphere that are scattered upward. When these particles lack sufficient energy to leave

Figure 4: Proton flux measured by PAMELA in July
2006 (violet), August 2007 (blue) and February 2008
(red). Solid line represents the interstellar spectrum.

Figure 5: Primary and re-entrant albedo proton spectra
as function of the geomagnetic cutoff.

the Earth’s magnetic field they re-enter the atmosphere in the opposite hemisphere but at a
similar magnetic latitude and they are called re-entrant albedo particles. The measurement of
the composition and spectra of the secondary cosmic rays particles provides a tool for the fine
tuning of models used in air shower simulation programs. Due to its orbit PAMELA is able
to provide a world map of the primary and re-entrant albedo particles, allowing to discern fine
details in the spectra especially in the sub-cutoff region. Figure 5 shows the proton spectra at
different geomagnetic latitudes. For each spectra is clearly visible the position of the geomagnetic
cutoff and the secondary proton component due to re-entrant albedo particles. It is also possible
to observe structures in the spectra, for example the violet data (cutoff 7-10 GV/c) between 3
and 5 GeV. These structures are also reproduced by simulations 32 . The 70◦ orbit of the Resurs–
DK1 satellite allows for continuous monitoring of the electron and proton belts. The high energy
(>80 MeV) component of Van Allen Belts can be monitored during the time and it is possible to
perform a detailed mapping of these regions by determining spectral and geometrical features 33 .
4.4

Solar energetic particles

Due to the period of solar minimum few significant solar events with energy high enough to
be detectable are expected. The observation of solar energetic particle (SEP) events with a
magnetic spectrometer will allow several aspects of solar and heliospheric cosmic ray physics to
be addressed for the first time. Positrons are produced mainly in the decay of π + coming from
nuclear reactions occurring at the flare site. Up to now, they have only been measured indirectly
by remote sensing of the gamma ray annihilation line at 511 keV. Using the magnetic spectrometer of PAMELA it is possible to separately analyze the high energy tail of the electron and
positron spectra at 1 AU obtaining information both on particle production and charge dependent propagation in the heliosphere in perturbed conditions of solar particle events. PAMELA
is able to measure the spectrum of cosmic ray protons from 80 MeV up to almost 1 TeV and
therefore is able to measure the solar component over a very wide energy range (where the upper
limit will be limited by statistics). Furthermore PAMELA can also investigate the light nuclear
component related to SEP events over a wide energy range. These measurements will help us to
better understand the selective acceleration processes in the higher energy impulsive events 34 .
5

Conclusions

PAMELA is continuously taking data and the mission is planned to continue until at least
December 2011. The increase in statistics will allow higher energies to be studied. An analysis

for low energy antiprotons and positrons (down to 100 MeV) is in progress and will be the topic
of future publications.
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DARK MATTER AND THE PAMELA/ATIC DATA
MARCO CIRELLI
Institut de Physique Théorique, CNRS, URA 2306 & CEA/Saclay
F-91191 Gif-sur-Yvette, France

Recent data from the PAMELA satellite and a number of balloon experiment have reported
unexpected excesses in the measured fluxes of cosmic rays. Are these the first direct evidences
for Dark Matter? If yes, which DM models and candidates can explain these anomalies and
what do they imply for future searches? Is this all compatible with other constraints?
[Report number: SACLAY-T09/060]

1

Introduction

While compelling evidence for the existence of Dark Matter (DM) now comes from a number
of astrophysical and cosmological probes, no explicit detection has been confirmed yet. The
indirect detection strategy relies on the possibility of seeing signals of the presence of DM in
terms of the final products (e± , p, d, γ, ν . . .) of DM annihilations in the galactic halo, on
top of the ordinary cosmic rays. The recent positive results from a number of indirect detection
experiments have suggested the possibility that indeed such a signal has been seen. In particular,
the signals point to an excess of electrons and positrons.
◦ Data from the PAMELA satellite show a steep increase in the energy spectrum of the
positron fraction e+ /(e+ + e− ) above 10 GeV up to 100 GeV, compatibly with previous
less certain hints from HEAT and AMS-01.
◦ Data from PAMELA also show no excess in the p̄/p energy spectrum compared with the
predicted background.
◦ The balloon experiments ATIC-2 and PPB-BETS report the presence of a peak in the
e+ + e− energy spectrum at around 500-800 GeV.

◦ The HESS telescope has also reported the measurement of the e+ + e− energy spectrum
above energies of 600 GeV up to a few TeV: the data points show a steepening of the
spectrum which is compatible both with the ATIC peak (which cannot however be fully
tested) and with a power law with index −3.05 ± 0.02 and a cutoff at ≈2 TeV.
In this presentation I will address the following issues (the discussion in based on Ref. ? and
Ref. ? , where all references are given):
• Which characteristics must a Dark Matter candidate have in order to fit the above data?
• What are the constraints from other observations (e.g. γ from the Galactic Center region)?
• As a consequence, which conclusions can be drawn on the DM interpretation of the data?
2

Positrons, electrons and antiprotons: which Dark Matter can fit the data?

As a first example, the upper row of Fig.?? shows the spectra of the positron fraction (first
column), of the sum of electrons and positrons (second column) and of the antiprotons (third
column) from a DM particle with 150 GeV mass and annihilating into W + W − . As apparent,
the candidate can fit well the positron data, but produces too large a flux of antiprotons: such
a DM is excluded by data with pretty high confidence. Let us instead consider (third row of
Fig.??) a candidate with a (very large) 10 TeV mass, again annihilating into W + W − . The
positron data points are well fitted (by the low energy tail of the spectrum, in this case) and
the antiproton bounds are not exceded, thanks to the fact that an excess would show only at
larger energies. However the peak reported by the balloon experiments at around 1 TeV is not
reproduced. As a third exemple, we consider a 1 TeV candidate with annihilations into µ+ µ−
(second row of Fig. ??): it fits all the available datasets.
We now proceed to presenting the results of the fits in a more systematic way. In performing
such fits, we smoothly scan over the charged cosmic ray propagation configurations and DM halo
models, within the boundaries described in ? . Moreover, we assume that the e+ , e− , p̄ background
spectra can be freely renormalized, and have independent ±0.05 errors in their energy slope.
This mimics the main uncertainties in astrophysical backgrounds. We will show plots of the χ2
as a function of the DM mass: an interval at n standard deviations corresponds (in Gaussian
approximation) to χ2 < χ2min + n2 , irrespectively of the number of data points.
First, let us consider the fit to PAMELA positron data only (16 data points). We see in the
upper left panel of fig. ?? that DM annihilations into e, µ, τ, W can reasonably well reproduce
the data for any DM mass, while annihilations into Z, t, q, b, h give a good fit for DM heavier
than about 1 TeV. It is perhaps interesting to note that, contrary to what commonly thought,
the spectrum from W + W − annihilations is not too flat to give a good fit of the quite steep
PAMELA rise.
Next, let us add the PAMELA p̄/p data (17 data points). Since no excess seems present in
the p̄/p ratio, annihilation into leptons are not constrained as they do not produce antiprotons.
On the contrary, all other annihilations into quarks, vector and Higgs bosons are significantly
constrained, and allowed only if the DM particle is heavier than almost 10 TeV (see the upper left panel of fig. ??). Only in such a case the proton excess lays at energies above those
explored currently by PAMELA, while the low energy proton spectrum is consistent with the
background (see Fig. ?? for illustration). The bound dominantly comes from high energy data
points where the solar modulation is negligible. The implications of the complementarity of
PAMELA e+ /(e+ + e− ) and p̄/p data on constraining new physics are therefore evident.
We add now to the fit the balloon (ATIC-2, PPB-BETS and EC) data (37 points in total).
Because the balloon data shows a sharp cut-off in the excess just below 1 TeV, the DM mass
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Figure 1: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for a DM particle with mass
M = 150 GeV annihilating into W + W − (upper row, excluded by p̄), M = 10 TeV into W + W − (lower row,
disfavored by the e+ + e− data), M = 1 TeV into µ+ µ− (middle row, favored by data). Galactic DM profiles
and propagation models are varied to provide the best fit. See Sec. ?? for the discussion on the treatment of the
uncertain astrophysical background.
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Figure 2: Global fits of different DM annihilation channels to the data. The labels on each curve indicate the
primary annihilation channel. Upper left: fit to PAMELA e+ fraction data only. Upper right: with the inclusion
of PAMELA antiproton data. Lower left: with the inclusion of balloon e+ + e− data. Lower right: values of
Be · σv (right axis) and of the boost factor Be (left axis, for σv = 3 10−26 cm3 /sec) needed to fit the data.

should be close to 1 TeV, and all other but leptonic DM annihilation channels are strongly
disfavored or excluded. This is shown in the lower left panel of Fig. ??. More precisely, DM
annihilations into µ seem to give the optimal energy spectrum and the best fit (see e.g. the
example discussed above in Fig.??). Annihilations into e (τ ) give a slightly poorer fit, because
of a too (not enough) steep spectrum.
The lower right panel of Fig. ?? illustrates the last important point: the values of the
annihilation cross section which are required in order to fit the data (for a given mass and given
primary annihilation channel). Values of the order of 10−23 cm3 /sec or more (for the masses
under consideration) are needed. These are much larger than the typical cross section required
by DM thermal production in cosmology (∼ 3 · 10−26 cm3 /sec). They can be justified in specific
models in terms of some enhancement mechanism which is effective today but not in the early
universe (such as a resonance or Sommerfeld enhancement, the presence of an astrophysical
boost factor due to DM substructures –unlikely–, or a combination of these).
3

Constraints from gamma and radio observations of the Galactic Center region

Given these tantalizing but surprising hints of Dark Matter annihilations in the charged particle
signals, it is now crucial to consider the constraints on this interpretation that come from the
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Figure 3: Comparison of the regions favored by PAMELA (green bands) and ATIC (red regions within the bands)
with the bounds from HESS observations of the Galatic Center (blue continuous line), Galactic Ridge (blue dotdashed), and SgrDwarf (blue dashed) and of observations of the Galactic Center at radio-frequencies ν = 408 GHz
by Davies et al. (red lines). We considered DM annihilations into e+ e− (left), µ+ µ− (middle), τ + τ − (right) and
an Einasto DM density profile for the Milky Way and a density profile for Sgr dSph characterized by a large core.
We assume unit boost and Sommerfeld factors.

photon fluxes that necessarily accompany them. These photon fluxes are produced:
i) directly as a product of the DM annihilations themselves (mainly from the bremsstrahlung
of charged particles and the fragmentation of hadrons, e.g. π 0 , produced in the annihilations), at energies comparable to the DM mass M , i.e. in the γ-ray energy range of tens
of GeV to multi-TeV.
ii) at much lower energies, e.g. radio to visible frequency, by the synchrotron radiation emitted
in the galactic magnetic field by the electrons and positrons produced by DM annihilations.
The best targets to search for these annihilation signals are regions with high DM densities,
such as the Milky Way Galactic Center (GC), the Milky Way Galactic Ridge (GR) and the
Sagittarius Dwarf spheroidal satellite galaxy (Sgr dSph). The predicted photon fluxes can then
be compared with observational data, in order to rule out combinations of astrophysical and
particle physics parameters that violate observational constraints. The results of this are shown
in fig. ??, for the case of leptonic annihilations and choosing a benchmark Einasto profile. It is
apparent that the regions identified by PAMELA (and ATIC) are excluded by these constraints.
It is possible to relax these constraints by assuming a less steep DM profile, such as isothermal
(less DM concentration in the GC region leads to less gamma ray production), which is however
disfavored by numerical simulations. For a full discussion, see Ref. ? .
4

Conclusions

En lieu of conclusions, let us try to answer the questions raised in the Introduction.
• Which characteristics must a Dark Matter candidate have in order to fit the above data?
a) on the basis of the e+ and p̄ data from PAMELA, the Dark Matter can be:
a1) a particle that dominantly annihilates into leptons, with no strong preference for
the mass, if above a few hundred GeV;
a2) a particle that annihilates into W, Z or higgses and that has a mass & 10 TeV.

b) adding the peak from ATIC-2, a clear indication for the mass emerges: DM has to
be a particle with mass ∼ 1 TeV that dominantly annihilates into leptons.
The upcoming results of ATIC-4, PAMELA, or the first data from the Fermi LAT calorimeter can soon check if a peak is really present in the e+ +e− spectrum just below 1 TeV, or if
other features appear indicating a preferred value for the mass. Models with M ≪ 1 TeV
appear anyway to be already disfavored.
For what concerns the magnitude of the annihilation cross section, the large flux above
the background in the PAMELA and ATIC data indicates a very large σv, of the order of
10−23 cm3 /sec or more (see lower right panel of Fig. ??).
• What are the constraints from other observations (mainly of photons from the Galactic
Center region)?
Constraints are imposed by high energy gamma rays (generated directly from the DM
annihilation process) from the galactic center region and from satellite galaxies and by
synchrotron radiation (generated by e± in the galactic center’s magnetic field). The results
show that the regions of the parameter space that allow to fit the PAMELA (and ATIC)
data are disfavored by about one order of magnitude if a benchmark Einasto (or NFW)
profile is assumed. But choosing a smoother profile and/or assuming that a part of the
cross section is due to an astrophysical boost factor that would not be present in dwarf
galaxies and the Galactic Center due to tidal disruption re-allows part of the space.
• Which conclusions can be drawn on the Dark Matter interpretation of the data?

As apparent, the data point to a Dark Matter particle that (1) features really ‘unexpected’
properties and (2) has anyway disturbing ‘internal’ tensions (e.g. with γ ray constraints).
So, either the DM interpretation is not the right one, i.e. an astrophysical source will turn
out to be responsible for the excesses a . Or we are on the verge of a big change of paradigm
in the field of Dark Matter modelling.
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Of course, the origin of the e+ e− excesses could simply lie in ordinary (albeit possibly peculiar) astrophysical
sources, such as one or more pulsars, sources of Cosmic Rays in galactic spiral arms, aged SuperNova remnants
or exploding stars. In this case, the sources would be located in the galactic disk, and moreover not too far from
the Earth, since e± quickly loose energy when travelling from more that about 1 kpc away.
a
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Recent measurements of the positron/electron ratio in the cosmic ray (CR) flux exhibits an
apparent anomaly1 , whereby this ratio increases between 10 and 100 GeV. In contrast, this
ratio should decrease according to the standard scenario, in which CR positrons are secondaries formed by hadronic interactions between the primary CR protons and the interstellar
medium (ISM)2 . The positron excess is therefore interpreted as evidence for either an annihilation/decay of weakly interacting massive particles, or for a direct astrophysical source of
pairs. The common feature of all proposed models is that they invoke new physics or new
astrophysical sources. However, this line of argumentation relies implicitly on the assumption
of a relatively homogeneous CR source distribution. Inhomogeneity of CR sources on a scale
of order a kpc, can naturally explain this anomaly. If the nearest major CR source is about
a kpc away, then low energy electrons (∼ 1 GeV) can easily reach us. At higher energies
(>
∼10 GeV), the source electrons cool via synchrotron and inverse-Compton before reaching
the solar vicinity. Pairs formed in the local vicinity through the proton/ISM interactions can
reach the solar system also at high energies, thus increasing the positron/electron ratio. A
natural origin of source inhomogeneity is the strong concentration of supernovae to the galactic spiral arms. Assuming supernova remnants (SNRs) as the sole primary source of CRs, and
taking into account their concentration near the galactic spiral arms, we consistently predict
the observed positron fraction between 1 and 100 GeV, while abiding to different constraints
such as the observed electron spectrum and the CRs cosmogenic age. ATIC’s3 electron spectrum excess at ∼ 600 GeV can be explained, in this picture, as the contribution of a few
known nearby SNRs.

PAMELA1 discovered that the CR positron/electron ratio increases with energy above ∼
7 GeV. The apparent discrepancy between the theoretical standard prediction of a decreasing
ratio and these measurements is now commonly known as the “PAMELA anomaly”4 . It is
commonly interpreted as evidence for a new source of primary CR positrons, most likely WIMPs.
Measurements of the electron spectrum at 0.1 − 1 TeV by ATIC3 show an excess of CR electrons
at energies of 300 − 800 GeV, and at even higher energies (1 − 4 TeV) HESS measures5 a sharp
decay in the electron spectrum. ATIC’s results are usually considered as support of a dark
matter origin for the PAMELA anomaly, where the observed spectral bump corresponds to the
WIMP mass.
In the standard picture2 , the majority of CRs are thought to originate in SNR shocks.
SNRs, however, are not expected to be a major source of CR positrons. Instead, as CR protons diffuse through the Galaxy, they collide with interstellar medium (ISM) nuclei, producing “secondary” positrons and electrons. CRs diffuse within the disk, and escape the Galaxy
once they reach the halo height, lH ∼ 1 kpc above the disk. The diffusion coefficient can

be approximated as D = D0 (E/E0 )β . Most CR diffusion models assume that CRs are produced with a power-law spectrum, NE ≡ dN/dE ∝ E −α . The observed spectrum is then a
convolution of the source spectrum and propagation losses, giving for the primary electrons
(e)
NE,obs ∝ E −(αe +β) . Positrons are secondary CRs formed from CR protons, and suffer addi(s)

(p)

tional propagation loses, implying NE,obs ∝ NE,obs E −β ∝ E −(αp +2β) . The predicted flux ratio is
φ+ /(φ− + φ+ ) ≈ φ+ /φ− ∝ E αe −αp −β , where αe and αp are the source power-law indices of electrons and protons respectively. Both electrons and protons are expected to have similar spectral
slopes, i.e., αe ≈ αp , which is somewhat larger than 2. Consequently, αp − αe < β ≈ 0.3 − 0.6
and the standard model predicts, in contrast to PAMELA observations, a CR positron/electron
ratio which decreases with energy.

This standard model assumes a homogenous, source distribution2,6 . However, as star formation in spiral galaxies is concentrated in spiral arms7,8 one should consider the effect of inhomogeneities in the CR source distribution on the CR spectrum. This inhomogeneity of sources
influences the electrons/positrons spectra via cooling which sets a typical distance scale that
an electron/positron with a given energy can diffuse away from its source. For a homogenous
distribution cooling affects the spectra of (primary) electrons and (secondary) positrons in the
same way and their ratio is unaffected. On the other hand, primary electrons will be strongly
affected by an inhomogeneous source distribution at energies for which the diffusion time is
longer than the cooling time. Protons are not affected by cooling and are therefore distributed
rather smoothly in the galaxy even if their sources are inhomogeneous. The secondary positrons
(that are produced by the smoothly distributed protons) are only weakly affected by the inhomogeneity of the sources. This effect would induce an observed signature on φ+ /φ− , with
similar properties to the one observed by PAMELA.
We 9 considered a simple analytic model for diffusion from a source at a distance d from
Earth. We model the galaxy as a two dimensional slab. The Galactic plane is infinite and the
disk height is finite, lH . The source is at a distance d from Earth. A CR diffuses within this
slab with a constant diffusion coefficient D(E), and it escapes once |y| > lH . We find that for a
a turnover in φ+ /φ− is observed at Eb which satisfies τc (Eb ) ≈ min{τx (Eb ), (τe (Eb )τx (Eb ))1/2 }.
φ+ /φ− for E < Eb decreases, while it increases for E > Eb . This is the observed behavior seen
by PAMELA, provided that Eb ≈ 10 GeV, which the case using typical parameters for cooling
and diffusion from a source at d ≈ 1 kpc 9 . The nearest spiral arm to the solar system is the
Sagittarius-Carina arm at a distance of ≈ 1 kpc.

At the same time the typical age of CR protons with energy Eb is a ∼ max{τe , (τe τd )1/2 }.
Therefore a natural prediction of the model is a(Eb )>
∼τc (Eb ) and a comparison of the two observables can be used as a consistency test for the model. Moreover, over a wide range of the
parameter space for which d>
∼lH , the model predicts a(Eb ) ≈ τc (Eb ) regardless of the value of
the diffusion coefficient D.
To demonstrate quantitatively the potential of this model to recover the observed
behavior of φ+ /φ− , we 9 (see also ref. 8 simulated numerically the CR diffusion for
a realistic spiral-arm concentrated source distribution. Before presenting these
results we stress that all other models explaining PAMELA invoke a new ad hoc
source of high energy CR positrons which has a negligible effect on low energy
CR components. However, in our model, the PAMELA explanation is intimately
related to low and intermediate energy CR propagation in the Galaxy. Namely, by
revising the source distribution of CRs, we affect numerous properties of ∼ GeV
CRs. Given that the interpretation of observations (in particular, isotopic ratios)
used to infer model parameters (such as D0 , β or lH ) depend on the complete model,
one should proceed while baring in mind that these parameters may differ in our
model from present canonical values. In this sense, the objective is not to carry a

comprehensive parameter study, fitting the whole CR data set to an inhomogeneous
source distribution model. Instead, our goal is to demonstrate the potential of the
model to explain naturally the PAMELA anomaly. To this end we use the simplest
possible model, fixing all parameters with the exception of the halo size, lH , and
the normalization of the diffusion coefficient, D0 , that we vary to fit the data.
Small scale inhomogeneities are important at energies larger than a few hundreds GeV, for
which the lifetime, and therefore propagation distance, of electrons is so short that the electron
spectrum is dominated by a single, or at most a few nearby sources10,11,12 . To take this effect
into account we truncate the “homogeneous” disk component at r < 0.5 kpc and age less than
t < 0.5 Myr, and we add all SNRs within this 4-volume: Geminga, Monogem, Vela, Loop I and
the Cygnus Loop, as discrete instantaneous sources. These sources were described using the
analytical solution10 for the diffusion and cooling from an instantaneous point source.

Figure 1: Bottom Panel: Model results
and the measured PAMELA points for
the positron fraction. The shaded region is the variability expected from solar modulation effects13 . Top Panel:
The expected electron and positron
spectra – Primary arm electrons (long
dashed purple), primary disk electrons with nearby sources excluded
(short dashed green), nearby SNRs
(dot-dashed black), secondary positrons
(dot-dashed red), and their sum (blue).
The hatched region describes the solar
modulation range (from 200 MV to 1200
MV). The three data sets plotted are
of HEAT14 (circles), ATIC3 (triangles)
and HESS5 (open squares).

The lower panel of fig. 1 depicts φ+ /(φ+ + φ− ). As expected from the simple analytical
model, the fraction decreases up to ∼ 10 GeV and then it starts increasing. At about 100 GeV,
the ratio flattens and it decreases above this energy because of the injection of “fresh” CRs from
recent nearby SNRs whose high energy primary electrons don’t have time to cool. These sources
also contribute to higher energy electrons detected by ATIC. The cosmogenic age we obtain in
this model for 1 GeV per nucleon particles is 14 Myr.
The upper panel of fig. 1 depicts the electronic spectrum and its constituents—primary spiral
arm electrons, primary disk electrons (without nearby sources), the spectrum of the nearby
sources and the secondary pairs. Evidently, there are two bumps in the E 3 NE plot. The lower
energy bump arises from spiral arm electrons, the higher energy of which cannot reach us due to
cooling. The higher energy bump, which corresponds to the ATIC peak, is due to a few nearby
SNRs. The three “steps” are due to the cooling cutoffs from Geminga, Loop I and the Monogem
SNRs. Note that the average CR flux from these sources is about 3 to 6 times higher than can
be expected from the average disk population were it not truncated. This is not surprising given
that our local inter-arm region is perturbed by the Orion Spur.
While the predictions for the positron/electron ratio for the spiral arms CR model are very
different than for a homogenous sources distribution, the effect on the electron spectrum is

much more subtle. Both models predict a break of the electron spectrum at 10 GeV. The break
predicted by spiral arm model is from a power law to an exponential, while in the homogenous
model it is a broken power-law. Given that above ∼ 100 GeV the electron spectrum is strongly
affected by the sources that produce the ATIC bump (e.g., local SNRs), the energy range between
10 to 100 GeV is too short to distinguish, based on the electron spectrum alone, between the two
models. Thus, while both models can adequately reproduce the observed electron spectrum (at
least up to 100 GeV), only the inhomogeneous source model can explain the positron/electron
ratio.
One of the interesting predictions of this model where both the PAMLEA and the ATIC
anomalies are explained as consequences of propagation effects from SNRs, is that the positron
fraction should start dropping with energy at ∼ 100 GeV, just above the present PAMELA
measurement. It should reach a minimum around the ATIC peak, where it should start rising
again. Whether or not it can go up to about 50% at a few TeV depends on whether the CRs from
very recent SNe, the Cygnus Loop and Vela, could have reached us or not. This critically depends
on the exact diffusion coefficient. Here it is also worth pointing out that above a few TeV the
secondaries must be produced within the local bubble, implying that their normalization should
be ten times lower than for the lower energy secondaries. These predictions are in contrast to
the case where the ATIC peak is due to a primary source of pairs, in which case the positron
fraction is expected to keep rising also at a few hundreds GeV. With these predictions, it will be
straightforward in the future to distinguish between propagation induced “anomalies”, and real
anomalies arising from primary pairs (in particular, when PAMELA’s observations will extend
to higher energies). Of course, it is possible that the ATIC peak is due to a source of primary
pairs, while the PAMELA anomaly is a result of SNRs in the spiral arms, but then it would
force us to abandon the simplicity of the model, that the anomalies are all due to propagation
effects from a source distribution borne from the known structure of the Milky Way.
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Recent PAMELA and ATIC data seem to indicate an excess in positron cosmic rays above
∼ 10 GeV which might be due to galactic Dark Matter particle annihilation. However the
background of this signal suffers many uncertainties that make our task difficult in constraining
Dark Matter or any other astrophysical explanation for these recent surprising data.

Introduction
Recent cosmic ray measurements 1,2,7 have created a lot of excitation in the Dark Matter community. Cosmic rays have been studied for many years and have given extremely satisfactory
agreement between theory and observations for various species. However PAMELA 1 and then
ATIC 7 have changed this bright situation by confirming a discrepancy between theoretical expectations and observations for high energy (& 10 GeV) electrons and positrons that had been
previously suspected thanks to HEAT5 experiment. After stressing the various uncertainties
that affect the description of the life of a cosmic ray, from creation to detection, we will discuss
how difficult it is to find a correct explanation for all experimental data at once.
Even though very accurate methods 17 have been developed, the estimation of the flux of
positrons, electrons and anti-protons still suffers from many uncertainties. Most of cosmic rays
(electrons, protons and heavier nuclei) are considered as primaries, namely particles accelerated
by astrophysical objects of our galaxy (probably Super Novæ Remnants). However some species
are believed to be secondaries which means that they are produced not by astrophysical objects
but by other cosmic rays. The main process that produces positron, anti-proton but also boron
cosmic rays is believed to be the spallation of primary cosmic ray nuclei (mainly protons and α
particles) on the Interstellar Medium (Hydrogen and Helium). In the case of anti-protons, one
should even expect tertiary cosmic rays created by the spallation of secondaries. After production cosmic rays propagate in the galactic turbulent magnetic field and finally reach the Earth.

The idea of indirect detection is that, if Dark Matter exists and is coupled to the Standard Model
sector, then the galactic halo should host annihilation (or decay) of Dark Matter particles hence
producing a new primary component for cosmic rays. This process should produce as much
matter as anti-matter but the background being much higher for matter. If any, the primary
component due to Dark Matter has better chance to be found among anti-matter cosmic rays
(at least with charge discriminating experiments).
1

The various sources of uncertainties

Though extremely appealing, indirect detection requires carefulness and disentangling a signal
is possible only if the background is well understood. Here we will focus on the various facts
that make our task difficult in evaluating the background.
1.1

Cross sections

Even though colliders give us plenty of data on proton-proton reactions at low energy, extrapolation to the energies relevant for cosmic rays are anything but trivial. The various available
parametrizations may induce an uncertainty that may reach a factor of 3 on the expected secondary positrons flux. Though a little less, anti-protons estimations are also affected by this
uncertainty. Unfortunately this uncertainty do not just change the normalisation or the spectral
index but even the shape of the spectrum which can be different from a power law.
1.2

Proton flux

In order to correctly estimate the production rate of positron and anti-proton cosmic rays, one
also needs to know the proton (and α) flux everywhere in the galaxy and the matter density.
However the only available data is of course the local value of the proton spectrum. Many experiments have measured this flux and most of them are consistent. However the radial distribution
of proton sources and of Inter-Stellar Matter is less well known. Concerning positrons, this is
of little importance indeed, because of energy losses, positrons are produced locally (see 1.3)
and are not sensitive to large scale radial variations neither of the proton flux nor of the matter
distribution. For anti-protons the sensitivity to the sources radial distribution is a little larger.
1.3

Energy losses

At the energy range we are interested in, energy losses concern only positrons. Some energy
losses (e.g. Bremsstrahlung, ionisation of the Inter-Stellar Medium and adiabatic losses accompanying convection) are only relevant at energies lower than ∼ 10 GeV where solar modulation
dramatically affects the flux and make any comparison between data and prediction extremely
dubious. But, the main energy losses, namely synchrotron radiation due to the steady part of
the galactic magnetic field and inverse Compton scattering off of positrons on stellar, dust and
CMB light, make positrons (and electrons) a very special species in the cosmic ray framework.
Because we know this effect is important, positrons we detect at the Earth have to be created
in the solar vicinity (around 80% of the background at 10 GeV comes from less than 1 kpc).
Measurements of galactic magnetic field and Inter-Stellar Radiation Field exist but both are
affected by complex systematic effects. Even though we limit ourselves to the local region where
positrons are created, the uncertainty on the typical energy loss time scale is still of order ∼ 3.
This translates into very small variation
of the shape of the expected flux but also in a change of
√
the normalisation by a factor ∼ 3. This uncertainty also drastically affects how far the sources
of the positrons we detect on Earth are. As it will be shown in 2, if interested in interpreting

the PAMELA result in term of a point-like source, one cannot change the normalisation of the
flux without affecting the number and distance of sources.
1.4

Propagation

Charged particles do not travel easily in the galaxy : they scatter off on the inhomogeneities of
the galactic magnetic field and are re-accelerated by them, they convect under the pressure of
the galactic wind, they loose energy, some of them decay and they interact with the Interstellar Medium through spallation processes. All these processes are summed up in the diffusion
equation 1 that has to be solved with the proper boundary conditions.


n
o
∂N
∂
(1)
∇· − K0 ǫδ ∇N + VC (z)N +
bloss (ǫ, z) N − Kǫǫ (z)
= qe+ (x, ǫ)
∂ǫ
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Observations of other galaxies suggest that cosmic rays are diffusing in a cylindric slab, the height
of which seems to vary from one galaxy to another. As soon as a cosmic ray reaches an edge
of the diffusion zone, it is expected to leave the zone and to never return. All these processes
are not very well constrained neither theoretically nor observationally. However the ratio of
secondary over primary cosmic rays depends almost only on propagation. Using boron/carbon
data, Maurin et alii 16 have constrained the values of the parameters of the propagation equation
1. However, even under these constraints, the compatible parameter space is still quite extended
and sizing the underlying uncertainty requires to scan the complete parameter space. This is
why one needs a fast method to compute cosmic ray fluxes, which is allowed by our method.
Depending on the energy we are interested in, the parameter set that maximizes (or minimizes)
the flux is not always the same. This is why it is not enough to look at the envelope of fig. 1 to
estimate uncertainties due to propagation and analysing data really requires a full scan of the
parameter space.
1.5

Electron flux

At the moment, the PAMELA collaboration has not published absolute positron flux yet but
the positron fraction (namely the flux of positron divided by the flux of positron plus the flux
of electrons). There are ∼ 10 times more electrons than positrons in cosmic rays, this is why
any small uncertainty on electron flux has a dramatic effect on positron fraction. Though it
seems quite improbable that PAMELA result can be explained by standard secondary positrons
only, interpretation of the excess cannot be done without knowing its range and shape which
clearly relies on the electrons. During this conference the PAMELA collaboration has presented
a preliminary result concerning the spectral index of electron flux. It will considerably help
future works and clarify the situation. However without the normalisation and the systematic
errors, a lot of uncertainties will remain.
1.6

Solar Modulation

Because of its magnetic and coronal activities, the Sun perturbs low energy (.10 GeV) cosmic
rays. The interaction between solar wind, heliosphere and cosmic ray fluxes is called solar
modulation and is not very well understood yet. PAMELA results seem to indicate that the
simplest model for this solar modulation is not correct and that in fact, cosmic ray charge and
mass but also solar polarity may have a role to play here. PAMELA is the first apparatus which
measures cosmic rays from space over such a long time. Therefore, unlike balloons which only
give us a snapshot at one precise moment, PAMELA is able to look at the evolution of cosmic
ray fluxes with solar activity. Time-dependent data are not available yet but let us hope that
they will be soon. Indeed, as long as we are not able to model solar modulation properly, all

Figure 1: Secondary positron flux as a function of the positron energy. The blue hatched band corresponds to
the CR propagation uncertainty on the Inter-Stellar prediction whereas the yellow strip refers to Top Of the
Atmosphere fluxes. The long–dashed curves feature our reference model with the Kamae14 parameterization
of nuclear cross sections, the Shikaze19 injection proton and helium spectra and the MED set of propagation
parameters. The MIN, MED and MAX propagation parameters displayed are from Maurin et alii 16 . Data are
taken from the Caprice6 , HEAT5 , AMS3,4 and MASS13 experiments.

the data that are affected by this phenomenon (namely the one below ∼ 10GeV) are extremely
difficult to analyse.
2
2.1

Interpreting the signal
Degeneracy

There are many attempts to explain the PAMELA and ATIC features in the recent literature,
most of them with pulsars or Dark Matter models. However to properly test any model, it is
of utmost importance to use the same propagation parameters for both secondary and primary
cosmic rays. Figure 2 shows why it is not licit to change the normalisation of the background
and then fit the remaining of PAMELA data with one’s favored Dark Matter model and any
propagation model. In this plot we have considered an electron spectrum in agreement with the
AMS data (which is the best one can do without more data from PAMELA), and a Dark Matter
particle of 100 GeV.c−2 annihilating only into electron/positron pairs and following the density
computed by Moore et alii 11 . M 1 and M 2 correspond to two different propagation parameter
sets with a energy loss typical time that have been chosen (in the range allowed by observations)
to give approximatively similar secondary backgrounds. However when the primary cosmic rays
are added, the results are quite different. In one case (M 2), we find that an annihilation cross
section of < σv >= 3. × 10−26 cm3 .s−1 is enough to roughly agree with PAMELA data whereas
on the other hand, with the second propagation model, (M 1) we need a boost factor of 3. For
heavier Dark Matter particles or for other annihilation channels the discrepancy can be larger
than one order of magnitude.
The reason for this result is that the propagation parameters do not have the same importance

for secondaries and primaries. Indeed, secondary positrons are mainly affected by the diffusion
coefficients K0 and δ of eq. (1). But, for Dark Matter, the most important coefficient is the size
of the diffusive halo L, which determines what fraction of the Dark Matter halo contributes to
the signal. Moreover, the energy loss time scale, does not only change (at first approximation)
the normalisation of the background, it also sizes the maximum distance from which a punctual
source can participate to the flux at a given energy. Hence it limits the number of pulsars or
Dark Matter clumps one is allowed to consider trying to explain the PAMELA data.
2.2

Multi-channel analysis

It is clear now that positron data are not enough to solve the PAMELA puzzle. Some uncertainties will diminish as soon as PAMELA will publish new data. Indeed absolute proton
flux will alleviate the issues stressed in 1, boron to carbon ratio will give better constraints on
propagation parameters, absolute electron flux will enable more serious analysis and temporal
variation may help explaining solar modulation. However some degeneracy will remain. This is
why it is necessary to confront any model that tries to explain the positron excess to other data.
Many species are under study. Neutrinos are not very constraining now (see e.g. Peter 18 ) both
because of theoretical uncertainty and experimental limits. Gamma rays also suffer from important theoretical uncertainty, mainly because of our poor knowledge of the Diffuse Emission
and lack of observation. However, thanks to the new Fermi experiment, this will change very
soon. Not only will this constrain luminosity of Dark Matter inhomogeneities (clumps) but also
it will give better knowledge of nearby pulsars, constraining their number, distance and maybe
amount of energy that can go to primary positrons and electrons.
Most important are the anti-protons : PAMELA has also published 2 an anti-protons to protons
ratio that is in very good agreement with theoretical expectations and leaves very little room
for any excess bellow 100 GeV. This is probably the most challenging constraint in explaining
the PAMELA data in terms of Dark Matter or alternative Cosmic Rays models. Indeed most
common scenarios predict that Dark Matter is coupled to hadrons and therefore its annihilation
should also give anti-protons. This means that, either Dark Matter is not much coupled to
hadrons or it is extremely heavy (& few TeV.c−2 ) 8,12 .
2.3

ATIC

The balloon borne experiment ATIC 7 has claimed to detect an excess around 600 GeV in the
measured positron plus electron spectrum. Interpretation of this signal is even more controversial than the PAMELA excess. Indeed, astrophysical processes that can produce high energy
electrons are much more numerous than for positrons, therefore it would be interesting to know
whether or not positrons are involved in this feature. At these energies it is currently impossible to make a charge dependent detection. However, very soon, the Fermi experiment should
publish an electron plus positron flux as well and this should decrease statistical errors. More
interesting would be to have one or two more points from PAMELA. At 100 GeV only 15% of
leptonic cosmic rays are positrons. If ATIC result is due to Dark Matter or pulsars, then half
of its signal should be made of positrons, hence a positron fraction that should reach about 0.5
around 200 GeV. If PAMELA cannot reveal this, then AMS02, should give the answer.
Conclusions
Present situation is far from clear in the cosmic ray landscape. The need for new data from
PAMELA, ATIC and future experiments is obvious if we want to unshade the PAMELA puzzle.
It is clear that these recent data are proof for either new physics or new astrophysics. But
answering this will require to be extremely cautious both dealing with backgrounds and signals.

Figure 2: By changing the propagation parameters and the energy loss time scale for both primaries and secondaries, the same model of Dark Matter (here χ + χ → e+ + e− with mχ = 100GeV.c−2 ) leads to different
conclusions.
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Dark matter directional detection with MIMAC
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MiMac is a project of micro-TPC matrix of gaseous (3 He, CF4 ) chambers for direct detection
of non-baryonic dark matter. Measurement of both track and ionization energy will allow
the electron-recoil discrimination, while access to the directionnality of the tracks will open a
unique way to distinguish a geniune WIMP signal from any background. First reconstructed
tracks of 5.9 keV electrons are presented as a proof of concept.

1

Introduction

Nowadays, there is a strong evidence in favor of a dark matter dominated Universe : locally,
from the rotation curves of spiral galaxies 1 or the Bullet cluster 2 and on the largest scales, from
cosmological observations 3,4 . Most of the matter in the Universe consists of cold non-baryonic
dark matter (CDM), the leading candidate for this class of yet undiscovered particles (WIMP)
being the lightest supersymmetric particle. In various supersymmetric scenarii (SUSY), this
neutral and colorless particle is the lightest neutralino χ̃.
In order to detect this particle, tremendous experimental efforts on a host of techniques have
been made. Whatever the detection technique used, ultimately, the problem is to distinguish
a geniune WIMP event from backgrounds (mainly neutrons and γ-rays). The most promising
strategy is to search for a favored incoming direction for the WIMP signal, the sun’s velocity
vector beeing oriented towards the Cygnus constellation 5,6 . Several projects aiming at directional
detection of Dark Matter are being developped 7,8,9,10 .
Gaseous µTPC detectors present the privileged features of being able to reconstruct the track
of the recoil following the interaction, thus allowing to access both the energy and the track
properties (lenght and direction). Although a precise measurement of the energy of the recoil
is the starting point of any background discrimination, the 3D reconstruction of the track is
necessary to do some dark matter directional detection.
2

The MIMAC project

The MIMAC project is a multi-chamber detector for Dark Matter search. The idea is to measure
both track and ionization with a matrix of micromegas µTPC filled with 3 He and CF4 . The use
of these two gases is motivated by their privileged features for dark matter search. In particular,
a detector made of such targets will be sensitive to the spin-dependent interaction, leading to a
natural complementarity with existing detectors mainly sensitive to scalar interaction, in various
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Figure 1: Sketch of the Micromegas µTPC used for the Quenching factor measurement (not to scale).

SUSY models, e.g. non-universal SUSY 11,12 . Using both 3 He and CF4 in a patchy matrix of
µTPC opens the possibility to compare rates for two atomic masses, and to study neutralino
interaction separately with neutron and proton as the main contribution to the spin content
of these nuclei. With low mass targets, the challenge is to measure low energy recoils, below
6 keV for Helium, by means of ionization measurements, and to reconstruct the 3 dimentional
track of the nuclei during low pressure operation of the MIMAC detector. Combining these two
informations will open the possibility to discriminate neutralino signal and background on the
basis of track features and directionality.
3

Measurement of the ionisation quenching factor

In order to distinguish signal from background, it is essential to precisely measure the energy
of the recoil. This energy is released in the detection medium and is shared among three different processes: ionization, scintillation and heat. The fraction of energy given to electrons is
defined as the ionization quenching factor (IQF) and has been estimated theoretically 13 and
parametrized by 14 , but has never been measured at low energy in helium gaz, due to ionization
threshold of detectors and experimental constraints.
As described in 15 ,16 ,17 , we designed an Electron Cyclotron Resonance Ion Source, able to produced various ions (proton, 3 He, 4 He, 19 F) with an energy from 1 keV to 50 keV. We successfully
measured the IQF in helium at low energies, and reached an energy threshold below 1 keV, which
is a key point for Dark Matter detectors, since it is needed to evaluate the nucleus recoil energy
and hence the WIMP kinematics.

4

Track reconstruction in 3D

The second step of a dark matter project aiming at directional detection is to show the possibility
to reconstruct a 3D track. This is a key point as the required exposure is decreased by an order
of magnitude between 2D read-out and 3D read-out 6 .
To perform this 3D reconstruction, we chose to use a segmented anode of a micromegas detector
18,19 in order to collect the electrons produced by the recoil. As pictured on the figure 2, the
electrons move towards the grid in the drift space and are projected on the anode thus allowing
to access information on x and y coordinates. The third coordinate is obtained by sampling the
anode every 25 ns and by using the knowledge of the drift velocity of the electrons.

Figure 2: Track reconstruction in MIMAC. The anode is scanned every 25 ns and the 3D track is recontructed,
knowing the drift velocity, from the serie of images of the anode.

In order to to perform this 40 MHz sampling of each 200 µm strip of the anode, we developped a complete electronic system 20 including 16 channels ASICs with a mixer and shaper
for energy measurement, a FPGA with on-board processing and DAQ. We also developped a
simulation software to test both the capability of the DAQ to reconstruct tracks and the reconstruction algorithm itself. For a realistic detector combined to our electronic, we show that the
3D track reconstruction can be achieved with a rather good resolution, of 0.3mm on the track
length and below 4◦ on θ and φ, assuming a linear trajectory for the recoil ion 21 .

Figure 3: Reconstructed track of a 5.59 MeV α from radon impurities (left) and reconstructed track of a 5.9 keV
electron projected on the XZ plane (right)

The first track reconstruction have been obtained with 5.59 MeV α from Radon impurities.
Figure 3 presents a projection on a xz plane of an α 3D track obtained at 800 mbar in a Helium +
5 % isobutane mixture. This can be taken as a proof of the principle of track reconstruction
strategy chosen for this project. Futhermore, we were able to use a sealed alpha source to
measure the drift velocity of electrons at a specific E/P value 22 .
We were also able to reconstruct, for the first time, electron tracks with an energy of 5.9
keV (see figure 3), at 600 mbar. This highlight the possibility to separate electron event from
nuclear recoil, even at very low energy.

5

Conclusion

Directional detection offers a robust signature for WIMP detection as long as we have access
to the energy and recoil track of the nuclei. The MIMAC experiment has shown a precise
measurement of the recoil energy of ions down to 1 keV as well as the ionisation quenching
factor of He at this energy range.
Furthermore, we developped a complete electronic system and a dedicated algorithm in
order to reconstruct precisely the recoil track in 3 dimensions. We were able to reconstruct
alpha tracks in the prototype, due to 222 Rn, which can be used to prove the capablity of the
detector to reconstruct tracks. Finally, we reconstructed for the first time a 5.9 keV electron
track in our prototype, which is a key point for background discrimination in a dark matter
detection experiment.
The test of the detector will be performed this year with at the Amande facility with a
neutron beam of a few keV, in order to check the capability of the MIMAC project to reconstruct
low energy tracks.
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Direct searches for Dark Matter are experiment dedicated to the observation of the energetic
recoiling ions produced by the scattering of WIMP particles from our galactic halo on terrestrial targets. The status and prospects of some currently running experiments are presented,
together with new preliminary results of the experiments EDELWEISS-II.

1

Introduction

Direct searches of Dark Matter1 consist in experiments dedicated to the observation of the
recoiling ions produced by the scattering of Dark Matter particles from our galactic halo on
terrestrial targets. This endeavour is motivated by the gathering of evidence for the presence
of cold Dark Matter at all scales of the Universe (as in, e.g. Ref.2 ). In addition, many of the
supersymmetric models that are soon to be tested at the LHC offer a valid candidate for these
Weakly Interacting Massive Particles (WIMP): the neutralino.
Cosmological observations have revealed the presence of Dark Matter, and continue to provide increasing details to its distribution, past and present, in the Universe. However, it is
only by producing these new particles at colliders that it will be possible to ascertain their true
nature. The observation of WIMP scattering on a terrestrial target at the expected rate would
be crucial for establishing a formal link between cosmological Dark Matter and a given particle.
Another crucial test would be the observation in cosmic rays of remnants from WIMP annihilations. This is the subject of indirect searches, which are covered by other presentations at this
conference. These two types of searches are complementary. For instance, in indirect searches,
the signal strength depend on both the scattering and the annihilation cross-sections of WIMPs,
as well as the square of the WIMP density. In direct searches, the rate is a linear function of
the WIMP density and, for a given density, it depends on the scattering cross-section only.

Currently running experiments are sensitive to rates of the order of one WIMP interaction
per month and per kg of target. In terms of a spin-independent coherent scattering on a
nucleon, this correspond to a scattering rate of 5×10−8 pb, approaching the supersymmetric
model predictions in the so-called ”Focus Point” region. A more comprehensive coverage of
supersymmetric model predictions requires sensitivity to cross-section of the order of 10−9 to
10−10 pb. This corresponds to rates of the order of one interaction per year and per ton, which
is the challenging goal of future projects.
2

Principles of Direct Dark Matter Searches

The relevant scale for direct Dark Matter searches can be set using general arguments. First,
the velocity of the WIMP particles in our vicinity must be similar to the typical velocity of any
other object trapped in the gravitational well of our Galaxy, i.e. approximately 200 km/s. An
appropriate mass scale for the WIMP is that at which supersymmetric particle are expected and
sought for: ∼100 GeV within one order of magnitude. From these two numbers we can conclude
that the elastic collision of a WIMP with a nucleus should give it a kinetic energy ot the order
of 20 keV. This average does not vary significantly when more realistic velocity distributions
are considered3 . More precise predictions require a better understanding of Dark Matter halo
shapes, density profiles and velocity distributions. The question of their homogeneity could have
significant impact on the observable scattering rate.
The event rate depends on the local WIMP density and on the scattering cross-section.
The actual shape of the Dark Matter halo is the subject of intense debate, especially for its
most inner part. Luckily, the sun lies in the outer part of the visible disk of our Galaxy,
where there is less uncertainty on the WIMP density. A value of 0.3 GeVcm−3 is generally
adopted, at least in models where inhomogeneities do not play a significant role. The crosssection predictions are model-dependent. In most models, the scattering cross-section of a
WIMP on a nucleus is dominated by the coherent spin-independent interaction on all nucleons.
In order to compare their relative sensitivities, most experiments express their rates, expressed
as events per unit of detector mass and exposure time, in terms of the spin-independent WIMP
scattering cross-section on a single nucleon, using the standard prescriptions of Lewin and Smith3 .
These cross-sections can also be compared with model predictions, although this operation is
more model dependent than detector-to-detector comparisons. Current supersymmetric model
predictions for the WIMP-nucleon cross-section are typically in the range from 10−8 to 10−10 pb.
The range has evolved in time as new observations in particle physics and cosmology have
brought additional constraints on supersymmetric parameters. Direct searches are also starting
to constrain it, with CDMS4 and XENON5 having reached recently sensitivites of the order of
5×10−8 pb.
The true challenge of direct searches doesn’t lie in the relative uncertainty of the predicted
rate, but rather in its extremely low value. As an example, a of one event per kg per year is
then order of magnitude below the natural activity in the the human body. Modern neutrino
experiments are accustomed to interaction rates of a few events per day and per kiloton of target
material, but in this case the energy scale of interactions is the MeV. In dark matter searches,
the energy released is one hundred times less, and can be comparable to X rays from relatively
light materials. Dark Matter searches are probing a domain of ultra-low radioactivity in an
energy domain that has never been probed before. It can do it successfully by using powerful
discrimination techniques, but the required high rejection rates require a detailed understanding of the tails of the distributions of the discriminating variables, and an excellent detector
reliability.
Direct Search detectors must be build with materials with extremely low radioactivity, and
protected from the ambient background by efficient shields. Cosmic activation is reduced by

installing the experiments in deep-underground sites. Nevertheless, these measures are not
sufficient to reduce the background to the required levels, and an active rejection of background
is required. The most efficient discrimination strategy is to identify the nature of the recoiling
particle. In the case of a WIMP scattering, it is a heavy ion, often called ”nuclear recoil”. The
bulk of the natural radioactivity involves electron recoils, either due to Compton or photoelectric
gamma-ray interactions, or to β rays. Nuclear recoils are stopped in less than 20 nm in a solid
substrate. It is thus very difficult to extract information on the direction of ion recoils, and for
this reason no large detector has yet the sensitivity to detect the directionality of the WIMP
flux due to the sun velocity. However the linear energy loss of a heavy ion is significantly
more important than the value for an electron of the same energy. This feature is exploited in
detectors like PICASSO6 and COUPP7 , where this large energy density is used to trigger bubble
formation in superheated liquids.
Another significant difference between nuclear and electron recoils is the relative ionization
and scintillation yields associated with the interaction. For example, a ion recoiling in a crystal
will dissipate most of its energy in lattice deformations and vibrations, resulting into phonon
excitations that will quickly decay into a thermal equilibrium. A recoiling electron interacts
directly with the other electrons and has a larger ionization yield. The relative ionization yield
of the two processes is well described by the Lindhard theory8 . In germanium, the ratio of yields
is three to four, depending on the energy range. Scintillation yields can vary by even larger
amounts9 . Many experiments are developing detectors where the discrimination is based on
the comparison of two signals, such as ionization and scintillation5,10 , scintillation and heat11 or
ionization and heat4,12
After the nuclear recoil identification is applied, a remaining background is the one associated
with the elastic scattering of fast neutrons on target nuclei. The neutron flux on the detector
must be moderated with a thick low-A shield. The most sensitive experiments must also contend
with the flux of neutron due to the interactions in the detector support and the gamma-ray
shielding of the few cosmic rays that can reach the underground site. The experiments are
surrounded by an active veto that can tag these muons. Neutron interactions can also be tagged
by their short (∼cm) mean free-path in solids. As a consequence, neutrons tend to be associated
with surface events in large-volume detectors, and with multiple-hit events in segmented detector
arrays. However, the similarity of the detector response to neutron and WIMP interactions is
very useful for a precise on-site calibration of the detector.
Given the uncertainties associated with the ultra-low background required for these experiments, it is essential to develop detectors with more than one type of target nucleus in order to
exploit the A2 -dependence of the cross-section which is expected for a coherent spin-independent
scattering. Targets with nuclear spins are of interest to investigate the special case where the
spin-dependent cross-section dominates despite the A2 -scaling of the spin-independent one. With
clean samples of more than 104 WIMPs interactions, it may also be worth to look for seasonal
variations of the rate, although the actual size and phase of the modulation depends on the
details of the halo model (see e.g. Ref.13 ).
From the A2 -dependence of the coherent cross-section, one could conclude that the detectors
with the largest-A target are favoured. This is not systematically the case. This dependence is
partially offset by nuclear form factor effects3 . More importantly, the observed rate has a strong
dependence on the achieved experimental threshold. The currently-running experiments with
the best sensitivities use a variety of targets and techniques. The largest progress usually comes
from the improved understanding of backgrounds, the tight control of detector imperfections
and the steady technological advances to get rid of both of them. This favours technologies
offering enough precision and versatility for studying in details the present-day backgrounds
and detector imperfections.

3
3.1

Currently running experiments
Experimental limits

At present, the best experimental limits for spin-independent scattering cross-section for WIMPs
masses above 40 GeVc−2 are those of the CDMS experiment4 . At lower masses, the experiment
XENON5 provides the best limits. In both cases, the best limits are at the level of 5×10−8 pb at
90%CL. The limits are above 10−7 pb in the WIMP mass range from 15 to 1000 GeVc−2 . The
sensitivity degradation at low masses is due to the experimental thresholds. At high masses, it is
caused by the asymmetry between the target and projectile masses. These limits are two order
of magnitude below the interpretation of the DAMA oscillation, discussed in this conference,
in terms of WIMP using Lewin and Smith prescriptions. Reconciling this oscillation with the
searches limits requires a significant departure from these prescriptions and has prompted a
wealth of alternate specific models, including the suggestion that ∼keV nuclear recoils can be
trapped efficiently in the ∼eV potential well in between the atomic rows of the crystal lattice.
Other solutions involving WIMPs with dominant spin-dependent interactions on protons are
at odds with the limits from the experiments COUPP7 and KIMS14 . WIMPs with masses
below the XENON and CDMS limits are excluded by the high-resolution germanium experiment
CoGeNT15
These alternative models widen the choice of detector technologies and experimental strategies. However, the best sensitivities to WIMPs corresponding to the more standard mSUGRA
models that will be tested at LHC are attained by detectors aiming at coherent spin-independent
interactions. In the following, we will briefly describe the two most sensitive experiments at
present, CDMS and XENON, and present the recent progress of the EDELWEISS with germanium detectors demonstrating an unprecedented rejection of events associated to surface
contaminations.
3.2

XENON two-phase detector

As mentioned before, the discrimination of electron and nuclear recoils of this type detector is
based on the difference in the relative ionization and scintillation yields. Rare gases are a prized
target material, as a very high-radiopurity can be achieved by multiple purification cycles. In
rare gases, the scintillation comes from the de-excitation of a meta-stable excimer, efficiently
produced in atomic collisions. Ionization is less efficient at producing this excimer. The principle
of the XENON-10 detector5 is the following: a cylindrical cell is filled with 10 kg of liquid xenon,
viewed by two arrays of ∼45 photomultipliers, one at the bottom and one at the top. The
first signal comes from the scintillation observed directly following the interaction. An intense
electric field drifts the electrons toward the top surface. They are further accelerated in the
gaseous phase above the liquid, creating a secondary pulse of scintillation proportional to the
ionization yield. The ratio of the secondary signal to the primary signal varies by a factor ∼ 0.4
depending on the nature of the recoil.
In addition to this ratio, the detector provides full 3-dimensional coordinates of the primary interaction. The position along the vertical axis is given by the time delay between the
two pulses, and the position along the plane is deduced from the signal intensity in the different
photomultipliers. As most interactions due to the radioactive background occur near the surface
of the xenon volume, only those occurring in the inner fiducial volume of 5.4 kg are considered.
The limits reported by XENON are based on a total of 10 events observed in 59 days in this
fiducial volume. The discrimination performances are limited by the statistics of scintillation
photons. The observed events can be interpreted as the effect of the pile-up of Compton interactions, with one of them occurring outside the active volume for charge collection. This
imperfection should be cured in the next generation of the experiment, XENON-100, currently

being commissioned in the Gran Sasso National underground Laboratory. Another improvement
should be an increase of the light collection, to get a better separation of nuclear and electron
recoils.
Another two-phase experiment using xenon is ZEPLIN-III10 . Alternatively, other experiments, like ArDM16 , WArP17 , and DEAP/CLEAN18 plan to use argon instead of xenon as a
target. The lower atomic mass is offset by the use of a cheaper and more readily available
material, and the possibility to identify nuclear recoils by using a pulse shape discrimination
exploiting the long (∼ µs) lifetime of one of the excimer states. This technology must contend
with the important radioactive background from the naturally occurring radioisotope 39 Ar (105
decay per kg per day).
3.3

CDMS

The experiment CDMS has obtained its limits on WIMP interaction using an array of fifteen
250 g cryogenic germanium detector, with the simultaneous measurement of phonon and ionization signals. These detectors have two natural advantages: both phonon and ionization
measurements have typical energy resolutions of one keV or less, and the radioactivity of hyperpure semiconductor crystals is extremely low. The response to nuclear recoils for this material
is known in detail19 .
The ionization signal is collected using electrodes covering the surface of the crystal. The
phonon signal is measured using an array of four quadrants of ∼1000 transition-edge tungsten sensors, covering one face of the detector. This system has a large acceptance to out-ofequilibrium phonons. As a result, the relative size of the phonon signal in the four quadrants
depends on the position of the interaction in the plane parallel to the sensor. Using the amplitudes recorded in the four quadrants, it is possible to reconstruct both this location, with
a mm precision, and the energy, with a keV resolution. What is gained by the sensitivity to
athermal phonons is an event-by-event information of the time structure of the build-up of the
signal. The phonon signal rise time and its delay relative to the fast ionisation signal are of the
order of a few µs. It is observed that these time constants are systematically larger for phonons
associated with nuclear recoils, relative to those arising from electron movements4 .
These detectors thus provide two independent discrimination variables for the identification
of nuclear recoil: the ionization yield relative to the total calorimetric energy measured by
the phonon sensor, and the time structure of the phonon signal. This double discrimination
is important, since the ionization yield measurement is degraded for surface events, where a
substantial fraction of the charge may be lost due to trapping and diffusion effects. With this
discrimination, CDMS was able to accumulate a fiducial exposure of 121 kgd with no events
observed in the region where nuclear recoils are expected. The background due to surface events
with bad charge collection for that experiment was estimated to be 0.6±0.3 events. More data
is being recorded and analysed now, and with the development of more efficient background
cuts, the experiment should reach a sensitvity to spin-independent cross-sections of 2×10−8 pb
by the end of 2009. The collaboration is preparing for the next generation of arrays with total
germanium masses of 40 kg to 190 kg (superCMDS) and an eventual one-ton stage (GEODM).
3.4

EDELWEISS

The experiment EDELWEISS uses 350 g germanium cryogenic detectors, installed in the Laboratoire Souterrain de Modane (LSM) in the Frejus Tunnel between Italy and France. This deep
underground site is well suited for experiments aiming at sensitivities well below 10−8 pb. As
CDMS, its detectors use the ratio of the ionization yield to the phonon signal to identify nuclear
recoils. Here, the phonon measurement is provided by a simple GeNTD thermistance, glued
to the detector. The signal is purely thermal, with a uniform response over the entire detector

Figure 1: Ionization yield as a function of recoil energy recorded in EDELWEISS InterDigit detectors (ID) recorded
in calibrations with a 210 Pb (left) and 133 Ba (right) source. The pannels (a) and (b) show the effect of surface
event rejection on the population of γ, β and α rays from the source (see text for explanation). The remaining
γ and K-shell X-ray population along the ionization yield of one in pannel (b) comes from natural background.
The right pannel show the rejection for γ-rays.

volume. In contrast with CDMS, the rejection of events with incomplete charge collection is
not based on the phonon signal, but on ionization. The electrodes on the flat surfaces of the
cylindrical detectors are replaced by concentric, annular interleaved electrodes, with a pitch of
2 mm. With this ”InterDigit” electrode design (ID)20 , surface events are tagged by the presence of charge on two electrodes on the same side of the detector. The phonon measurement is
provided by a simple GeNTD thermistance, glued to the detector.
This method is very efficient to reject surface interaction, as shown in Fig. 1a and b, where
the ionization yield of events recorded in a detector exposed to a 210 Pb source are shown as a
function energy. The data of Fig. 1a is dominated by β and α rays. When the rejection criteria
are applied, only one β event remains in the region where nuclear recoils are expected (dashed
lines around ionization yields of ∼0.3 in Fig. 1b). This corresponds to a rejection factor of ∼105
for this type of events. This is amply sufficient to reject the observed surface contamination in
EDELWEISS, measured at rate of a few events per day per detector21 . Fig. 1c shows that the
rejection for γ-ray events can reach the value of 104 that is required for reaching a sensitivity of
108 pb.
These ID detectors were designed, build and tested in 2007 and 2008. The EDELWEISS
collaboration is now operating ten 400 g ID detectors in its low-background facility at the LSM.
The radioactive backgrounds in this setup has been thouroughly studied in 2007 and 2008 using
detectors without the interleaved design. They have been reduced relative to the previous setup
of the experiment12 . The muon veto has been commissionned, and is observing coincidences with
the germanium array at the levels of a few events per 100 kgd. In 2008, an fiducial exposure
of 18.3 kgd was recorded with the first two 400 g ID detectors (Fig. 2a). No nuclear recoils
were observed, down to a threshold of 10 keV in recoil energy. The efficiency for nuclear recoils
reaches its plateau below a recoil energy of 15 keV.
This data was interpreted in terms of limits for spin-independent scattering cross-section
for WIMPs, as a function of their mass (Fig. 2b). This limit is comparable to what has been
obtained in an exposure of 93.6 kgd of detectors without the ID design, despite the five-fold
difference in exposure. This shows the importance of surface event rejection, as the limit derived

Figure 2: Left: Ionization yield as a function of recoil energy recorded in EDELWEISS InterDigit detectors (ID)
recorded in and exposure of 18.6 kgd. Right: 90% CL limits for spin-independent scattering cross-section for
WIMPs as a function of the WIMP mass. The curves are (from top to bottom, above 100 GeV): the 2005 results
from EDELWEISS in its previous setup; the result of the 18.3 kgd recorded with detectors with ID electrode
design; the 2008 results in the new setup with 93 kgd without the ID electrode design and the CDMS combined
limit.

from the larger exposure is constrained by the appearance of three nuclear recoil candidates in
the range from 30 to 45 keV. With the increase of number of ID detectors (from two to ten)
and of the exposure, EDELWEISS should reach a sensitivity to ∼5×10−8 by the end of 2009.
Further improvements should come with the addition of new detectors, and by the development
of detectors with an increased fiducial volume. The ID technology has proved to be a simple
and efficient way to address the problem of surface events, and current studies of muon-induced
events seem to suggest that the present EDELWEISS setup could be suitable to probe crosssections of the order of 10−9 pb. Further developments are being studied in the framework of
the EURECA22 collaboration.
4

Prospects and conclusions

In the domain of direct Dark Matter searches, there is an intense competition between detectors
with different target nuclei and detector technologies. This is a welcome diversity since the
observation of a WIMP signal will necessarily require confirmation, ideally in a detector with
a target nucleus with a different atomic mass. At present, the germanium cryogenic detectors
of CDMS and two-phase detector of the XENON collaboration have achieved the best sensitivities. Present limits are just starting to probe the 10−8 pb range where an important class of
supersymmetric models relevant for LHC are lying. Both collaborations are developing more
ambitious projects aiming at cross-sections in the range of 10−9 pb and eventually 10−10 pb. In
Europe, the efforts for cryogenic detectors have been federated in the collaboration EURECA,
aiming at deploying a ton-size array of heat-and-scintillation and heat-and-ionization detectors
in the future extension of the LSM laboratory.
It is not yet clear what detector technology will take the lead in the coming years. The
present results shown that two-phase detectors and cryogenic germanium arrays are serious
contenders. Two-phase detectors offer large masses, but the problem of light yield must be
closely addressed, as it affects the discrimination capabilities. The problem associated with long

drift lengths requires also attention. Cryogenic detectors have a better resolution and their
rejection is superior, but scaling up raises the questions of price and optimal detector size. One
should not exclude that other technologies may catch up and surpass present-day sensitivities.
This competition is however vital for the field, as the formal identification of the WIMP as a
new particle in large abundance in our environment will be a small revolution that will call for
extensive experimental verification.
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SOLAR SYSTEM DARK MATTER
Stephen L. Adler
Institute for Advanced Study, Einstein Drive, Princeton NJ 08540, USA

I review constraints on solar system-bound dark matter, and discuss the possibility that dark
matter could be gravitationally bound to the earth and other planets. I briefly survey various
empirical constraints on such planet-bound dark matter, and discuss effects it could produce
if present, including anomalous planetary heating and flyby velocity changes.

1

Gravitationally Bound Dark Matter

Cosmology suggests that only around 4% of the mass-energy density of the universe is ordinary
baryonic matter. In addition to ordinary matter, around 23% of the mass-energy density consists
of gravitationally attractive “dark matter”, and the remaining 73% consists of gravitationally
repulsive “dark energy”.
Little is known about dark matter, other than that it is electrically neutral – hence dark,
since it does not radiate photons – and that it interacts gravitationally through its mass-energy
density. Among the unanswered questions are: Is dark matter bosonic or fermionic? Is it selfannihilating (i.e., its own antiparticle, or having equal abundances of particles and antiparticles).
What is the mass (or are the masses, if more than one constituent) of dark matter particles?
What are the non-gravitational interactions of dark matter?
Dark matter can be gravitationally bound on different scales. We enumerate possibilities in
the following subsections.
1.1

Galactic Halo Dark Matter

Our galaxy is believed to be surrounded by a dark matter halo, with a mass density (to within
a factor of about two) of ρ ∼ 0.3GeV/c2 cm−3 . The galactic dark matter is believed to have a
roughly Maxwellian velocity distribution of the form
f ∝ v 2 e−3v

2 /(2v̄ 2 )

,

v̄ ∼ 270km s−1

.

(1)

In this formula, v = wdm + v⊕ , with wdm the velocity of the galactic dark matter relative to the
earth, and with v⊕ the velocity of the earth through the galaxy. The latter has two components,
the earth’s orbital velocity (to which, at a low level, one should add the surface rotational
velocity), and the velocity of the solar system barycenter through the galaxy. During part of
the year these velocities add, and during part they subtract, leading to an annual modulation of
the dark matter detection rate observed from earth which was proposed by Drukier, Freese, and
Spergel 1 and Freese, Frieman, and Gould 2 as a signal for searching for dark matter. Possible
observation of galactic dark matter through this signal has been reported by the DAMA/LIBRA
experiment 3 .
1.2

Solar System-Bound Dark Matter?

In addition to dark matter bound to the galactic center of mass, it is possible that dark matter
could be bound on smaller scales, such as to the sun or to planets. Dark matter bound to the sun
would change planetary orbits, by giving additional perihelion precessions beyond that predicted
by general relativity, and by changing the Kepler’s third law relation between the period and
semi-major axis of orbits. A number of authors (see Frère, Ling and Vertongen 4 , Sereno and
Jetzer 5 , Iorio 6 , and Khriplovich and Pitjeva 7 ) have studied these effects, with the conclusion
that the density of sun-bound dark matter is constrained by ρ < 105 GeV/c2 cm−3 . Because the
earth’s rotational velocity can add to the earth’s orbital velocity, or subtract from it, depending
on the sidereal time, sun-bound dark matter at densities well above the galactic density could
be detected through a search for a daily sidereal time modulation in the DAMA/LIBRA and
similar experiments. Such a modulation would have a 24 hour period, which would allow it to be
distinguished from detector channelling effects of galactic halo dark matter, which as discussed
in Avignone, Creswick and Nussinov 8 would lead to a sidereal time modulation with a 12 hour
period.
1.3

Earth-Bound (or Planet-Bound) Dark Matter?

Another possibility is that there may be dark matter gravitationally bound to the earth. As
shown in Adler 9 , one can place a direct bound on this, by using the fact that for a satellite of
negligible mass in a circular orbit around a body of mass M , tracking to give the orbit radius
R and orbit period T give the product GM of the Newton gravitational constant and the mass,
GM = 4π 2 R3 /T 2

.

(2)

This formula, and its generalizations to include elliptical orbits and perturbations on an inverse
square law force, can be applied as follows to give a useful bound on dark matter orbiting the
earth. Consider first the LAGEOS geodetic satellite, a very dense nearly spherical satellite in
orbit at a radius R ∼ 12, 300km. Accurate tracking of LAGEOS, and modelling of drag effects,
gives an accurate value for GM⊕ , where M⊕ is the mass of the earth plus the mass of any dark
matter below the LAGEOS orbit. Similarly, accurate tracking of lunar orbiters gives GMm , with
Mm the mass of the moon. A more accurate way of getting the moon’s mass (times G) is through
tracking of the Eros asteroid flyby, with gives a very accurate figure for R⊕/m = GM⊕ /GMm .
Finally, lunar laser ranging, which measures the relative distance between the earth and the
moon, gives the product GMcombined for the earth-moon system, including the mass GMdm of
dark matter in orbit between the LAGEOS orbit and the moon’s orbit,
GMcombined = GM⊕ + GMm + GMdm

.

(3)

Using this, and the earth to moon mass ratio obtained from the Eros flyby, we get
GMdm ≃ GMcombined − GM⊕ − GM⊕ /R⊕/m

,

(4)

where I have used an approximately equals sign because there could be a roughly 1% correction
coming from dark matter in the vicinity of the moon or the Eros asteroid (see 9 for details).
Using the best current numbers (supplied to me by Slava Turyshev 10 ) one finds from equation
(4) that
GMdm ≃ (0.3 ± 4) × 10−9 GM⊕ ,
(5)
with the dominant error coming from lunar ranging (which will be considerably improved over
the next decade). If this bound were attained, and if the dark matter mass were uniformly
distributed below the moon’s orbit, the density would be ρ ∼ 6 × 1010 GeV/c2 cm−3 , which is a
much higher density than both the galactic halo dark matter density and the upper bound on
the density of sun-bound dark matter. So in principle, there could be substantial amounts of
dark matter gravitationally bound to the earth (or generalizing from this, to other planets).
2

Possible Applications of Earth- and Planet-Bound Dark Matter

What I now want to say is necessarily speculative, since it is conditioned on the possibility that
there may be significant amounts of dark matter gravitationally bound to the earth and other
planets.
2.1

Jovian Planet Anomalies

In Adler 11 I suggest that dark matter accretion may play a role in explaining certain features
of the Jovian planets Jupiter, Saturn, Uranus, and Neptune. From de Pater and Lissauer 12 one
learns that the surface heat fluxes H of these planets, in ergs/cm2 s, are 5440 (Jupiter), 2010
(Saturn), <42 (Uranus), and 433 (Neptune). The larger heat fluxes have not been completely
accounted for (for example, through internal radioactive decays) and it is possible that a new
mechanism may be at work. In 11 I suggest that the accretion of planet-bound dark matter may
account for unexplained internal heat production. This would be possible if each planet has an
associated dark matter cloud (perhaps linked, as suggested in 4 , to formation of the planet), and
if the dark matter is accreted with a low energy release efficiency, so that bounds on earth heat
production arising from accretion of galactic dark matter are not violated. Another peculiar
feature of the Jovian planets is that Uranus, which is otherwise very similar to Neptune, has
a much lower internal heat production, as well as being the only planet which has its rotation
axis lying on its side rather than nearly normal to the ecliptic. I suggest that the collision that
is hypothesized to have tilted the axis of Uranus could also have knocked Uranus out of its
associated dark matter cloud, accounting also for the anomalously low internal heat production.
2.2

Flyby Anomaly

When spacecraft are put into near-earth hyperbolic orbit flyby trajectories, there is a several
hour segment when the spacecraft is close to the earth and cannot be tracked. When the
incoming orbit is extrapolated, using the best orbit fitting programs, to predict the outgoing
orbit, a discrepancy between the predicted and observed outgoing velocity is found, as reported
in Anderson et al. 13 For example, the Galileo II flyby on 12/8/92 shows a velocity discrepancy
of -4.6 mm/s (with an estimated error of 1 mm/s), that is the outgoing velocity is lower than
expected, while the Near flyby on 1/23/98 shows a velocity discrepancy of 13.46 mm/s (with
an estimated error of only .01 mm/s), that is the outgoing velocity is higher than expected.
The discrepancies are roughly of order 10−6 of the total velocity, so constitute a relatively large
effect, and as we have just seen, can have either sign.
There are at least four possibilities for explaining these flyby anomalies:

i. The effect is an artifact, resulting from the omission from the orbit fitting programs of known
physics. However, no one has been able to identify a candidate so far, since all the obvious things,
including moon and planetary perturbations, special and general relativistic corrections, solar
wind effects, Van Allen belt collisions, tides, and thermal effects, have been taken into account,
or estimated and shown to be too small to be relevant.
ii. New electromagnetic physics is involved. However, this seems unlikely, since experimental
tests of quantum electrodynamics and vacuum linearity have a much higher accuracy than 1 part
in 106 .
iii. New gravitational physics is involved. This would have to be quite unconventional. MOND
(modified Newtonian dynamics), which suggests a modification in Newtonian gravitation for very
low accelerations, does not predict the flyby anomalies. I (and others) have taken a look at the
parameterized post-Newtonian (PPN) formalism that gives a phenomenology for studying (in
the weak gravitational field, low velocity regime) metric theories of gravitation that differ from
general relativity. Using the modified equation of motion given in Will 14 and the 2006 bounds
on the PPN parameters, I find that all terms are too small, by several orders of magnitude,
to account for the flyby anomaly. This still leaves the possibility of non-metric gravitational
theories, and some ideas for these have been proposed 15 .
iv. The effect comes from collisions of the flybys with earth-bound dark matter This
possibility is analyzed in my paper Adler 16 . Velocity decreases can arise from ordinary drag, as
a result of elastic scattering D(mD ) + N → D(mD ) + N , with mD the mass of a dark matter
particle D and N a spacecraft nucleon. Velocity increases can arise from exothermic inelastic
scattering D(mD ) + N → D′ (mD′ ) + N , with the primary dark matter particle of mass mD
scattering into a secondary of mass mD′ < mD , and with the secondary recoiling predominantly
backward, so that the nucleon gets a forward kick.
My analysis of the dark matter possibility shows that the following strong constraints are
required, in order for dark matter collisions to provide an explanation for the flyby anomaly:
i. The dark matter in orbit around the earth must be localized well within the moon’s orbit and
not too near the earth.
ii. The dark matter mass must be much smaller than a GeV.
iii. The dark matter scattering cross section on nucleons must be high, of order 10−33 to
10−27 cm2 .
iv. The dark matter must be non-self-annihilating and stable in the absence of nucleons.
These constraints require a form of dark matter that is very different from the customary
assumption that dark matter is a multi-GeV lightest supersymmetric particle.
My current work consists of modelling dark matter orbiting the earth, with two species
in different configurations, one of which elastically scatters from nucleons, and one of which
inelastically scatters, to try to fit the Anderson group data. I assume dark matter distributions
obtained by averaging a circular orbit of radius r at an angle χ relative to the earth’s rotation
axis, over precession around the earth’spaxis, giving a truncated spherical shell of radius r, height
2|z| = 2r sin χ, and relative density 1/ (r sin χ)2 − z 2 . For a given point characterized by r, z, χ
there are two relevant dark matter velocities that correspond respectively to an up-moving and
a down-moving dark matter orbit segment passing through the point, and the corresponding
velocity vectors are easily worked out. From these velocities and the spacecraft velocity, one
can calculate the cross section-averaged velocity change imparted to a spacecraft nucleon, and
integrating the corresponding work increment over the spacecraft orbit gives the final energy
and velocity change. I currently have the core programs for this calculation written, and now
have to do a systematic search of the parameter space to try to find a reasonable fit to the data.
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DARK MATTER BOUND TO THE SOLAR SYSTEM: CONSEQUENCES FOR
ANNIHILATION SEARCHES
ANNIKA H. G. PETER
California Institute of Technology, MS 249-17, Pasadena, CA 91125

One method to search for particle dark matter is to hunt down its annihilation products.
In the Solar System, three potential types of signals of annihilation have been identified:
neutrinos and γ-rays from the Sun, and neutrinos from the Earth. Each of these signals
depends sensitively on the orbital evolution of dark matter once it becomes bound to the Solar
System. I will review progress on characterizing these signals based on recent improvements
in the determination of the properties of the bound dark matter population.

1

Introduction

Many lines of evidence point to the existence of dark matter in the universe, but its composition
remains a mystery 1 . Although other particle physics (e.g., the axion 2 ) and astrophysical (e.g.,
primordial black holes 3 ) candidates exist, by far the most popular candidate for dark matter is
one or more species of weakly interacting massive particle (WIMP). Many proposed extensions
to the Standard Model naturally produce such particles 4 .
Numerous experimental methods are being used to determine the nature of dark matter.
Direct detection experiments are designed to measure the energy of recoiling nuclei after they
have been hit by astrophysical WIMPs 5 . Byproducts from WIMP annihilation in dark matter
concentrations throughout the Galaxy may be probed with cosmic ray experiments 6 .
The two brightest sources of annihilation products in the Solar System should be the Sun7
and Earth 8 . WIMPs generically have small interaction cross sections with nuclei, and as such
can be captured and settle into dense cores in the potential wells of celestial bodies. Thus,
WIMP densities n in these bodies can be many orders of magnitude above the local Galactic
density, which is important since the annihilation rate per unit volume dΓ/dV ∝ n2 . WIMP
annihilation in the Earth may be detectable since it is a nearby source, while the Sun’s far

deeper potential well (and a correspondingly higher WIMP capture rate) compensates for its
much greater distance from terrestrial detectors.
There are three possible signatures of WIMP annihilation in these bodies. The only annihilation products which may escape from the interiors of the Sun and Earth are neutrinos.
The muon neutrinos may be observed in terrestrial neutrino telescopes (e.g., IceCube 9 , Antares
10 ) via the Cerenkov radiation of neutrino-induced muons in and around the detector volume.
These signals may be distinguished from backgrounds by their directionality and energy spectrum. Strausz 11 suggested that WIMPs annihilating just outside of the Sun may be visible in
-rays (“near-solar -rays”). Even though the annihilation rate is much lower outside the Sun
than in its core, Strausz suggested that since the Sun is expected to emit few photons at high
energies during its evolution, the backgrounds to the near-solar -ray signal would not be severe.
In the next sections, I will describe the standard assumptions used in the calculations of
these signals, and show how the calculations change when the details of the evolution of WIMPs
bound to the Solar System are included.
2

Neutrinos from the Sun

The upper limit on the neutrino flux from WIMP annihilation in the Sun 9,12 currently places
the tightest constraint on the WIMP-proton spin-dependent elastic scattering cross section ! pSD .
The IceCube experiment is expected to have at least an order of magnitude better sensitivity
once complete 9 , as will the proposed KM3NeT 13 . These experiments are projected to probe
significant parts of the beyond Standard Model phase space, although this statement depends
critically on the assumptions used to calculate event rates.
Schematically, the event rate of neutrino-induced muons in neutrino telescopes can be described by
Ṅµ ∝ Γ × (neutrino physics) × (detector properties) ,

(1)

where Γ is the total annihilation rate of WIMPs in the Sun and “neutrino physics” encompasses
details on the annihilation branching fractions, propagation through the Sun and to the telescope, and interactions near the detector. The standard calculation of the annihilation rate
includes the following assumptions: (1) The thermalization is nearly instantaneous. (2) All
WIMPs that are captured in the Sun thermalize. (3) The local Galactic WIMP distribution
function is spatially smooth, and with velocities distributed as Maxwellian in an inertial Galactocentric frame (and with a one-dimensional velocity dispersion σ = 155 km s−1 ). I will touch
on point (3) in Sec. 3.1, but describe the problems with the first two assumptions here.
Assumption (1) is violated due to the finite optical depth in the Sun to WIMPs, τ , and
the finite energy a WIMP may lose to a solar nucleus in each encounter, Q. Since the Sun
must be optically thin to WIMPs (deduced from existing constraints on the elastic scattering
cross sections), WIMPs may make many passages through the Sun before rescattering, with the
typical time between scatterings scaling as tr ∼ Pχ /τ , where Pχ is the WIMP orbital period. In
addition, it generically takes many scatters for a WIMP to thermalize because
2
,
Q ∼ mA vesc

(2)

2
(R⊙ /a),
E ∼ −mχ vesc

(3)

but the WIMP orbital energy is

where mA is the mass of a solar nucleus with atomic number A, mχ is the WIMP mass, vesc
is the escape speed from the surface of the Sun, and a is the semimajor axis. A thermalized
WIMP should have an energy
2
Etherm ≪ −mχ vesc
.

(4)

Figure 1: Suppression of the annihilation rate due to the gravitational interactions of WIMPs with Jupiter in
the cases that (left) spin-independent and (right) spin-dependent elastic scattering dominate in the Sun. Γa is
the annihilation rate estimated from my simulations, and Γ0a is the annihilation rate calculated using standard
assumptions. Figure from Peter 14 .

As the WIMP mass increases, more scatters are required for the WIMP to sink to the center
of the Sun. Furthermore, as the WIMP mass increases, the median semimajor axis of the orbit
to which a Galactic WIMP is captured increases, which implies that heavy WIMPs must lose
more specific energy than lighter WIMPs to thermalize. Thus, the median thermalization time
for the solar captured WIMPs increases as the WIMP mass increases. If spin-dependent (spinindependent, denoted SI) scattering dominates in the Sun, the median captured WIMP will
require the age of the Solar System t⊙ to thermalize if σpSD ≈ 10−49 cm2 (σpSI ≈ 10−51 cm2 ) if
mχ = 100 GeV, but σpSD ≈ 10−44 cm2 (σpSI ≈ 10−47 cm2 ) if mχ = 10 TeV. This is described in
more detail in Peter 14 .
Assumption (2) is violated due to the presence of planets in the Solar System, whose gravitational torques can affect orbits in two generic ways. They can eject the WIMPs from the
Solar System, meaning that those WIMPs will never thermalize; or they can alter the perihelia
of the orbits so that WIMPs either pass less frequently through the Sun or only in the outskirts
in the Sun where the optical depth is much lower. In the latter case, thermalization may be
significantly delayed, even beyond t⊙ .
I used a set of WIMP orbit simulations in a simplified solar system consisting of only the Sun
and Jupiter (originally performed to determine the phase space density at the Earth of WIMPs
bound to the solar system 15 ) to determine which effects dominated for a given initial semimajor
axis. I found that WIMPs initially scattered onto orbits with a > 2.6 AU were mostly ejected
from the Solar System unless the thermalization time tt was less than the time required for the
gravitational torque from Jupiter to lift the WIMP perihelion from the Sun (∼ 1000 years).
WIMPs with 1.5 AU < a < 2.6 AU had rescattering times tr ∼ 300Pχ /τ . This is longer than if
the Sun were in isolation because secular and mean-motion resonances pull the WIMP perihelia
out of the Sun for extended periods of time. WIMPs with initial a < 1.5 AU had thermalization
times largely unaffected by planetary torques.
The effects on the annihilation rate of violating assumptions (1) and (2) are shown in Fig. 1,
in which I plot the ratio of the annihilation rate estimated from my simulations to the standard
calculation as a function of WIMP mass. Lines for several values of the elastic scattering cross
section are show. I fix the annihilation cross section to hσvi = 3 × 10−26 cm3 s−1 , and use
a conventional halo model for the local dark matter distribution. In the left (right) panel, I

show the suppression if spin-independent (spin-dependent) scattering dominates in the Sun. For
σpSI > 10−40 cm2 (σpSD > 10−38 cm2 ), there is no suppression because even the orbits with
a > 2.6 AU thermalize before gravitational torques from Jupiter can significantly affect the
orbits. WIMPs with a < 2.6 AU also thermalize rapidly. For the uppermost line in each panel
of Fig. 1, the annihilation rate is suppressed due to the ejection of WIMPs with a > 2.6 AU.
However, WIMPs with a < 2.6 AU thermalize on timescales less than t⊙ . The suppression is
greater at higher WIMP masses because an increasing fraction of WIMPs are initially captured
onto long orbits, and is greater if spin-dependent scattering dominates in the Sun because the
target nucleus on which the WIMPs scatter is much lighter than if spin-independent scattering
dominates. This reduces the typical energy loss per scatter (Eq. (2)). The middle line in each
panel shows suppression due to ejection, but at this point the capture and annihilation rates
drop out of equilibrium in the Sun. Whereas Γ ∝ C, where C is the capture rate of WIMPs in
the Sun, if the rates are in equilibrium (with a coefficient that depends on whether WIMPs are
self-annihilating or not), Γ ∝ C 2 if the rates are far out of equilibrium. In the lowest lines, the
cross section is small enough that the thermalization time of the 1.5 AU < a < 2.6 AU WIMPs
is longer than t⊙ . For cross sections much lower than these values, the thermalization time for
WIMPs with a < 1.5 AU exceeds t⊙ , causing a near-total suppression of the annihilation rate.
In summary, the next generation of neutrino telescopes will have far lower sensitivity to high
mass (mχ > 1 TeV) WIMPs than the standard annihilation calculation would suggest.
3

Neutrinos from the Earth

The center of the Earth is an attractive target for WIMP searches due to its proximity to
neutrino telescopes. However, there are two complications in searching for annihilation in the
Earth. First, direct detection experiments constrain the spin-independent WIMP-proton cross
section much more tightly than the spin-dependent cross section. Since the Earth only has trace
elements that may interact via spin-dependent channels with WIMPs (the dominant isotopes
in the Earth, 56 Fe, 16 O, and 28 Si, may only have spin-independent WIMP interactions), the
capture rate is far more constrained than the capture rate of WIMPs in the Sun (in which the
dominant species, hydrogen, may have spin-dependent interactions).
Second, the Earth’s potential well is shallow—the escape speed from the center of the Earth
is vesc ≈ 15 km s−1 compared to the Sun’s ∼ 1000 km s−1 . Typical halo WIMPs have speeds an
order of magnitude higher than the escape speed from the Earth, which makes them kinematically difficult or impossible to capture in the Earth unless the WIMP mass is nearly the mass
of one of the nuclear isotopes in the Earth 16 . If mχ > 400 GeV, halo WIMPs are impossible to
capture; the only WIMPs the Earth may capture are those already bound to the Solar System.
Thus, in order to predict event rates at neutrino telescopes (or to derive a WIMP annihilation
rate from a signal), the Solar System’s bound WIMP population must be characterized. Using
detailed balance arguments based on the gravitational scattering of WIMPs by planets, Gould
17 claimed that the annihilation rate could be accurately derived using the phase space density
of WIMPs far outside the gravitational sphere of influence of the Solar System (the “free space”
density). More recently, Lundberg & Edsjö 18 solved a diffusion equation for WIMPs in the
Solar System, taking into account the loss of WIMPs in the Sun due to thermalization. They
found that the phase space density of bound WIMPs at the Earth was greatly reduced if the
Sun were infinitely optically thick to WIMPs than if it were described as a gravitational point
source. Damour & Krauss 19 described a population of WIMPs that could be captured by elastic
scattering in the Sun, and survive for long times in the Solar System due to a secular resonance
that forced the perihelion distance to the center of the Sun to oscillate. If this population survived
the lifetime of the Solar System, it could enhance the annihilation rate in the Earth by almost two
orders of magnitude if 60 GeV < mχ < 130 GeV20 . Annihilation rates are usually calculated

Figure 2: Neutrino-induced muon fluxes from WIMP annihilation in the Earth above an energy threshold Eµth = 1
GeV for water/ice neutrino telescopes for (left) unbound halo WIMPs and (right) the maximum expected from
both bound and unbound dark matter, in scans of the MSSM. The solid line represents an optimistic detection
threshold for the IceCube telescope 18 . The open circles represent neutralino models with spin-independent cross
sections above the 2006 CDMS exclusion curve 22 , the triangles represent models with cross sections between the
2006 and the present limits, and models marked with blue squares are consistent with current bounds on the
elastic scattering cross sections 23 . Figures from Peter 21 .

using the free space distribution function, the purely unbound WIMP distribution function
(which may be calculated at the Earth using Liouville’s theorem and Galilean transformations),
or Lundberg & Edsjö’s phase space density.
Dynamics in the Solar System are far more complicated than can be described using the
diffusion or semi-analytic treatments used in the work cited above to estimate the bound WIMP
population. The only way to truly determine the bound WIMP density in the Solar System
is to simulate a statistically significant number of orbits. As a first step, I simulated bound
WIMP orbits in a solar system consisting only of the Sun and Jupiter. I simulated both orbits
bound to the solar system by elastic scattering in the Sun 15 and WIMPs that are captured by
gravitational interactions with Jupiter 21 . I found that the WIMPs bound by the first method
have shorter lifetimes than assumed by Damour & Krauss, and thus have a significantly lower
density. WIMPs that are gravitationally captured to the Solar System (the population explored
by Gould and Lundberg & Edsjö) have a slightly lower density than found by Lundberg & Edsjö.
To estimate the neutrino-induced muon flux at the surface of the Earth, I assumed that the
WIMP was the neutralino in the minimal supersymmetric standard model (MSSM), and used
the DarkSUSY software package 24 to make scans of MSSM parameter space. The results are
shown in Fig. 2. Fluxes due to unbound Galactic WIMPs only are shown on the left; those
due to unbound WIMPs and the maximum possible bound WIMP density are on the right.
The solid line indicates an optimistic detection threshold for the IceCube neutrino telescope.
The squares mark models that are still allowed by direct detection experiments. I find that the
bound WIMPs only marginally increase the fluxes at the Earth, and that allowed models lie
well below threshold.
There are two caveats to this pessimistic conclusion. First, I have only shown the flux of
through-going muons; since IceCube is large compared to typical muon path lengths through
ice, there could be a large number of contained events. However, this is likely to increase the
event rate above the through-going event rate only by factors of several to about a factor of ten.
This is still insufficient to boost the muon flux above threshold.

Second, the regions of WIMP phase space that are most accessible to capture are not accessible in the simplified solar system. This part of phase space can only be populated by close
encounters between WIMPs and the inner planets. Therefore, more sophisticated simulations
are required to accurately predict the signal of WIMP annihilation in the Earth.
3.1

Everything Is Not Lost: Dark Matter Disks and Detection

Although the prospects for detecting WIMP annihilation in the Earth are grim, these conclusions
are drawn based on fairly strict assumptions on how dark matter is distributed in the Galaxy,
and what its phase space structure is. It is almost always assumed that the dark matter is
distributed almost smoothly in a nearly spherically symmetric Navarro-Frenk-White halo25 about
the Galactic center. Moreover, it is assumed that the halo is at rest in an inertial Galactocentric
frame, and that the √
velocity distribution can be described locally by a Maxwellian with a velocity
dispersion σ = v⊙ / 2, where the stellar disk has a rotation speed of v⊙ = 220 km s−1 . These
assumptions are based on N-body simulations of dark matter in roughly Milky Way-sized halos.
However, the Sun lies in part of the Galaxy that is dominated by luminous matter, not dark
matter. Any local dark matter parameters that are derived from simulations should be derived
from simulations that include luminous matter, too. Recently, Read et al. 26,27 have analyzed
simulations of disk galaxies in Milky Way-mass halos, in both idealized and cosmological contexts. They find that, in general, massive satellite galaxies are dragged into the spiral galaxy
disk plane and dissolved, yielding a “dark disk” of dark matter. This component is in addition
to the conventional, more spherical dark matter halo. The properties of the dark disk depend
sensitively on the accretion history of the galaxy, but the “median” galaxy in their samples had
a dark disk with a rotation velocity lag with respect to the Sun of ∼ 50 km s−1 , and a velocity
dispersion of σ ≈ 50 km s−1 , and a mass density in the mid-plane similar to that of the halo.
This dark disk is important for WIMP detection because the typical WIMP speed with
respect to the Solar System is much lower than for WIMPs in the halo. The capture probability
in the Solar System increases dramatically with decreasing relative speed. In work lead by
Tobias Bruch 28 , we found the consequence was that the neutrino flux from WIMP annihilation
in the Earth could be increased by two or three orders of magnitude assuming the median dark
disk, and the neutrino flux from the Sun could be boosted approximately an order of magnitude.
Even for the least significant dark disk found in the Read et al. samples, the neutrino flux from
the Earth and the Sun could be enhanced by a factor of order unity. Therefore, the dark disk
may boost the neutrino flux for WIMP models consistent with experiments (farther) above the
detection threshold for IceCube.
There are two major sources of uncertainty in the dark disk enhancement of the annihilation
rate. First, the properties of the dark disk are highly uncertain. The dark disk is likely to be
difficult to probe with stellar dynamics, and any stellar debris from satellite destruction in the
disk will also be difficult to disentangle from other stellar populations. Dark matter experiments
are the most sensitive probes of the dark disk. The energy spectrum of events in direct detection
experiments should yield some constraints on dark disk properties 29 , but such constraints will
take years (and an actual detection of dark matter in more than one experiment!) to materialize.
Second, whether a high mass WIMP is detectable or not in neutrinos from the Earth depends
sensitively on the phase space density of WIMPs bound to the Solar System. This is illustrated
in Fig. 3 of Bruch et al.28 , which shows that for, e.g., a 400 GeV WIMP, the annihilation rate is
about three orders of magnitude higher for Gould’s free space phase density than for the phase
densities found in my simulations. Therefore, more sophisticated versions of my simulations,
including more planets and more realistic planet orbits, will be required to determine the bound
dark matter phase space density to sufficient precision to estimate WIMP parameters from
neutrino telescope data.

4

Near-Solar γ-Rays

Strausz 11 suggested that WIMP annihilations occuring just outside the Sun may be visible in
γ-rays. Although the dark matter density is far lower outside the Sun than at its center, it is
higher right outside the Sun than far outside the Sun’s gravitational sphere of influence. This is
due to several effects. First, gravitational focusing increases the unbound WIMP density deep in
the Sun’s potential well. Second, in the absence of kinematic suppression, WIMPs are captured
onto bound orbits with a semimajor axis distribution d log N/d log a = −1. Third, massive
WIMPs (much heavier than the typical solar nucleus) lose energy during each encounter with a
solar nucleus. WIMPs initially captured onto barely bound orbits will spend time just outside
the Sun as they thermalize. Moreover, the Sun does not produce γ-rays at its surface as a result
of stellar evolution. Strausz suggested the Milagro, an air shower array used to detect cosmic
rays, should be able to detect these near-solar γ-rays. However, it was only able to place an
upper limit to the near-solar γ-ray flux 30 .
Recent work suggests that the WIMP-generated γ-ray signal should be virtually undetectable. Hooper 31 and Sivertsson & Edsjö 32 have redone Strausz’s calculations, and find
that the γ-ray flux should be many orders of magnitude lower than Strausz’s predictions. Using
Monte Carlo realizations of the thermalization process, Sivertsson & Edsjö predict a flux of
∼ 10−7 km−2 yr−1 if σpSD = 10−39 cm2 and mχ = 1 TeV. Using my own simulations, I have
also estimated the expected γ-ray flux, and find similar results, although the flux is suppressed
even further for high mass WIMPs due to the gravitational effects described in Sec. 2. It is not
clear what the error in Strausz’s calculation is, but current calculations suggest that the flux of
near-solar γ-rays at the Earth should be tiny.
In addition, the Sun is more luminous γ-rays than initially postulated by Strausz. Cosmic
rays protons can produce pion showers in the chromosphere of the Sun 33 , which produce γ-rays
by π 0 → γγ. Seckel et al. 33 estimated that the total γ-ray flux from this process should be
∼ 1010 km−2 yr−1 (∼ 10−7 cm−2 s−1 ) above 1 MeV, and about an order of magnitude less above
1 GeV.
Inverse-Compton scattering of solar photons on cosmic ray electrons can also produce a
significant halo of γ-rays around the Sun. Orlando & Strong 34 find a detection of this signal
in EGRET data, a flux of ∼ 3 × 10−7 cm−2 s−1 in the 100 − 300 MeV energy band, which is
expected to be stronger than the cosmic ray proton-induced γ-ray flux by factors of several. The
Fermi Gamma-ray Space Telescope (Fermi) should be exquisitely sensitive to these cosmic rayinduced γ-rays from the Sun, and the signal should completely drown out any WIMP-induced
signal from the Sun.

5

Conclusion

In this paper, I have described recent updates to the estimates of the solar and terrestrial neutrino
and near-solar γ-ray fluxes from WIMP annihilation at the centers of the Sun and Earth due
to new estimates of the orbital evolution of WIMPs in the Solar System. Some of the effects I
described may change the event rates by orders of magnitude. I would like to emphasize that in
order to understand the particle physics of WIMPs using new astrophysical data sets (whether
it be neutrinos or γ-rays from Solar System sources or γ-rays from the Galactic center), it is
necessary to understand the astrophysical properties of WIMPs: their distribution throughout
the Galaxy, on both Solar System and ∼ kiloparsec scales; and the velocity structure. While
there has been a lot of progress in constraining the astrophysical properties of WIMPs, there
are still many large uncertainties in these properties.
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The first results, obtained by the DAMA/LIBRA set-up of the DAMA project, are shortly
addressed. It is in operation deep underground at the Gran Sasso National Laboratory of
the I.N.F.N.; its sensitive part consists of ≃ 250 kg highly radiopure NaI(Tl) detectors. The
DAMA/LIBRA data confirm the evidence for Dark Matter (DM) particles in the galactic halo
on the basis of the DM annual modulation signature. Considering the DAMA/LIBRA data
together with those collected by the former DAMA/NaI set-up a confidence level of 8.2 σ is
achieved for a cumulative exposure of 0.82 ton × yr. Future perspectives are just mentioned.

1

Introduction

DAMA is an observatory for rare processes and it is in operation deep underground at the
Gran Sasso National Laboratory of the I.N.F.N.. This experiment is mainly based on the
development and use of low background scintillators with the aim of investigating DM particles
in the galactic halo by means of the direct detection. Its main experimental set-ups are: i)
DAMA/NaI (≃ 100 kg of highly radiopure NaI(Tl)) which completed its data taking on July
2002 1,2,3,4,5,6,7,8,9,10,11,12,13 ; ii) DAMA/LXe (≃ 6.5 kg liquid Kr-free Xenon enriched either in
129 Xe or in 136 Xe) 14,15 ; iii) DAMA/R&D, devoted to tests on prototypes and to small scale
experiments 16 ; iv) the new second generation DAMA/LIBRA set-up (≃ 250 kg highly radiopure
NaI(Tl)) in operation since March 2003 17,18,19 . Moreover, in the framework of devoted R&D
for radiopure detectors and photomultipliers, sample measurements are carried out by means of
the low background DAMA/Ge detector (installed deep underground since more than 10 years);

the detector is also used for small scale experiments 20 . Profiting of the low background features
of these set-ups, many rare processes are also investigated obtaining very competitive results.
DAMA/LIBRA is investigating the presence of DM particles in the galactic halo by exploiting
the model independent DM annual modulation signature. This signature – originally suggested
in the middle of ’80 in ref. 21 – exploits the effect of the Earth revolution around the Sun on
the number of events induced by DM particles in the detectors. In fact, as a consequence of
its annual revolution, the Earth should be crossed by a larger flux of DM particles around ∼ 2
June (when its rotational velocity is summed to the one of the solar system with respect to the
Galaxy) and by a smaller one around ∼ 2 December (when the two velocities are subtracted).
This offers an efficient model independent signature and it allows the test of large interval of
cross sections and of halo densities. The DM annual modulation signature is very distinctive
since the corresponding signal must simultaneously satisfy all the following requirements: the
rate must contain a component modulated according to a cosine function (1) with one year
period (2) and a phase that peaks around ≃ 2nd June (3); this modulation must only be found
in a well-defined low energy range, where DM particle induced events can be present (4); it must
apply only to those events in which just one detector of many actually ”fires” (single-hit events),
since the DM particle multi-interaction probability is negligible (5); the modulation amplitude in
<7% for usually adopted halo distributions (6), but it
the region of maximal sensitivity must be ∼
can be larger in case of some possible scenarios such as e.g. those in refs. 22,23 . Only systematic
effects or side reactions able to fulfil these 6 requirements and to account for the whole observed
modulation amplitude might mimic this signature a ; thus, no other effect investigated so far in
the field of rare processes offers a so stringent and unambiguous signature.
2

The DAMA/LIBRA results

Detailed description of DAMA/NaI 1,3,4,5 and of DAMA/LIBRA 17 performances has been published. Here we just remind that: i) the detectors’ responses range from 5.5 to 7.5 photoelectrons/keV; ii) each detector is equipped with two low background photomultipliers working in
coincidence with hardware threshold at single photoelectron level; iii) energy calibrations with
X-rays/γ sources are regularly carried out down to few keV; iv) the software energy threshold
of the experiment is 2 keV.
The DAMA/NaI experiment collected an exposure of 0.29 ton×yr over 7 annual cycles, while
DAMA/LIBRA has released so far an exposure of 0.53 ton×yr collected over 4 annual cycles;
thus, the total exposure of the two experiments is 0.82 ton×yr, which is orders of magnitude
larger than the exposure typically collected in the field.
The competitiveness of the DAMA/NaI and DAMA/LIBRA target-detectors is based on the
reached intrinsic radiopurity of the NaI(Tl) scintillators (obtained after very long and accurate
work for the selection of all low radioactive materials, for the definition of suitable protocols,
etc.), on the large sensitivity to many DM candidates, interaction types and astrophysical,
nuclear and particle Physics scenarios, to the granularity of the set-ups, to the data taking up
to the MeV scale (even though the optimization is made for the lowest energy region), to the
full control of the running conditions, etc..
Several model-independent analyses have been performed in order to investigate the DM
annual modulation signature. Here just few arguments are reminded. In Fig. 1 it is shown the
time behaviour of the experimental residual rates (i.e. the rate after subtracting its constant
a
It is worth noting that the DM annual modulation is not – as often naively said – a ”seasonal” variation and
it is not a ”winter-summer” effect. In fact, the DM annual modulation is not related to the relative Sun position,
but it is related to the Earth velocity in the galactic frame. Moreover, the phase of the DM annual modulation
(roughly 2nd June) is well different than those of physical quantities (such as temperature of atmosphere, pressure,
other meteorological parameters, cosmic rays flux, ...) instead correlated with seasons.

part) for single-hit events collected by DAMA/NaI and by DAMA/LIBRA in the (2–4), (2–5)
and (2–6) keV energy intervals. The superimposed curves represent the cosinusoidal functions:
nd
A cos ω(t − t0 ) with T = 2π
ω = 1 yr and phase t0 = 152.5 day (June 2 ), while the modulation
amplitudes, A, have been obtained by best fit over the DAMA/NaI and DAMA/LIBRA data.
When the period and the phase parameters are released in the fit, values well compatible with
those expected for a DM particle induced effect are obtained 18 . Summarizing, the cumulative
analysis of the single-hit residual rate favours the presence of a modulated cosine-like behaviour
with proper features at 8.2 σ C.L. 18 .
The same data of Fig.1 have also been investigated by a Fourier analysis 18 . In order to
verify absence of annual modulation in other energy regions and, thus, to also verify the absence
of any significant background modulation, the spectrum above 6 keV has also been investigated.
In fact, the background in the lowest energy region is essentially due to “Compton” electrons,
X-rays and/or Auger electrons, muon induced events, etc., which are strictly correlated with the
events in the higher energy part of the spectrum. Thus, if a modulation detected in the lowest
energy region would be due to a modulation of the background (rather than to a signal), an
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation events, measured by
DAMA/NaI and DAMA/LIBRA in the (2 – 4), (2 – 5) and (2 – 6) keV energy intervals as a function of the time.
The zero of the time scale is January 1st of the first year of data taking of DAMA/NaI. The experimental points
present the errors as vertical bars and the associated time bin width as horizontal bars. The superimposed curves
are the cosinusoidal functions behaviors A cos ω(t − t0 ) with a period T = 2π
= 1 yr, with a phase t0 = 152.5 day
ω
(June 2nd ) and with modulation amplitudes, A, equal to the central values obtained by best fit over the whole
data, that is: (0.0215 ± 0.0026) cpd/kg/keV, (0.0176 ± 0.0020) cpd/kg/keV and (0.0129 ± 0.0016) cpd/kg/keV for
the (2 – 4) keV, for the (2 – 5) keV and for the (2 – 6) keV energy intervals, respectively. The dashed vertical lines
correspond to the maximum of the signal (June 2nd ), while the dotted vertical lines correspond to the minimum.
The total exposure is 0.82 ton × yr. For details see 18 .

equal or larger modulation should be present in the higher energy regions. The data analyses
exclude the presence of a background modulation in the whole energy spectrum at a level much
lower than the effect found in the lowest energy region for the single-hit events 18 .
A further relevant investigation has been done by applying the same hardware and software
procedures, used to acquire and to analyse the single-hit events, to the multiple-hits ones. In
fact, since the probability that a DM particle interacts in more than one detector is negligible,
a DM signal can be present just in the single-hit residual rate. Thus, this allows the verification
of the background behaviour in the same energy interval where the positive effect is observed.
In particular, Fig. 2 shows the residual rates of the single-hit events measured over the four
DAMA/LIBRA annual cycles, presented as if they would have been collected in a single annual

Residuals (cpd/kg/keV)

2-4 keV

Time (day)

Residuals (cpd/kg/keV)

2-5 keV

Time (day)

Residuals (cpd/kg/keV)

2-6 keV
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Figure 2: Experimental residual rates over the four DAMA/LIBRA annual cycles for single-hit events (open
circles) (class of events to which DM events belong) and for multiple-hits events (filled triangles) (class of events
to which DM events do not belong), in the energy intervals (2 – 4), (2 – 5) and (2 – 6) keV, respectively. They
have been obtained by considering for each class of events the data as collected in a single annual cycle and by
using in both cases the same identical hardware and the same identical software procedures. The initial time of
the scale is taken on August 7th . The experimental points present the errors as vertical bars and the associated
time bin width as horizontal bars. See ref. 18 . Analogous results were obtained for the DAMA/NaI data in ref. 5 .

cycle, together with the residual rates of the multiple-hits events. A clear modulation is present in
the single-hit events, while the fitted modulation amplitudes for the multiple-hits residual rate are
well compatible with zero: −(0.0004±0.0008) cpd/kg/keV, −(0.0005±0.0007) cpd/kg/keV, and
−(0.0004±0.0006) cpd/kg/keV in the energy regions (2 – 4), (2 – 5) and (2 – 6) keV, respectively.
Similar results were previously obtained also for the DAMA/NaI case 5 . Thus, again evidence of
annual modulation with proper features, as required by the DM annual modulation signature,
is present in the single-hit residual rate (events class to which the DM particle induced events
belong), while it is absent in the multiple-hits one (event class to which only background events
belong). Since the same identical hardware and the same identical software procedures have
been used to analyse the two classes of events, the obtained result offers an additional strong
support for the presence of a DM particle component in the galactic halo further excluding any
side effect either from hardware or from software procedures or from background.

Sm (cpd/kg/keV)

The annual modulation present at low energy has also been shown by depicting the differential modulation amplitudes, Sm,k , as a function of the energy; the Sm,k is the modulation
amplitude of the modulated part of the signal obtained by maximum likelihood method over
the data, considering T =1 yr and t0 = 152.5 day. In Fig. 3 the measured S m,k for the total
exposure (0.82 ton×yr, DAMA/NaI and DAMA/LIBRA) are reported as function of the energy.
A positive signal is present in the (2–6) keV energy interval, while S m,k values compatible with
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Figure 3: Energy distribution of the Sm,k variable for the total exposure of DAMA/NaI and DAMA/LIBRA: 0.82
ton×yr. A clear modulation is present in the lowest energy region, while Sm,k values compatible with zero are
present just above. In fact, the Sm,k values in the (6–20) keV energy interval have random fluctuations around
zero with χ2 /d.o.f. equal to 24.4/28. See ref. 18 .

zero are present just above. In fact, the S m,k values in the (6–20) keV energy interval have
random fluctuations around zero with χ 2 equal to 24.4 for 28 degrees of freedom.
It has also been verified that the measured modulation amplitudes are statistically well
distributed in all the crystals, in all the annual cycles and in the energy bins; these and other
discussions can be found in ref. 18 . Other analyses have also been carried out 18 .
All the analyses confirm that a modulation amplitude is present in the lower energy intervals
with the period and the phase in agreement with those expected for DM induced signals. In
addition, the observed annual modulation signal fulfils all the requirements of the DM signature.
As previously done for the case of DAMA/NaI 3,4,5 , careful investigations on absence of any
significant effect from systematics or side reaction have been quantitatively carried out also for
DAMA/LIBRA; it is reported in details in ref. 18 . In Table 1 the results obtained by investigating
all possible sources of systematics and side reactions are reported. No systematics or side
reactions able to account for the measured modulation amplitude and to contemporaneously
satisfy all the requirements of the signature have been found or suggested by anyone over more
than a decade.
Summarizing, DAMA/LIBRA has confirmed the presence of an annual modulation satisfying
all the requirements of the DM annual modulation signature; in particular, the evidence for the
presence of DM particles in the galactic halo is cumulatively supported by DAMA/NaI and
DAMA/LIBRA at 8.2 σ C.L..
3

On corollary quests and on comparisons

As regards the corollary investigation on the nature of the DM candidate particle(s) and related
astrophysical, nuclear and particle Physics scenarios, it has been shown – on the basis of the
DAMA/NaI result – that the obtained model independent evidence can be compatible with a
wide set of possibilities (see e.g. ref. 4,5,6,8,9,10,11 and in literature, for example see 24 ); many
others are also open. This is also the case when the DAMA/NaI and DAMA/LIBRA data are

Table 1: Summary of the results obtained by investigating all possible sources of systematics and side reactions in
the data of the DAMA/LIBRA four annual cycles. None able to give a modulation amplitude different from zero
has been found; thus cautious upper limits (90% C.L.) on the possible contributions to the measured modulation
amplitude have been calculated and are shown here. It is worth noting that none of them is able to mimic the
DM annual modulation signature, that is none is able to account for the observed modulation amplitude and to
contemporaneously satisfy all the requirements of the signature. For details see ref. 18 . Analogous results were
obtained for DAMA/NaI 4,5 .

Source

Radon
Temperature
Noise
Energy scale
Efficiencies

Background

Side reactions

Main comment
Cautious upper limit
17
(also see ref. )
(90%C.L.)
Sealed Cu Box in
HP Nitrogen atmosphere,
< 2.5 × 10−6 cpd/kg/keV
3-level of sealing
Air conditioning
< 10−4 cpd/kg/keV
+ huge heat capacity
Efficient rejection
< 10−4 cpd/kg/keV
Routine
< 1 − 2 × 10−4 cpd/kg/keV
+ intrinsic calibrations
Regularly measured
< 10−4 cpd/kg/keV
No modulation above 6 keV;
no modulation in the (2 – 6) keV
multiple-hit events;
< 10−4 cpd/kg/keV
this limit includes all possible
sources of background
From muon flux variation
< 3 × 10 −5 cpd/kg/keV
measured by MACRO
In addition: no effect can mimic the signature

considered all together; an updating of allowed volumes/regions in some given frameworks is
foreseen.
It is worth noting that no other experiment exists, whose result can be directly compared in
a model-independent way with those by DAMA/NaI and DAMA/LIBRA. In particular, let us
also point out that results obtained with different target materials and/or different approaches
cannot intrinsically be directly compared among them even when considering the same kind
of candidate and of coupling, although apparently all the presentations generally refer to cross
section on nucleon.
In particular, claims for contradictions made by experiments insensitive to the DM annual
modulation signature, using different target materials and approaches, exploiting marginal exposures, having well different sensitivities to various DM candidate and interactions, etc. have
by the fact no impact even in the single arbitrary scenario they usually consider (without accounting for experimental and theoretical uncertainties, often using crude approximation in the
calculation, etc). Moreover, as pointed out (see for example 25 ), some critical points exist on relevant experimental aspects. Finally, a relevant argument is also the methodological robustness
26 .
Finally, as regards the indirect detection searches, let us note that also no direct modelindependent comparison can be performed between the results obtained in direct and indirect
activities, since it does not exist a biunivocal correspondence between the observables in the
two kinds of experiments. Anyhow, if possible excesses in the positron to electron flux ratio and
in the γ rays flux with respect to some simulations of the hypothesized contribution, which is
expected from standard sources, might be interpreted in terms of Dark Matter (but e.g. more
complete handling of some aspects of the simulations are available 27 and the pulsars contribution

28

should also be included), this would not be in conflict with the experimental observations by
DAMA experiments.
4

Already performed and planned upgradings

During September 2008 the first upgrading of the DAMA/LIBRA set-up has been realized and
the shield has been opened in HP Nitrogen atmosphere. This has allowed the increase of the
exposed mass, since one detector has been recovered by replacing a broken PMT. Moreover, a
new optimization of some PMTs and HVs has been done. Finally, a total replacement of the
used transient digitizers with new ones, having better performances, has been realized and a
new DAQ with optical fibers has been installed and put in operation. The data taking has been
restarted on October 2008.
In particular, the model independent results achieved by the DAMA/LIBRA set-up has
pointed out the relevance to lower the software energy threshold used by the experiment. Thus,
the replacement of all the PMTs with other ones with higher quantum efficiency has been
planned; this will also improve – as evident – other significant experimental aspects.
A larger exposure collected by DAMA/LIBRA (or possibly by DAMA/1ton; see later) and
the lowering of the 2 keV energy threshold will improve the corollary information on the nature
of the DM candidate particle(s) and on the various related astrophysical, nuclear and particle
Physics scenarios.
In addition, it is worth noting that ultra low background NaI(Tl) scintillators can also offer
the possibility to achieve significant results on several other rare processes as already done e.g.
by the former DAMA/NaI apparatus 12,13 .
Finally, we mention that a third generation R&D effort towards a possible NaI(Tl) ton set-up
was funded.
5

Conclusions

The highly radiopure NaI(Tl) DAMA set-ups have investigated the presence of DM particles in
the galactic halo by exploiting the DM annual modulation signature; they have cumulatively
achieved a model independent evidence at 8.2 σ C.L..
The collection of larger exposures (with the upgraded DAMA/LIBRA or possibly with
DAMA/1ton) can allow a significant investigation of several open aspects on the nature of
the candidate particle(s) and on the various related astrophysical, nuclear and particle Physics
as well as other DM features and second order effects.
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DARK MATTER IN VIEW OF RECENT EXPERIMENTS
Kathryn M. Zurek
Particle Astrophysics Center, Fermi National Accelerator Laboratory
Batavia, IL 60510, USA
We discuss new models of dark matter (DM) developed recently in light of the anomalous
signals from DAMA, INTEGRAL, AMS, PAMELA, ATIC and Fermi. If the results of any
of the experiments are the result of DM interactions with ordinary matter, whether through
scattering or annihilation, the DM must have properties atypical of an ordinary Weakly Interacting Massive Particle (WIMP) from the Minimal Supersymmetric Standard Model (MSSM).
Many of these new models of DM developed to explain these signals involve low mass hidden sectors with complex dynamics. We outline features required by the new models to be
phenomenologically viable.

1

Recent Experiments and Their Implication for Dark Matter

There have been a slew of results recently from the dark matter experiments. There are three
avenues of exploration in the hunt for dark matter. The first is to produce the particle directly
in the laboratory, one of the major goals of the Large Hadron Collider (LHC) at CERN. The
second is to directly detect the particle in a (usually) underground laboratory: a DM particle
bounces off a nucleus in a very sensitive detector, and the small recoil energy is observed. And
the third is to see the products of the annihilations of such particles with detectors on the ground
or in space. These last two methods have yielded some remarkable results recently, and we await
the results to come from the LHC.
In the area of direct detection, DAMA for many years has been claiming an annual modulation in the rate of nuclear recoils in the sodium iodide detectors 1 . This experiment has by
now collected a very large amount of data, 0.82 ton years. It had been thought that an elastically scattering WIMP interpretation was inconsistent with the constraints from other direct
detection experiments. With the new experimental effect of channeling 2 , however, their signal
has been shown to be potentially consistent with an elastically scattering, though rather light,
Weakly Interacting Massive Particle (WIMP), with mass in the several GeV range 3 (though it
has been shown elsewhere 4 that the lowest nuclear recoil bin has an important effect on the fit to
the DAMA data). It may also be explained by a non-standard WIMP which recoils inelastically
from the nucleus 5 .
In the area of indirect detection, the PAMELA 6 and ATIC 7 experiments have reported
excesses in the fluxes of cosmic ray electrons and positrons over the expected background. The
PAMELA experiment (carried on a European Space Administration satellite) has observed the
electron and positron fluxes separately in 10-100 GeV range, while the ATIC balloon experiment
(with two flights at the south pole) has observed the total flux of electrons plus positrons (not
being able to determine charge) in the 50-700 GeV range. Considering electrons and positrons,
from, e.g., interactions of cosmic rays in the interstellar medium, one expects a featureless

distribution falling with energy. PAMELA, however, saw a rise in the ratio of positron to
electron plus positron fluxes, and ATIC saw a feature in the total e+ + e− flux consistent with
a rise and sharp fall in the flux.
More recently NASA’s Fermi Large Area Telescope 8 has reported results on the flux of
electrons plus positrons (like ATIC unable to determine charge) in the same energy range as
ATIC, but with much higher precision. The experiment does not see the large rise and steep
drop of ATIC, but neither does it fall as steeply as is expected from the standard cosmic ray
model. These results are inconclusive on the question of annihilating DM as the source of the
excess, especially since no sharp feature was detected.
If the PAMELA, ATIC, or Fermi results are to be explained in terms of annihilating DM,
its features, like the features of a DAMA DM particle, must be non-standard. The annihilating
DM particle needs to satisfy non-trivial constraints on the size of the annihilation cross-section
9,10 , on the measured p̄ flux 11 , and on limits on hard photons from HESS and EGRET 12 , but
these are better accommodated with the more mild excess observed by Fermi and PAMELA
than they were with the ATIC results. All of these features imply that an ordinary neutralino
from Supersymmetry (SUSY) cannot explain the excess.
In addition, the INTEGRAL satellite has a long standing excess in the 511 keV line toward
the galactic center 13 . It may be explained by exotic annihilating MeV DM which couples to the
SM through 10−6 gauge couplings of a new MeV mass gauge boson 14 .
Lastly, there is the mystery of the WMAP haze. It was shown in 15 that the excess synchrotron radiation in the WMAP 22-93 GHz bands can be explained by an ordinary several
hundred GeV mass WIMP annihilating to W + W − with cross-section hσvi ≃ 3 × 10−26 cm3 /s,
consistent with the relic abundance predicted by thermal freeze-out.
While the prospect of DM detection is exciting, many of these hints are likely to find a more
pedestrian explanation. The DAMA result may simply be some systematic background which is
up to now unknown and unaccounted for. The Fermi results, with its superior statistics, strongly
suggest that the ATIC results are instrumental, rather than cosmic, in origin. And both the
Fermi and PAMELA results may be explained by an astrophysical source, such as a pulsar 16 , or
by previously unaccounted for acceleration mechanisms in the supernova remnant source 17,18 .
Recently, it was shown that the e+ e− injection from pulsars may contribute significantly to the
haze 19 .
While the probability of any one of these signals being the result of DM rather than another
source is rather low, the prospect of detecting the elusive dark matter through its particle
interactions is a high risk, high reward game. Fortunately, there are other results on the horizon
to settle these experimental questions with regard to DM. In the case of DAMA, a high voltage
run of CDMS and a low threshold analysis of the CDMS-SUF data will shed some light on the
elastic scattering window 20 . Other low threshold experiments to probe this low mass region,
such as DAMIC, are being designed and built. XENON has recently carried out a high nuclear
recoil analysis of their data. CRESST is sensitive to an inelastically scattering DM candidate
which may explain DAMA. Fermi has recently given us more information with the cosmic ray
electron spectrum in the ATIC energy range, and while it does not show the ATIC feature,
neither does it fall as quickly as the expected background, leaving some uncertainty still as to
whether a DM explanation is still feasible.
While each of these signals is an exciting possible hint for DM, most imply a non-standard
DM candidate. In the case of DAMA, this is an unusually light or inelastic WIMP. In the case
of the signal from INTEGRAL, this is an MeV mass dark state with anomalously small gauge
couplings. In the case of the cosmic-ray electron and positron signals, this is a hadrophobic
WIMP with a boosted annihilation cross-section. These non-standard DM signals have implications for DM detection at the LHC, the next important experiment on the near horizon with
regards to DM.

And regardless of whether the signals survive further scrutiny as DM explanations, a very
positive aspect of these hints from the theoretical point of view is that they have driven us
to consider models of DM outside of the 0.1-1 TeV weakly interacting particle regime. These
signals have caused the community to take a deeper look into dark sectors where the dynamics
is complex in order to explain the non-standard WIMP signals from DAMA, PAMELA, ATIC,
Fermi, and INTEGRAL. The dark sectors may have multiple forces to which it couples, including
strong dynamics, and its mass may be much lower than the weak scale, while these states couple
to the visible sector through weak scale suppressed operators. The spirit of these models follows
the Hidden Valley (HV) 21 .
These hidden sectors provide many remedies for the class of models relevant to the recent
signals. The low mass hidden sectors naturally give rise to a light DM candidate for DAMA,
and in some cases even INTEGRAL 22,23 . The low mass forces can generate a Sommerfeld
enhancement 24 needed to boost the cross-section for the cosmic-ray electron-positron excesses
25 . And in many of these models, hadrophobic dark matter candidates can easily be generated,
especially in the context of solutions to the baryon-dark matter coincidence that we discuss
below.
These dark sectors in many cases have important implications for collider experiments,
which is a key tool on the near horizon for determining the nature of the DM. In the context
of supersymmetry, the presence of these low mass hidden sectors implies the decay of MSSM
SUSY partners to the lower mass hidden particles. This means reduced missing energy, as first
discussed in the context of HV 26 , and more recently in the DM models 23,35 . We now turn to
discussing concrete hidden sector dark matter models.
2

Hidden Sector Dark Matter

Each of the signals from the recent experiments can be connected to low mass hidden sectors.
The INTEGRAL signal can be explained by MeV DM communicating to the SM through an
MeV dark force which couples weakly to the SM with strength θ ∼ 10−6 14 . For the cosmic-ray
positron excesses from AMS 27 and PAMELA, a GeV mass force may mediate an enhanced
annihilation cross-section relative to the cross-section at freeze-out, as first pointed out in 12,25 .
An elastically scattering GeV mass state can explain the DAMA signal. These low mass sectors
have escaped detection at high energy hadron colliders and the precision e+ e− machines, LEP,
CLEO, DAΦNE, Belle and BaBar, provided that these hidden sectors couple only weakly to the
SM sector either through small couplings or through higher dimension operators which suppress
the interaction 28,29 .
The connection of the dark hidden sector to the SM sector can be described in terms of
higher dimension operators:
OSM Ohid
L=
,
(1)
M d−4
where d is the dimension of the product of the operators in the numerator. The nature of the
connector depends on the particular mediators which are being integrated out. There are two
basic types of connectors that we consider here. First through kinetic mixing between a hidden
sector force and hypercharge which gives rise to an operator
L = θFµν U µν

(2)

where U µν is the field strength tensor of the dark hidden sector U (1)D and θ is the mixing angle
(expected in many cases to be on the order of a loop factor, 10−2 − 10−3 ). Second through
singlets which couple to both sectors, generating an operator
L=

OSM Ohid
M2

(3)

where M = mS /y, y is the product of the couplings of the singlet to the hidden and visible
sectors and mS is the singlet mass. In the simple case of four fermion operators, the relevant
operators generated by kinetic mixing (KM) and singlet (S) mediators are
LKM ∼ gD gY θ

X̄X F̄ F
,
m2UD

LS ∼ λD ζ

X̄X F̄ F
,
m2S

(4)

where gD and gY are the coupling constants of the dark U (1)D and hypercharge, respectively,
X is the dark fermion in the hidden sector, mUD is the mass of the dark gauge boson, F is any
SM fermion, and the couplings for the singlet case arise from the Lagrangian
LS = λD S X̄X + ζS F̄ F.

(5)

Now in the context of SUSY, both of these operators will communicate SUSY breaking to
the hidden sector 23,25,30,31,32 . Generically, the size of the SUSY breaking mass communicated
to the hidden sector through these operators is set by the size of the effective coupling between
the two sectors. For kinetic mixing mediated SUSY breaking, the SUSY breaking may be
communicated through two-loop gauge mediation, where the gauge fields doing the mediating
are mixed by kinetic terms (another interesting class of models discussed elsewhere 30 uses the
D-terms to communicate the SUSY breaking). The mass scale in the hidden sector set in this
way is parametrically given by
mhid

gD gY θmSU SY
∼
log
16π 2

Λ2
m2hid

!

,

(6)

where gY is the SM hypercharge coupling, while for singlet mediated SUSY breaking, the mass
scale is
!
Λ2
ymSU SY
,
(7)
log
mhid ∼ −
4π
m2hid
where Λ is the scale of SUSY breaking. For a particular class of constructions discussed previously 32 , these models can result in negative mass-squareds for the hidden scalars. When these
hidden scalars get vevs, they break the U (1)D and give masses to the dark forces set by the
same scale mhid .
Now we can see how these hidden sectors connect to the phenomenological models of DM.
The MeV DM model 14 has all the characteristics of a hidden DM model. In order to explain
the 511 keV signal from INTEGRAL and obtain the correct relic abundance, the MeV DM
must couple through an MeV mass gauge boson to electrons with coupling constant ∼ 10−6 .
These mass scales and couplings may be set by SUSY breaking 23 , with MeV ∼ 10−6 mSU SY , as
expected from Eq. (6), for θ ∼ 10−6 and gD and gY both O(1).
In hidden sector dark matter models where the mass scale in the hidden sector is set by
SUSY breaking, even when the DM no have weak scale masses, the dark matter abundance
naturally comes out to be in the right range. The theoretical bias towards weak scale dark
matter is based on the idea that the annihilation cross-section needed to get the observed relic
abundance is a weak scale cross-section, the so-called WIMP miracle,
hσvi = 3 × 10−26 cm3 ∼

1

.
m2weak

(8)

This can be generalized by simply taking the couplings smaller than one:
hσvi = 3 × 10−26 cm3 ∼

2 g2 θ2
gD
Y
.
m2hid

(9)

One can see that as long as mhid ∼ gD gY θmweak , as is the case for the class of models we have
been considering here (Eq. (6)), and the gauge couplings are O(1), the WIMP miracle still holds,
even though the dark matter can be much lighter than the weak scale. This observation was
given the name “WIMPless miracle” 33 .
Likewise, the GeV mass scalars in the hidden sector needed for the Sommerfeld enhanced
annihilation cross-sections for the cosmic-ray positron excesses can be easily generated for a
natural value of θ ∼ 10−2−3 25 . Singlet mediation also works well to generate the GeV scale, as
discussed in 31,32 . The GeV mass sector, within the context of SUSY, contains an R-parity odd
matter field which is stable. This state may be a DM candidate if its relic abundance agrees
with cosmological constraints, and potentially a candidate for an elastically scattering WIMP
explanation of the DAMA result 31 . In the context of GeV scale models, both the GeV scale dark
force for the Sommerfeld enhancement and GeV mass DM for DAMA can result from the GeV
mass hidden sectors. The DM is naturally multi-component, with the annihilation of heavier
component explaining the cosmic-ray electron excess.
We now turn to a different class of hidden DM models where the DM is naturally in the
GeV range and couples to the SM sector through higher dimension operators.
3

Dark Matter and the Baryon Coincidence Problem

We now consider a different type of hidden sector model where the dark matter number density
is set not by thermal freeze-out, as in the standard case, but by the baryon asymmetry. The
DM itself carries baryon or lepton number and its mass is related to the proton mass by
mDM = c

ΩDM
mp ,
Ωb

(10)

where c is an O(1) number set by the baryon number of the DM. Since ΩDM /Ωb ≈ 5, the DM
is in the several GeV mass range, and resides in a low mass hidden sector.
There are a number of models that have been considered in the context of the baryon-DM
coincidence problem 34 . Here we discuss only one which has appeared recently 35 since it is in
the class of low mass sectors communicating through higher dimension operators in Eq. (1). It
is unique in that it does not sequester baryon number between the dark and visible sectors while
the net baryon number of the universe is zero, rather it starts with a net non-zero baryon or
lepton number and distributes it evenly between the sectors through higher dimension operators.
When the higher dimension operator drops out of thermal equilibrium, the baryon asymmetry
freezes separately into the two sectors.
We consider in particular a leptonic DM model. There is a lepton asymmetry in the standard
model (SM) sector which is transfered to the DM through an operator
W =

X̄ 2 LH
.
M

(11)

Here X is the DM which carries lepton number 1/2, L is a lepton doublet and H is the Higgs
doublet. There is a Z4 symmetry which keeps the DM stable. As long as this operator decouples
before the temperature that X becomes non-relativistic, an asymmetry is frozen separately into
the SM and DM sectors. A UV completion for this model involves, e.g. electroweak doublets D
and D̄:
(12)
W = MD D̄D + λ′ X̄DHu + y ′ LD̄X̄,
with M = MD /(λ′ y ′ ).
Now the baryon number density is about 10−10 of the thermal number density. This thermal
abundance of the DM must be annihilated away to leave only the one part in 1010 asymmetric

part. One possibility is annihilation to NMSSM axions, through a singlet which couples both to
SM Higgs and to the DM X
(13)
∆W = λX S X̄X + ζSHu Hd .
Then we can have the annihilation X̄X → aa, where a is the lightest pseudoscalar in the Higgs
sector. This gives an annihilation cross section
hσvrel i =

1 m2X
,
16π s4

(14)

which is large enough to annihilate away the thermal abundance for s < 200 GeV. Once this
efficient annihilation of the symmetric part of the DM density has occurred, one is left only with
the asymmetry between X and X̄ in the dark sector, which is related to the baryon density
through the relation Eq. (10).
There are other classes of models one can consider in the same spirit, for example where the
DM carries baryon number and the superpotential is
X̄ 2 udd
,
M2

(15)

X̄ 2 LHLH
,
M4

(16)

W =
or an L = 1 leptonic DM candidate
L=

where X is now a sterile neutrino, as is evident from the UV completion of this operator
L = X̄LH ′ −

λ
[(HH ′ )2 + h.c.],
4

(17)

where H ′ is an electroweak doublet which gets no vacuum expectation value.
3.1

Implications for Collider Searches of Dark Matter

Like the hidden sector models discussed in the previous section, the MSSM Lightest Supersymmetric Partner (LSP) is unstable to decay to the light hidden sector states. Because the DM
carries lepton or baryon number, often these decay chains involve multiple leptons or jets.
In the case of the leptonic DM, decays typically involve the MSSM LSP going to an additional
lepton plus the DM states. The lepton can be either charged or a neutrino. If the latter, the
LSP decay is completely invisible, and one can mistake the MSSM LSP for a DM candidate. In
addition, depending on the scale M , the lifetimes can be quite long, as in the decay
M
cτ (τ̃R → τ ν X̄ X̄) ∼ mm
6
10 GeV


2 

m
200 GeV

6 

mτ̃
100 GeV

−7

,

(18)

where we have assumed a common mass scale m ∼ mν̃ ∼ mχ0 .
In the case of the baryonic decay, the decays are often even more exotic. The MSSM LSP
decays to three jets plus the DM. In this case, since the operator is suppressed by higher powers
of M than for the leptonic DM, even for a scale M at the TeV scale, these decays give rise to
displaced vertices:
cτ (χ0 → XXqqq) ∼ 100 m



M
TeV

4 

m
500 GeV

6 

mχ0
100 GeV

−11

.

(19)

If the scale is much higher, the MSSM LSP is stable on detector time scales
In these models, one must be on the look-out for exotic DM signals at the LHC, in particular
long lived, but unstable, MSSM LSPs which give rise to a secondary vertex displaced from the
interaction point in the detector.

4

Concluding Remarks

It’s an exciting time for DM. There are many different detection prospects. Already there are
puzzles and hints from DAMA, HEAT, AMS, PAMELA, Fermi, and INTEGRAL. In each of
these areas there is more data to come. In direct detection, CDMS is planning low and high
nuclear recoil threshold analyses to test the DAMA anomalies, new low nuclear recoil threshold
experiments are being designed and carried out, XENON has a high threshold analysis looking
for inelastic DM, and CRESST has a few anomalous events which may be a hint for inelastic
DM. In the cosmic-ray electron and positron excesses, AMS has a new mission approved to test
the PAMELA results, and Fermi gives a highly precise measurement of the cosmic ray electron
spectrum out to a TeV. Fermi will have new photon data coming available in the coming months
which may also test the WIMP dark matter hypothesis, if it has either standard annihilation
modes or annihilation consistent with the cosmic-ray electron and positron excesses. All these
astrophysical probes will be complementary to the direct production at the LHC.
If any of the early hints from these experiments are real signals from the dark sector, we
will have to re-think our models of and search strategies for the DM. The dark sector, like the
visible sector, may be complex, with multiple new light states and dark forces.
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Non-adiabatic instability in coupled dark sectors
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It has been recently pointed out that coupled dark matter-dark energy systems suffer from
non-adiabatic instabilities at early times and large scales. We show how coupled models free
from non-adiabatic instabilities can be identified as a function of a generic coupling Q and
of the dark energy equation of state w. In our analysis, we do not refer to any particular
cosmic field. We also confront a viable class of model in which the interaction is directly
proportional to the dark energy density to recent cosmological data. In that framework, we
show the correlations between the dark coupling and several cosmological parameters allowing
to e.g. larger neutrino mass than in uncoupled models.

1

Introduction

Interactions between dark matter and dark energy are still allowed by observational data today.
At the level of the background evolution equations, one can introduce a coupling between these
two sectors in the following way:
ρ̇dm + 3Hρdm = Q ,
ρ̇de + 3Hρde (1 + w) = −Q ,

(1)
(2)

where ρdm (ρde ) denotes the dark matter (dark energy) energy density, the dot indicates derivative
with respect to conformal time dτ = dt/a, H = ȧ/a and w = Pde /ρde is the dark-energy equation
of state (P denotes the pressure). We work with the Friedman-Robertson-Walker (FRW) metric,
assuming a flat universe and pressureless dark matter wdm = Pdm /ρdm = 0.
Q encodes the dark coupling and drives the energy exchange between dark matter and dark
energy. For e.g. Q < 0 the energy flows from dark matter to dark energy. It also changes the
way that dark matter and dark energy redshift acting as an extra contribution to their effective
equation of state. In particular, for e.g. Q < 0, dark matter redshifts faster so that there is
more dark matter in the past compared to uncoupled scenarios assuming that the dark matter
density today is the same in the two models. Matter-radiation equality happens earlier and the
growth of dark matter clustering is enhanced. This is one of the features which enable us to
constraint the model with available cosmological data (see section 3).
In order to deduce the evolution of density and velocity perturbations in coupled models, we
need an expression of the energy transfer in terms of the stress-energy tensor. We follow Ref.1
in parameterizing the interaction as:
µ
∇µ T(dm)ν

µ
∇µ T(de)ν

= Q uν(dm) /a ,

(3)

= −Q u(dm)
/a ,
ν

(4)

µ
µ
with T(dm)ν
and T(de)ν
the energy momentum tensors for the dark matter and dark energy
(dm)

components, respectively. The dark matter four velocity uν
is defined in the synchronous
(dm)
i
i
gauge, in terms of the fluid proper velocity v(dm) , as uν
= a(−1, v(dm)
), where µ = 0..3 and
i = 1..3. This choice of parameterization guaranties the conservation of the total stress energy
tensor of the system while it avoids momentum transfer in the rest frame of dark matter in
i
which case one can work in the synchronous gauge comoving with dark matter (i.e v(dm)
= 0).
2
We provide a criteria associated to the dubbed the doom factor (see section 2.1) to identify
the stability region of coupled models satisfying to Eq. (3) and (4). The doom factor is a function
of the model parameters such as Q and w but it is defined independently of the explicit form of
the coupling Q. Notice that the dark coupling terms which appears in the non-adiabatic dark
energy pressure perturbations were first pointed out as a source for early time instabilities at
large scales in Ref. 1 .
Our results will then be illustrated within a successful class of models, in which Q is proportional to the dark energy density. Present data will be shown to allow for a sizeable interaction strength and to imply weaker cosmological limits on neutrino masses with respect to
non-interacting scenarios.
2

Origin of non-adiabatic instabilities

Non-adiabatic instabilities arises at linear order in perturbations. Using the publicly available
CAMB code 3 , we preferred to work in the synchronous gauge comoving with dark matter.
2.1

Doom factor

Given our gauge choice, it is necessary to work out the expression for dark energy pressure
perturbations δPde in the rest frame for dark matter. It can be shown that in the presence of a
dark coupling (see e.g. Ref. 4 and also Ref.1 ) it is given by:
δPde
δρde

= ĉ2s de + 3(ĉ2s de − c2a de )(1 + w) (1 + d)

Hθde
,
k2 δde

(5)

i
where δρde denotes the dark energy energy density perturbation and δde = δρde /ρde , θde ≡ ∂i v(de)
i
is the divergence of the fluid proper velocity v(de)
, ĉ2s de is the propagation speed of pressure

fluctuations in the rest frame of dark energy and c2a de = Ṗde /ρ̇de is the so called “adiabatic
sound speed”. In the following, we work with constant equation of state w in which case
c2a de = w and we assume that our universe is in accelerating expansion today which implies that
w < −1/3. Moreover we restrict our analysis to the case ĉ2s de > 0 and ĉ2s de = 1 will be assumed
for numerical computation.
In Eq. (5) d refers to the doom factor which we have defined as:
d≡

Q
.
3Hρde (1 + w)

(6)

We dub it so as it is precisely this extra factor, proportional to the dark coupling Q, which may
induce non-adiabatic instabilities in the evolution of dark energy perturbations. Its sign will be
determinant, as we show in the next section.
2.2

Growth equation

A cartoon equation of the growth equation governing the evolution of energy density linear
perturbation for any species i, j is given by:

.

.

leads when A,B negligible

.

Exponential
Growth or Oscillations

(Anti)Damping

.

where δi = δρi /ρi and ′ = ∂/∂ a. The evolution of a perturbation depends on the relative
weight of the three terms present in the equation and on their signs:
1. For positive A, the A and B terms taken by themselves would induce a rapid growth of the
perturbation, which may be damped or antidamped (reinforced) depending on whether B
is negative or positive, respectively a . In particular, for A and B both positive, the solution
may enter in an exponentially growing, unstable, regime.
2. For negative A, in contrast, the A and B terms taken alone describe a harmonic oscillator,
with oscillations damped (antidamped) if B is negative (positive). In the A, B < 0 regime,
the third term may plays in fact the leading role.
In the standard uncoupled scenario dark matter perturbations behave as in case 1 above
(with A > 0 and B < 0), while dark energy ones provide an example of behavior as in case 2.
For coupled models, we concentrate on the case in which the dark-coupling terms dominate over
the usual one in order to put forward the presence of non adiabatic instabilities (see Ref.2 for
more details). This strong coupling regime can be characterized by
|d| =

Q
> 1,
3Hρde (1 + w)

(7)

which also guarantees that the interaction among the two dark sectors drives the non-adiabatic
contribution to the dark energy pressure wave, see Eq. (5). At large scales and early times, it
′ coefficients to the second order
can be worked out that the main contributions of δde and δde
differential equation reduce to:
′′
δde
≃

3 d (ĉ2s de + 1)

′
δde
δde (ĉ2 − w)
3(1 + w)
+ 3 2 s2de
+
δ[ d ]
a
a ĉs de + 1
a2

!

+ ...

(8)

′ in this expression is crucial for the analysis of instabilities.
The sign of the coefficient Be of δde
2
Assuming ĉsde > 0, it reduces to the sign of the doom factor d defined in Eq. (6).
Similar second order differential equations for δde were obtained in Ref. 5 for particular
expressions of the dark coupling Q and an analytical form of their solutions where derived in
order to determine when δde blows up. In particular, the results of Ref. 5 confirm those of Ref. 1
for positive Q ∝ ρdm and 1+w > 0. In comparison, our approach gives rise to general conditions
to avoid instabilities as a function of the sign of the doom factor independently of the exact form
of the dark coupling Q. Indeed, as previously argued, a positive d acts as an antidamping source
in the growth Eq. (8). Whenever d > 1, the overall sign of the Ae coefficient of δde , resulting
from the last two terms in Eq. (8), is also positive and it triggers an exponential runaway growth
of the dark energy perturbations. Large scale instabilities arise then and the universe appears
to be non viable.
a

Obviously, for |B| >> |A| a negative B would prevent the onset of growth for any sign of A.
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Figure 1: Scenario with Q ∝ ρde . Left (right) panel: 1σ and 2σ marginalized contours in the ξ–Ωdm h2 (ξ–fν )
plane. The largest, green contours show the current constraints from WMAP (5 year data), HST, SN and H(z)
data. The smallest, red contours show the current constraints from WMAP (5 year data), HST, SN, H(z) and
LSS data.

A viable model: Q ∝ ρde

3

We have developed a method to determine if a coupled model satisfying Eq. (3) and (4) suffer
or not from non-adiabatic instabilities. We can now easily verify that for
Q = ξHρde ,

(9)

we have a rather simple and viable model for specific combination of 1 + w and of the dimensionless constant coupling ξ. In this model, the doom factor of Eq. (6) is given by:
d=

ξ
.
3(1 + w)

(10)

Its sign defines the (un)stable regimes. When d < 0, that is, for ξ < 0 and 1 + w > 0 (or ξ > 0
and 1 + w < 0), no instabilities are expected. On the contrary, when ξ and 1 + w have the same
sign, instabilities will develop at early times whenever d > 1 .
In Ref. 2 we confirmed these results numerically. Also notice that they are in agreement with
those of Ref. 5 , which first pointed out that coupled models with Q = ξHρde can be stable for
1 + w < 0. They restricted though their stability analysis to the ξ > 0 case.
In the following, we confront the model satisfying to Eq. (9) to cosmological data restricting
ourselves to negative couplings and w > −1. This guarantees that instability problems in the
dark energy perturbation equations are avoided for all valuesb of ξ.
Cosmological Constraints from data for Q = ξHρde

4

We explored the current constraints on the dark energy-dark matter coupling ξ using the publicly
available package cosmomc 6 . The latter was modified in order to include the coupling among
the dark matter and dark energy components. More details on the cosmological model and on
the priors adopted can be found in Ref. 2 . The datasets which were taken into account in the
analysis are:
b

For Q = ξHρde , the dark energy density is always positive, all along the cosmic evolution and since its initial
moment. To ensure that the same happens with the dark matter density, all values of w < 0 are acceptable for
ξ < 0, while for positive ξ it is required that ξ <
∼ − w.

1. WMAP 5-year data 7,8
2. prior on the Hubble parameter of 72 ± 8 km/s/Mpc from the Hubble key project (HST) 9
3. Super Novae (SN) data 10
4. H(z) data at 0 < z < 1.8 from galaxy ages 11
5. large scale structure data (LSS data) from the Sloan Digital Sky Survey 12
The data analysis was carried out into two runs, the first run includes the datasets from 1 to 4
while in the second run the fifth dataset is added.
Figure 1 (left panel) illustrates the 1 and 2σ marginalized contours in the ξ–Ωdm h2 plane
where Ωdm is today’s ratio between dark matter energy density and critical energy density. The
results from the two runs described above are shown. Notice that a huge degeneracy is present,
being ξ and Ωdm h2 positively correlated. The shape of the contours can be easily understood
following our discussion in section 1. In a universe with a negative dark coupling ξ, dark matter
redshift faster. As a consequence, the matter content in the past is higher than in the standard
uncoupled scenario for a fixed dark matter density today. The amount of intrinsic dark matter
(which is directly proportional to Ωdm h2 ) needed to reproduce the LSS data should decrease as
the dark coupling becomes more and more negative. We also see that LSS data in the second
run (red contours in Fig. 1) give rise to the most stringent constraint on the coupling ξ.
The right panel of Fig. 1 shows the correlation among the fraction of matter energy-density
in the form of massive neutrinos fν and the dark coupling ξ. The relation between the neutrino
fraction used here fν and the neutrino mass for Nν degenerate neutrinos reads
1
1
mν
Nν mν
Ων h2
fν =
=
·
=
·
.
2
2
Ωdm h
93.2eV Ωdm h
93.2eV Ωdm h2
P

(11)

Neutrinos can indeed play a relevant role in large scale structure formation and leave key signatures in several cosmological data sets, Specially, non-relativistic neutrinos in the recent Universe
suppress the growth of matter density fluctuations and galaxy clustering. This effect can be compensated by the existence of a coupling between the coupled sectors, given that in this model
negative couplings enhance the growth of matter density perturbations.
5

Conclusion

In this talk, we discuss the origin of non-adiabatic instabilities in coupled models satisfying to
Eqs. (3) and (4). We show that the sign of the doom factor d
d≡

Q
3Hρde (1 + w)

(12)

which is a function of the dark coupling Q characterizes the (un)stable regime. In particular,
when d is positive and sizeable, d > 1, the dark-coupling dependent terms may dominate the
evolution of dark energy perturbations, which will then enter a runaway, unstable, exponential
growth regime.
In a class of viable model in which Q = ξHρde we have then studied the constraints from
cosmological data on the dimensionless coupling ξ. This analysis was carried out in the ξ < 0
and positive (1 + w) region of the parameter space which offers the best agreement with data on
large scale structure formation. Both w and ξ are not very constrained from data, and it can be
shown 2 that substantial values for both parameters, near -0.5, are easily allowed. Furthermore,
ξ turns out to be positively correlated with Ωdm h2 and larger neutrino fraction fν is allowed for
negative ξ.
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We present results from the CERN Axion Solar Telescope (CAST) and the Axion Dark
Matter eXperiment (ADMX), together with a brief review on prospects on Axion searches
with a variety of experimental techniques. CAST has explored masses up to 0.64 eV setting
the most stringent limit on the axion-photon coupling, apart for the ȝeV region where
ADMX is the most competitive experiment. CAST is aiming at surpassing the 1eV WMAP
upper limit and possibly revisiting the operation in vacuum with extra sensitive X-ray
detectors, while ADMX, using improved extra sensitive SQUID amplifiers will explore the
ȝeV mass range.
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Introduction

Quantum Chromo Dynamics (QCD) is the theory describing the interaction of particles
carrying strong charge, conventionally named color that exists in three kinds: red, green
and blue. QCD is described by the SU(3) algebra and is invariant under Lorentz and
local gauge transformations. QCD doesn’t respect the chiral symmetry unless we are
limited in the light quarks and we consider them as massless. The non-abelian character
of the SU(3) symmetry group leads to a Lagrangian in which the Gauge fields interact
because they carry color themselves. This property introduces complex non linear
phenomena which result in a non trivial topological structure of the vacuum. Instanton
solutions consist of tunneling effects between non equivalent topological classes. The
true vacuum is actually a linear combination of an infinite number of degenerate vacua,
denoted by |n>, the so called ș-vacuum:

θ =

∞

¦e θ
in

n

n =−∞

The parameter ș is an observable and introduces in the Lagrangian a CP-Violating term.
Since we have already a CP-Violating term from the EW quark mass mixing, the term
including both CP-Violating contributions is:
/θ =

g 2θ α  αµν
Gµν G
32π 2

with θ = θ + Arg (det M )

Theoretical calculations for the neutron Electric Dipole Moment give:

dn =

mm
1
e
θ u d
≈ 10−16 θ e ⋅ cm
mn mu + md Λ QCD

From the current experimental limit: d n < 2.9 × 10−26 e ⋅ cm [1] we conclude that θ ≈ 10−10
and the question is why those contributions coming from two deferent sectors cancel
each other to such a high precision (Strong CP-problem).
R. Peccei and H. Quinn in 1977 invented a model that was later complemented by
Weinberg and Wilczek [2], that introduced a new global symmetry U(1)PQ, the
spontaneous braking of which offered the cancelation to the ș – term:

§
a ( x) · 1 g µν 
/a = ¨ θ −
Ga Gaµν
¸
f a ¹ f a 8π
©
At the same time it introduced a neutral pseudoscalar Nambu – Goldstone (NG) boson,
the Axion. The scale of the symmetry breaking was thought to be at the EW level, but
this was quickly ruled out experimentally since no axion was found with the predicted
mass of the order of ~1 MeV.
Later models, DFSZ (Dine, Fischler, Srednicki, Zhitnisky) [3] and KSVZ (Kim,
Shifman, Vainstein, Zakharov) [4] pushed the breaking scale much higher making thus

the coupling extremely small (invisible axion). Those models introduced either new
Higgs fields or new exotic quarks with the KSVZ not allowing axion interactions to
leptons justifying the term QCD axions.
Axion, as every NG boson couples derivatively to matter. The axion is special because
it couples to two gluons with a non derivative term and at low energies this term
generates the axion mass:

§ 107 GeV ·
fπ mπ mu md
ma =
= 0.6eV ¨
¸
f a mu + md
fa ¹
©
All effective coupling constants of axions with matter and radiation depend on the
inverse of the symmetry breaking scale and are therefore linear with axion mass. In
particular for the axion to photon coupling:

g aγ =

α
2π

§ E 2 4 + z · 1+ z 1
ma
¨ −
¸ 1
© N 3 1 + z ¹ z 2 mπ fπ

E/N is model dependent constant of the order 1, and z = mu md .
Axion thus appears to have very interesting properties, it is a neutral pseudoscalar and it
has very low mass and very small coupling. Those properties make it a suitable
candidate for Cold Dark Matter (CDM) if its mass lies at the ȝeV range and for Hot
Dark Matter (HDM) if it possesses higher mass. Its contribution to ȍ is:
7

Ω a ≈ ( 5µ eV ma ) 6 . Axions couple to photons via triangular loops. The interaction term
 
in the Lagrangian is: /int = g aγγ aE ⋅ B . The Axion production and detection are based on
the so called Primakoff conversion similar to the ʌ0 conversion.

2

Axion experimental techniques

The axion discovery may offer two solutions at the same time for two long standing
problems, the Strong CP problem and the Dark Matter problem. Experimental effort to
detect the invisible axion may be classified in different techniques like Laser induced
axions, Telescope searches, Bragg diffraction, Geomagnetic axion conversion,
Helioscope searches and Microwave cavity searches. Laser induced axions exploit the
passage of laser beams through very strong magnetic fields to generate the axions and
reconvert it back to light in another magnetic field behind a wall, the so called: light
shine through the wall experiments [5]. The full control of the generation and the
conversion of axions is an advantage of those experiments but on the other hand the
probability to produce axions goes with the forth power of the coupling constant.
GammeV [6] is a “light shine through the wall” experiment especially set to investigate
the PVLAS [7] experiment signal. OSQAR[8] and ALPS [9] are experiments that are
under construction and they use in series LHC and DESY magnets correspondingly.
Their sensitivity may reach gĮȖȖ ~ 10-11GeV-1. Telescope searches [10] may explore

masses ma < 10 ȝeV. Bragg diffraction in crystals [11] using the lattice electric field
give sensitivities of gĮȖȖ ~10-9 GeV-1. Geomagnetic Axion conversion [12] is a very
interesting proposal for a satellite detector that will detect axion conversion on the earth
magnetic field. Its sensitivity may reach gĮȖȖ ~10-11 GeV-1. Helioscope techniques are
going to be described in the next section for the CAST experiment. Tokyo Helioscope
[13] and CAST [14] are currently active taking data. Microwave Cavity techniques will
be described in the section for the ADMX [15] experiment. CARRACK [16]
experiment uses Rydberg atoms to detect single photons from a microwave cavity
where axions convert to photons.

3

The CAST experiment

In helioscope experiments the axion production hypothetically takes place in the core of
the Sun where thermal photons interact with the nuclei to produce axions via the
Primakoff conversion. The axion spectrum reflects the solar core temperature hence
their energy spectrum has an average of 4.2 keV. The apparatus produces a very strong
magnetic field where axion to photon conversion takes place [17] giving rise to X-rays
that should be counted on top of the background. CAST uses a decommissioned LHC
superconducting magnet operating at 1.8 K. It is 9.26m long, with a magnetic field B =
9 Tesla, equipped with two magnet bores of cross sectional area equal to 2 x 14.5 cm2.
The magnet lies on a rotating platform (Vertical: ±8o, Horizontal: ±40o) that is computer
driven to track the sun during sunrise (1.5 hours) and sunset (1.5 hours). The rest of the
time is devoted to background data recording. X-ray detectors equip all four bores of the
magnet. The solar tracking precision of 1 arcmin is guaranteed by regular geometrical
grid reference measurements and optical solar tracking during March and September
every year. A Time Projection Chamber (TPC) covered both bores on the sunset side
(Phase I) that was replaced by two Micromegas detectors during the second phase and
on the sunrise side a Micromegas and a CCD detector connected to an X-ray focusing
device. The focusing device – the ABRIXAS X-ray space telescope – helps to improve
the signal to noise ratio by a factor of about 200. Figure 2 shows the CAST experiment.

   
  







   
   

Figure 2. The CAST experiment. The magnet on the rotating platform, the X-ray detector and
the 3He expansion volume are shown.

3.1

Operation in vacuum (Phase I)

The first phase of the experiment (Phase I) was completed during 2003 – 2004 with the
magnet bores kept in vacuum. During Phase I CAST was sensitive to masses up to 0.02
eV. No excess signal was detected and the best experimental limit on gĮȖȖ was set,
surpassing for the first time the astrophysical limit from the Horizontal Branch stars
evolution: g aγγ < 8.8 × 10−11 GeV −1 at 95%CL [18] (Figure 3, left part). CAST has set the
best experimental limit on gĮȖȖ up to masses of 0.02 eV apart for the ȝeV mass range
that is dominated by the microwave cavity experiments.

3.2

Operation with He (Phase II) – Visible tests - Prospects

Beyond mĮ ~ 0.02 eV the axion – photon coherence is lost in vacuum. To restore it and
extend the sensitivity to higher masses a refractive gas is inserted in the magnet bore in
consecutive steps. Each step provides the sensitivity only for a specific axion mass thus
requiring several hundred steps to cover the mass range up to 0.39 eV with 4He as
refractive gas. This part of Phase II was completed [19] in 2005 – 2006 and required
160 steps to reach a gas pressure of 13.4 mbar. To reach even higher masses a more
sophisticated system was designed and built in order to use 3He as buffer gas. 3He
remains in gas state for pressures up to 135.6 mbar allowing to explore masses up to
1.2eV. CAST has already scanned masses up to 0.65 eV with 3He but no excess events
has been recorded. Figure 3 shows the exclusion plot for Phase II.

Figure 3. a)The CAST Phase II exclusion plot. The shaded (blue) area has been recently
scanned and presents no axion signal. Recent Tokyo helioscope results are also shown near 1
eV. b) No excess of events were counted during the visible data taking.

The Tokyo Helioscope has scanned masses near 1 eV and has currently the best limit in
that mass range [20]:
g aγγ < 5.6 − 13.4 × 10−10 GeV −1 for 0.84eV < ma < 1eV
CAST was operated for the first time as an helioscope in the “visible” [21]. Optical
devices (PMT and HPD) were coupled on the magnet bore and the Sun was tracked

during a period of one week. No excess events were recorded (Figure 3b). This study
can be used to set limits on paraphoton coupling.
CAST will explore the axion mass range beyond 1 eV and will close the gap with the
upper axion mass limit provided by WMAP [22]. The new generation Micromegas
detectors [23], built with the innovative micro-bulk technology, have shown extremely
low background rates, about two orders of magnitude better than the micromegas
currently used in CAST. The CCD – X ray telescope team is investing on improving
their sensitivity to the sub keV range. This is of great interest to study phenomena like
the Solar Corona heating mystery. Revisiting Phase I conditions (operation in vacuum)
may offer the possibility to improve by almost an order of magnitude the exclusion limit.

4

The ADMX experiment

The ADMX experiment is a microwave cavity experiment and is based on the same idea
proposed by P. Sikivie in 1983 [17] for the axion to photon conversion in a magnetic
field. It aims at detecting relic axions which are either thermalized milky way axions or
newly in falling axions with specific energy. The main elements of the experiment are a
microwave cavity immersed in a strong magnetic field, a mechanism of tuning rods to
scan a large range of frequencies (axion masses) and ultra sensitive amplifier linked to
the readout chain. The readout chain is split to two: the Medium Resolution channel for
the thermalized axions (ǻE/E ~ 10-6) and the High Resolution channel for coherent
axion flows (ǻE/E ~ 10-22) [24]. The experiment operated using conventional
heterojunction amplifiers (HFET) and recently they were replaced by SQUID
(Superconducting, QUantum Interference Device) amplifiers that have a sensitivity of
~10-26W, an order of magnitude more quiet than the GaAs HFET amplifiers. Figure 4
shows recent Medium Resolution limits in comparison with the recent SQUID
preliminary results in Medium and High Resolution channels.
The current noise level that characterizes the ADMX sensitivity is Tsys = Tphys + Tampl =
(1.3 + 0.4) K = 1.7 K. The effort is to minimize this noise by adding dilution
refrigeration that will bring the total noise down to Tsys = 200mK.

Figure 4. 1) Left: Medium resolution limits with the HFET amplifier 2) Middle: preliminary
results for the Medium resolution search with SQUID and 3) Right: preliminary results for the
High resolution search with SQUID.

5

Conclusions

The origin of Dark Matter and the Strong CP-problem are two long standing questions
that remain yet unanswered. Axion discovery would certainly address the answer to
both problems. Experimental effort has taken a boost the last years for the discovery of
the elusive axion. Research on axions has on the other hand triggered large number of
theoretical studies. Axion is an important constituent in string theory [25]. Very
interesting ideas appear in recent studies like the one proposed by P. Sikivie on the
Bose-Einstein Condensation of Dark Matter Axions [26]. The CAST experiment has
explored a large area of the gĮȖȖ – mĮ phase space and has set limits below the
astrophysical constraints. Currently it is scanning masses approaching the WMAP upper
axion mass limit of 1eV, inside the theoretically favored parameter space. New
developments in the detector front may offer the possibility to explore a large fraction of
the remaining phase space. In parallel with the X-ray program, CAST is active at the
sub-keV range and the visible, offering the possibility to explore the Solar Corona
heating mystery or study surface solar phenomena e.g. solar flares. ADMX on the other
hand, using new SQUID amplifiers, are improving their sensitivity and they scan
masses at the ȝeV range. If a new dilution refrigerator is used, both KSVZ and DFSZ
models may be completely covered. This would enable in the future a definitive
experimental search at the CDM interesting region.
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First 6 months high energy gamma-ray observation with the Fermi Telescope
N. Giglietto on behalf of the Fermi-LAT collaboration
Dipartimento Interateneo di Fisica del Politecnico e dell’Università di Bari and INFN Bari

The Fermi Gamma-Ray Space Telescope is a satellite-based observatory that explores the
gamma-ray sky in a wide energy range from a few keV to more than 300 GeV, allowing
the investigation of many fields of gamma ray astrophysics. Fermi will open a new and
important window on a wide variety of phenomena, including black holes and active galactic
nuclei, gamma-ray bursts, the origin of cosmic rays and supernova remnants and searches for
hypothetical new phenomena such as supersymmetric dark matter annihilations. The primary
instrument is the Large Area Telescope (LAT), which measures gamma-ray flux and spectra
from 20 MeV to > 300 GeV and is a successor to the highly successful EGRET experiment on
CGRO. The LAT has better angular resolution, greater effective area, wider field of view and
broader energy coverage than any previous experiment in this energy range. The detectors
were integrated with the spacecraft in December 2006 and Fermi has been launched on June,
11 2008 from Kennedy Space Flight Centre (NASA). In an early phase of the operations, a
series of calibrations and performance measurements and monitoring were performed and the
first sky images were collected. This paper will present a review of the Fermi observatory
physics and the first sky images collected during the first 6 months of the science phase of the
mission.

1

Introduction

Fermi was successfully launched from Cape Canaveral on the 11th of June 2008. It is currently
in an almost circular orbit around the Earth at an altitude of 565 km having an inclination of
25.6◦ and an orbital period of 96 minutes. After an initial period of engineering data taking and
on-orbit calibration 1 , the observatory was put into a sky-survey mode. The observatory has two
instruments onboard, the Large Area Telescope 2,3 (LAT), a pair-conversion gamma-ray detector
and tracker and a Gamma Ray Burst Monitor (GBM), dedicated to the detection of gamma-ray
bursts. The instruments on Fermi jointly provide coverage over the energy range from a few
keV to several hundreds of GeV. With respect to previous gamma ray missions, Fermi-LAT has
a very large field of view that allows monitoring 20% of the sky at any instant and a very wide
energy range from 20 MeV to >300 GeV.

2

The Large Area Telescope

The Large Area Telescope, shown in Figure 1, has good angular resolution for source localization
and multi-wavelength studies, high sensitivity over a broad field-of-view to monitor variability
and detect transients, good calorimetry over an extended energy band to study spectral breaks
and cut-offs, and good calibration and stability for absolute, long-term flux measurement. The
LAT measures the tracks of the electron (e− ) and positron (e+ ) that result when an incident
γ-ray undergoes pair-conversion, preferentially in a thin, high-Z foil, and measures the energy
of the subsequent electromagnetic shower that develops in the telescope’s calorimeter. Table 1
summarizes the scientific performance capabilities of the LAT 2 . To take full advantage of
the LAT’s large FoV, the primary observing mode of Fermi is the so-called “scanning” mode
Parameter
Energy range
Effective area at normal incidence
(peak typically is in the 1-10 GeV range)
Energy resolution (equivalent Gaussian 1σ):
100 MeV – 1 GeV (on axis)
1 GeV – 10 GeV (on axis)
10 GeV – 300 GeV (on-axis)
>10 GeV (>60◦ incidence)
Single photon angular resolution (space angle)
on-axis, 68% containment radius:
>10 GeV
1 GeV
100 MeV
Field of View (FoV)
Timing accuracy
Event readout time (dead time)

Value or Range
20 MeV – 300 GeV
9,500 cm2
9%–15%
8%–9%
8.5%–18%
≤6%

≤0.15◦
0.6◦
3.5◦
2.4 sr
< 10 µsec
26.5 µsec

Table 1: Summary of Large Area Telescope Instrument parameters and estimated performance for transient class
events.

in which the normal to the front of the instrument (z axis) on alternate orbits is pointed to
+35◦ above and below the orbital plane on alternate orbits. In this way, after 2 orbits, about
3 hours for Fermi’s orbit, the sky exposure is almost uniform. For particularly interesting
targets of opportunity, the observatory can be inertially pointed. Details of the LAT design and
performance are presented in 2 .
3

Fermi physics opportunities

Since Fermi-LAT scans the entire sky in few hours, a dramatic change of the catalog of highenergy gamma-ray sources and an increment by an order of magnitude of the number of point
sources is underway. Additionally, the timing resolution for variable phenomena (Gamma ray
burst, pulsars, AGNs. . . ) and the spatial localization of known sources are being greatly improved. The scientific objectives that Fermi-LAT will address include:
1. resolving the high-energy gamma-ray sky and determining the nature of the unidentified
gamma-ray sources seen by EGRET and the origin of the apparently isotropic diffuse
emission;

Figure 1: Schematic diagram of the Large Area Telescope. The telescope’s dimensions are 1.8 m × 1.8 m × 0.72 m.
The power required and the mass are 650 W and 2,789 kg, respectively.

2. understanding the mechanisms of particle acceleration in celestial sources, including active
galactic nuclei, pulsars, and supernovae remnants;
3. studying the high-energy behavior of gamma-ray bursts and transients;
4. using high-energy gamma-rays to probe the early universe to z≥ 6;
5. probing the nature of dark matter.
Fermi-LAT should help us determine how much energy extreme astrophysical sources produce, and therefore tell us about the acceleration mechanisms that produces such high-energy
particles.
4

Fermi first 6 month results

The first two months of data taking were mainly dedicated to calibrations and alignments 2 .
Therefore the first results are related to the discovery of new sources and to the measurements
of known objects, with the intent to verify both the pointing and the observatory features.
Since Vela is the brightest source in the GeV sky, we have used this pulsar to verify spatial
and temporal alignments of the Fermi observatory. During Launch and Early Orbit operations
(L&EO), Fermi targeted Vela pulsar for several pointed observations added to the data taking
in survey mode, and as a result established the position of Vela in gamma rays within 0.5’ of
the the radio pulsar position 4 .
Fermi timing validation and verification has been obtained using data collected during first
period of data taking and using the known radio ephemeris measurements to verify the absolute
timing of photons observed by Fermi, after correcting photon arrival time to the Solar System
barycenter 6 .
At the end of the on-orbit calibrations 5 , the observatory was put into a sky-survey mode,
and here we summarize most relevant results observed in the first 6 months.
The EGRET era left us some unresolved problems that FERMI has started to explore:
• the nature and characteristics of GRBs;

• the identification of the unresolved sources, i.e. not associated to known sources from
other catalogues;
• the problem of the GeV excess;
• the number of γ-ray pulsars and the γ-ray emission mechanisms.
5

Gamma Ray Burst studies

The two instruments on Fermi will also provide us with the complete high-energy spectra
of gamma-ray bursts, from a few keV to hundreds of GeV. These bright and distant flashes
of gamma rays, which take place at a rate of about one per day, briefly shine as the most
luminous objects in the universe – yet the total energy released and their energy range has yet
to be measured. The standard picture that has emerged of GRB physics is that an initial fireball
powers a collimated, super-relativistic blast wave with initial Lorentz factor ∼ 102 −103 . Prompt
γ-ray and X-ray emission from this “central engine” may continue for few ×103 s. Then external
shocks arising from interaction of the ejecta with the circumstellar environment at lower Lorentz
factors give rise to afterglows in the X-ray and lower-energy bands that are detected for hours
to months. The physical details – primary energy source and energy transport, degree of blast
wave collimation, and emission mechanisms – remain for debate 7 .
GBM and LAT onboard Fermi Observatory together, record GRBs over a broad energy
range spanning about 7 decades of gamma-ray energy. During the first 6 months, Fermi has
detected several GRBs, mostly on GBM detector and others with joint observations between
GBM and LAT. In September 2008, Fermi observed the exceptionally luminous GRB 080916C
8 , with the largest apparent energy release yet measured. The high-energy gamma rays are
observed to start later and persist longer than the lower energy photons. A simple spectral form
fits the entire GRB spectrum, providing strong constraints on emission models. The known
distance of the burst enables placing lower limits on the bulk Lorentz factor of the outflow and
costraints on the quantum gravity mass. The increasing number of detections of GRBs by the
LAT will help constrain many uncertainties in these areas.
6

Galactic sources

Pulsars are fast-rotating magnetic neutron stars that probably emit beams of radio waves from
their poles. Taking into account radio observations, the gamma-ray energy distributions from
these ultra-dense objects will tell us about the geometry of the magnetic fields present and
about the location of the acceleration sites. Since the large magnetic field of a pulsar can
cause gamma-ray photons to convert into e+ − e− pairs, Fermi-LAT may allow us to study a
process in quantum electrodynamics that is not observable anywhere else. Gamma rays may
also tell us about far high-energy particle-acceleration mechanisms more powerful than anything
seen on Earth. Observations of supernova remnants suggest that particles can be accelerated
to enormous energies by shocks produced as the blast from an exploding star ploughs into
the interstellar medium. While the existence of such shocks is well established, the way in
which particles are accelerated to extreme relativistic energies is not fully understood. Most
of the Galactic point sources identified by EGRET were pulsars. There were five young radio
pulsars detected with high significance, along with the radio-quiet pulsar Geminga and one likely
millisecond pulsar 9 . A number of other pulsars had lower significance pulse detections and many
of the bright, unidentified γ-ray sources are coincident with known radio pulsars. Surrounding
young pulsars are bright non-thermal pulsar wind nebulae (PWNe). Rotation-induced electric
fields in charge-depleted regions of pulsar magnetospheres (“gaps”) accelerate charges to ten’s
of TeV and produce non-thermal emission across the electromagnetic spectrum. The coherent

radio emission, through which most pulsars are discovered, is however a side-show, representing
a tiny fraction of the spin-down power. In contrast the ∼GeV peak in the pulsed power can
represent as much as 20-30% of the total spin-down. Many central questions remain unanswered
about the pulsar emission. A basic issue is whether the high energy emission arises near the
surface, close to the classical radio emission (“polar cap” model 10 ) or at a significant fraction of
the light cylinder distance (“outer gap” models 11,12 ). In addition to geometrical (beam-shape)
differences, the two scenarios predict that different physics dominates the pair production. Near
the surface γ + B → e+ + e− is important, while in the outer magnetosphere γ + γ → e+ + e−
dominates; these result in substantially different predictions for the high energy pulsar spectrum.
Fermi observations on the most intense pulsar, i.e. Vela, let us to conclude 4 that at least for
this object, the emission seen is more compatible with outer gap 11,12 rather than polar cap
emission 10 .
Moreover Fermi discovered several radio-quiet gamma-ray only pulsars. The first one discovered was CTA1 13 but during these first months, the total sample includes a dozen of objects
in this category. Moreover we identify several candidates as millisecond pulsars 15,16,17 .
7

Active Galactic Nuclei

One of the major scientific goals of the Fermi is to provide new data about γ-ray activity
of AGNs. Rapidly varying fluxes and large luminosities of extragalactic γ-ray sources are best
explained if the γ-rays are emitted from collimated jets of charged particles moving at relativistic
speeds 18,19 . Fermi-LAT observations will help determine how these particles are accelerated,
where the gamma rays are emitted, what the energy and power budgets of the supermassive
black-hole engines are, what this says for the fueling and growth of black holes, and the reasons
for the differences between radio-loud and radio-quiet AGNs, and FSRQs and BL Lac objects.
These are just a few of the questions that γ-ray AGN studies with the Fermi-LAT are helping
to answer 20 . Source variability is one of the most impressive features that Fermi has observed
in the first months of observations. Most of the variable sources are AGNs. Some of these
were particularly intense, in particular on 4 September 2008, a strong gamma-ray emission was
detected from PKS 1454−354 with flux peaking on the time scale of a few hours then decaying
on the time scale of days 23 .
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Diffuse emission

The diffuse emission of the Milky Way is an intense celestial signal that dominates the γ-ray
sky. The diffuse emission traces energetic particle interactions in the ISM, primarily protons
and electrons, thus providing information about cosmic-ray spectra and intensities in distant
locations 25 . This information is important for studies of cosmic-ray acceleration and propagation in the Galaxy 26 . Gamma-rays can be used to trace the interstellar gas independently of
other astronomical methods, e.g., the relation of molecular H2 gas to the CO molecule 27 and
hydrogen overlooked by other methods 28 . The diffuse emission may also contain signatures of
new physics, such as dark matter, or may be used to put restrictions on the parameter space
of supersymmetrical particle models and on cosmological models. The Galactic diffuse emission also must be modeled in detail in order to determine the Galactic and extragalactic γ-ray
backgrounds and hence to build a reliable source catalog.
Accounting for the diffuse emission requires first a calculation of the cosmic-ray (CR) spectra
throughout the Galaxy 29 . A realistic calculation that solves the transport equations for CR
species must include gas and source distributions, interstellar radiation field (ISRF), nuclear
and particle cross sections and nuclear reaction network, γ-ray production processes, and energy

losses. Finally, the spectrum and spatial distribution of the diffuse γ-rays are the products of
CR particle interactions with matter and the ISRF.
One of the critical issues for diffuse emission remaining from the EGRET era is the so-called
“GeV excess”. This puzzling excess emission above 1 GeV relative to that expected 25,29 has
shown up in all models that are tuned to be consistent with directly measured cosmic-ray nucleon
and electron spectra 30 . The excess has shown up in all directions, not only in the Galactic plane.
The origin of the excess is intensively debated in the literature since its discovery by 25 . The
excess can be the result of an error in the determination of the EGRET effective area or energy
response or could be the result of yet unknown physics (see 26 ). Recent studies of the EGRET
data have concluded that the EGRET sensitivity above 1 GeV has been overestimated 34 or
underestimated 31 or imply different cosmic-ray energy spectra in other parts of the Galaxy
compared to the local values 30,33 . If these possibilities are eliminated with high confidence then
it may be possible to attribute the excess to exotic processes, e.g., dark matter annihilation
products 32 .

Figure 2: LAT spectrum averaged over all Galactic longitudes and latitude range 10◦ ≤ |b| ≤ 20◦ . Also shown are
the EGRET data for the same region of the sky. Data points: LAT, red dots; EGRET blue crosses. Systematic
uncertainties: LAT red hatched regions, EGRET blue regions.

We have started a preliminary analysis of the diffuse emission using middle-latitude regions
respect to the Galactic plane14 . These regions contain a significant Galactic diffuse emission,
but at the same time fewer point-like sources, respect to directly usage of central Galactic
plane regions. To select events from this region a 10◦ ≤ |b| ≤ 20◦ selection has been applied
on data. Fig.2 shows the spectrum of diffuse emission seen by Fermi and a comparison with
EGRET data39 and a model of the diffuse component (see14 for more details). The EGRET
data, available from the CGRO science support centre, were processed following the procedure
in 30 . The LAT systematic error is 10% ≤ 100 MeV, 5% at 102.75 M eV , 20% for E≥ 10 GeV (and
linearly interpolated in log10 E between those points). Therefore the first months of LAT science
data shown in Fig.2, do not confirm the GeV excess seen by EGRET in the latitude range
10◦ ≤ |b| ≤ 20◦ . The spectral shape is reasonably explained with a cosmic-ray propagation
model.
9

High energy electron observations

The on-board filter2 is configured to accept all events that deposit at least 20 GeV in the
calorimeter(CAL); thus we ensure that the rare high-energy events, including electrons, are

available for thorough analysis on the ground. We developed38 a dedicated event selection for
high energy electrons that provides a large geometry factor with a residual hadron contamination
less than 20% at the highest energy. As for the analysis developed for extracting LAT photon
data 2 , the electron selection essentially relies on the LAT capability to discriminate EM and
hadronic showers based on their longitudinal and lateral development, as measured by both the
TKR and CAL detectors. The background rejection power for photon science is optimized up to
300 GeV. The electron selection criteria are instead tuned in the multi-100 GeV range, where the
much steeper electron spectrum requires an overall hadron rejection power of 1 : 104 . Events
considered for the electron analysis are required to fail the ACD vetoes developed to select
photon events 2 . This removes the vast majority of the potential gamma-ray contamination.
The overall gamma contamination in the final electron sample is estimated as always less than
2%. Fermi measurements of the electron spectrum 38 do not confirm balloon observations 35
of electron excessess on the expected spectrum due to cosmic-ray propagation in our Galaxy.
These new observation together with recent observation of positron excess 37 make puzzling the
complex problem of electron and positron production and these observations may put some
constraints about possible dark matter signals in these channels or suggest nearby astrophysical
sources as the most reasonable candidates for their production.
10

Conclusions

The first Fermi-LAT results confirm the excellent quality of the instrument and confirm the
capability of the observatory to start a new gamma-ray era. Among the first observations Fermi
has observed several GRB, detected new pulsars, in particular several radio-quiet gamma-ray
only pulsars and a new class of milli-seconds pulsars, several AGNs are monitored, the Moon and
Sun emissions were detected 40,41 . Moreover first observations of the diffuse Galactic emission
from intermediate latitude regions, do not confirm the previously observed by EGRET ”GeV
excess” and some more recent observations on the electron spectrum observed by Fermi 38 may
complete the picture of the cosmic-ray propagation in the galaxy. During the first year of data
taking therefore we expect an impressive improvement in the knowledge of all the physics topics
previously indicated and a substantial increment of known sources.
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LESS-DIMENSIONS AND THE ORIGIN OF DARK MATTER
M. KADASTIK, K. KANNIKE AND M. RAIDAL
National Institute of Chemical Physics and Biophysics, Ravala 10, Tallinn 10143, Estonia

We extend the concept of matter parity PM = (−1)3(B−L) to non-supersymmetric theories
and argue that PM is the unique explanation to the existence of Dark Matter of the Universe.
The argument is general but we motivate it using constraints on GUT particle content from
lower-dimensional field theories. The non-supersymmetric Dark Matter must be contained in
scalar 16 representation(s) of SO(10), thus the unique low energy Dark Matter candidates
are PM -odd complex scalar singlet(s) S and inert scalar doublet(s) H2 . We have calculated
the thermal relic Dark Matter abundance of the model and shown that its minimal form may
be testable at LHC via the SM Higgs boson decays H1 → DM DM. The PAMELA anomaly
can be explained with the decays DM → νlW induced via seesaw-like operator which is
additionally suppressed by Planck scale. Because the SM fermions are odd under matter
parity too, Dark Matter sector is just our scalar relative.

1

Introduction

While the existence of Dark Matter (DM) of the Universe is now established beyond doubt 1 ,
its origin, nature and properties remain obscured. In most models beyond the standard model
(SM), such as the minimal supersymmetric SM, additional discrete Z2 symmetry is imposed by
hand to ensure the stability of the lightest Z2 -odd particle. There is no known general principle
for the origin of DM which could discriminate between DM models.
In this Letter we propose that there actually might exist such a common physics principle
for the theories of DM. It follows from the underlying unified symmetry group for all matter
fields in grand unified theories (GUTs) and does not require supersymmetry. One can classify
all matter fields in Nature under the discrete remnant of the matter symmetry group which is
nothing but the matter parity PM . Thus the existence of DM might be a general property of
Nature rather than an accidental outcome of some particular model. As a general result, there

is no “dark world” decoupled from us, rather we are part of it as the SM fermions are also odd
under the matter parity PM .
We argue that, assuming all matter fields to respect SO(10) 2 , the gauged GUT group
SU (5) 3 is complemented by an additional discrete symmetry Zn . For the simplest case, n = 2,
the GUT symmetry is broken to SU (5) × PM and all the fermion and scalar fields of the GUT
theory, including the SM particles plus the right-handed neutrinos Ni , carry well defined discrete
quantum numbers uniquely determined by their original representation of SO(10). Therefore
non-supersymmetric DM candidates can come only from 16 scalar representations of SO(10),
and the unique low energy DM fields are new SU (2)L × U (1)Y PM -odd scalar doublet(s) H2 4
and singlet(s) S 5,6 .
While our argument is general, we motivate it with an example new physics scenario called
less-dimensions. In the less-dimensional scenario new physics effects arise from lower-dimensional
quantum field theories (QFT) as opposed to the extra dimensions in which new space dimensions
are added. The consistency of field theory in three dimensions implies constraints on the number
of fermions and gauge bosons of the theory. The 3-dimensional constraints apply also in 4dimensions 7 if one space dimension is very small and compactified to a circle, and the number
of fermion generations is odd. During inflation the compactified dimension can be expanded as
much as needed in order to achieve the present flat and homogeneous Universe. However, particle
physics “remembers” the initial conditions. It is interesting that the WMAP observations indeed
point to a preferred direction in space 8,1 .
We formulate and study the minimal matter parity induced phenomenological DM model
which contains one inert doublet H2 and one complex singlet S. We show that the observed
DM thermal freeze-out abundance can be achieved for wide range of model parameters. We
also show that the PAMELA 9 and ATIC 10 anomalies in e+ /(e− + e+ ) and e− + e+ cosmic
ray fluxes can be explained by DM decays to the SM leptons via Planck scale suppressed PM violating seesaw-like operator of the form m/(ΛN MP )LLH1 H2 , where m/MP is PM -violating
heavy neutrino mixing. In this model the SM Higgs boson H1 is the portal 11 to the DM. We
show that for well motivated model parameter values the DM abundance predicts the decay
H1 → DM DM, which allows to test the model at LHC 12 .
2

Less-dimensions

To simplify the presentation we first discuss our example scenario and then present the general
argument. If the topology of our 4-dimensional space-time is actually M3 × S 1 , i.e., the usual
Minkowski space-time with one spatial coordinate compactified to a circle, topological anomalies
occur in non-Abelian gauge theories with odd number of massless fermion generations in a direct
analogy with the corresponding theories in three dimensions 7 . Therefore the consistency of QFT
in four dimensions must follow from the consistency of 3-dimensional QFT. In three dimensions
there occur topological Chern-Simons terms in total non-Abelian gauge action as well as in
the gravitational action which must be quantized 13 . At one loop level, corrections to the
gravitational Chern-Simons term require 14
1
1
NF − NG = 0,
16
8

(1)

where NF,G is the number of fermions and gauge bosons, respectively. Eq. (1) implies constraints
on the number of fermions as well as on the gauge group of the theory.
At early Universe at very high energies the M3 × S 1 space-time topology leads to CPT
violation and generates a topological mass for the photon. However, today, after inflation, the

space is almost flat and homogeneous. The Chern-Simons-like photon mass is estimated to be 7
mγ ∼ 10

−35

α
eV
1/137




!

1.5 · 1010 lyr
,
R

(2)

where R is the radius of the compact spatial coordinate. For the observable Universe, Robs , mγ
is a factor O(102 ) smaller than the present experimental bound. Since inflation can generate
R ≫ Robs , the topology of the Universe may remain unknown. Nevertheless, the WMAP results
may support this scenario 1 .
3

Matter parity as the origin of DM

An immediate consequence of Eq. (1) is that chiral fermionic matter must come in multiples of
sixteen. This is in a perfect agreement with experimental data as there exist 15 SM fermions plus
right-handed N for the seesaw mechanism 15 , and fermions of every generation naturally form
one SO(10) multiplet 16i , i = 1, 2, 3. As a result, Eq. (1) implies that there must be 24 gauge
bosons. This is the dimension of adjoint representation of SU (5) and suggests that SU (5) is the
gauge group of GUT. In that case, if all matter fields, fermions and scalars, respect SO(10), the
group theoretic branching rule,
SO(10) → SU (5) × U (1)X → SU (5) × Z2 ,

(3)

implies that every SU (5) GUT matter multiplet carries an additional uniquely defined quantum
number under the (global or gauged) U (1)X symmetry. The U (1)X symmetry is further broken
to its subgroup Zn by order parameter carrying n charges of X 16 . The simplest case Z2 , which
also allows for the seesaw mechanism induced by heavy neutrinos Ni 15 , yields the new parity
PX with the field transformation Φ → ±Φ. Therefore the actual GUT group is SU (5) × PX .
Of course, the group theory in Eq. (3) is general and does not necessarily require lessdimensions nor global U (1)X because the Z2 can also be gauged 16,17 . We do not speculate on
details of GUT model building here and adopt the breaking chain (3).
Under Pati-Salam charges B − L and T3R the X-charge is decomposed as
X = 3(B − L) + 4T3R ,

(4)

while the orthogonal combination, the SM hypercharge Y, is gauged in SU (5). Because X depends on 4T3R which is always an even integer for T3R = 1/2, 1, ..., the Z2 X-parity of a
multiplet is determined by 3(B − L) mod 2. Therefore one can write
PX = PM = (−1)3(B−L) ,

(5)

and identify PX with the well known matter parity 18 , which is equivalent to R-parity in supersymmetry. While U (1)X , X = 5(B − L) − 2Y, has been used to consider and to forbid proton
decay operators 19 , so far the parity (5) has been associated only with SUSY phenomenology.
Due to Eq. (3) a definite matter parity PM is the general intrinsic property of every matter
multiplet. The decomposition of 16 of SO(10) under (3) is 16 = 116 (5) + 5̄16 (−3) + 1016 (1),
where the U (1)X quantum numbers of the SU (5) fields are given in brackets. This implies that
under the matter parity all the fields 1016 , 5̄16 , 116 are odd. At the same time, all other fields
coming from small SO(10) representations, 10, 45, 54, 120 and 126, are predicted to be even
under PM . Thus the SM fermions belonging to 16i are all PM -odd while the SM Higgs boson
doublet is PM -even because it is embedded into 510 and/or 5̄10 , and 10 = 510 (−2) + 5̄10 (2).
Although B −L is broken in nature by heavy neutrino Majorana masses, (−1)3(B−L) is respected
by interactions of all matter fields.
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Figure 1: Allowed 3σ regions for predominantly singlet DM in (mS , λSH1 ) plane for bS = 5 GeV, mH0 = 450 GeV.

As there is no DM candidate in the SM, we have to extend the particle content of the model
by adding new SO(10) multiplets. The choice is unique, only 16 contains PM -odd particles.
Adding new fermion 16 is equivalent to adding a new generation, and this does not give DM.
Thus we have only one possibility, the scalar(s) 16 of SO(10). Because DM must be electrically
neutral, 16 contains only two DM candidates. Under SU (2)L × U (1)Y those are the complex
singlet S = 116 and the inert doublet H2 ∈ 5̄16 .
4

DM predictions of the minimal model

GUT symmetry groups are known to be very useful for classification of particle quantum numbers, and this is sufficient for predicting the DM candidates. Unfortunately GUTs fail, at least
in their minimal form, to predict correctly coupling constants between matter fields. Therefore
we cannot trust GUT model building for predicting details of DM phenomenology. Instead we
study phenomenological low-energy Lagrangian for the SM Higgs H1 and the PM -odd scalars S
and H2 ,
V

= −µ21 H1† H1 + λ1 (H1† H1 )2 + µ2S S † S + λS (S † S)2

+ λSH1 (S † S)(H1† H1 ) + µ22 H2† H2 + λ2 (H2† H2 )2

+ λ3 (H1† H1 )(H2† H2 ) + λ4 (H1† H2 )(H2† H1 )
i b2 h
i
λ5 h †
+
(H1 H2 )2 + (H2† H1 )2 + S S 2 + (S † )2
2
2
i
µSH h † †
†
†
S H1 H2 + SH2† H1 ,
+ λSH2 (S S)(H2 H2 ) +
2

(6)

which respects H1 → H1 and S → −S, H2 → −H2 . The doublet terms alone form the inert
doublet model 4 . To ensure hSi = 0, we allow only the soft mass terms bS , µSH and the λ5 term
to break the internal U (1) of the odd scalars 6 . Thus the singlet terms in (6) alone form the
model A2 of 6 . The two models mix via λSH , µSH terms. Notice that mass-degenerate scalars
are strongly constrained as DM candidates by direct searches for DM. The λ5 , b2S and µSH terms
in Eq. (6) are crucial for lifting the mass degeneracies.
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Figure 2: Allowed (mH0 , µ2 ) parameter space for µSH = 0 and different values of mS represented by color code.

In the following we assume that DM is a thermal relic and calculate its abundance using
MicrOMEGAs package 20 . The DM interactions (6) were calculated using FeynRules package 21 .
To present numerical examples we fix the doublet parameters following Ref. 22 as mA0 − mH0 =
10 GeV, mH ± − mH0 = 50 GeV and treat mH0 and µ2 as free parameters. For predominantly
singlet DM we present in Fig. 1 the allowed 3σ regions in the m2S = µ2S + λSH1 v 2 /2 − b2S and
λSH1 plane for bS = 5 GeV, mH0 = 450 GeV and the values of µSH as indicated in the figure.
For comparison we also plot the corresponding prediction of the real scalar model (light green
band). For those parameters the observed DM abundance can be obtained for mS < mH0 . Due
to the mixing parameter µSH , large region in the (mS , λSH1 ) plane becomes viable.
To study DM dependence on doublet parameters we present in Fig. 2 the (mH0 , µ2 ) parameter space for which the observed DM abundance can be obtained. Values of the singlet mass are
presented by the colour code and we take µSH = 0, bS = 5 GeV. Without singlet S, in the inert
doublet model 22 , the allowed parameter space is the narrow region on the diagonal of Fig. 2
starting at mH0 ≈ 670 GeV. In our model much larger parameter space becomes available.
5

PAMELA, ATIC and FERMI data

PAMELA satellite has observed a steep rise of e+ /(e− + e+ ) cosmic ray flux with energy and
no excess in p̄/p ratio 9 . ATIC experiment claims a peak in e− + e+ cosmic ray flux around
700 GeV 10 , a claim that will be checked by FERMI satellite soon. To explain the cosmic e+
excess with annihilating DM requires enhancement of the annihilation cross section by a factor
103−4 compared to what is predicted for a thermal relic. Non-observation of photons associated
with annihilation 23 and the absence of hadronic annihilation modes 24 constrains this scenario
very strongly. However, the PAMELA anomaly can also be explained with decaying thermal
relic DM with lifetime 1026 s 25 , 3-body decays in our case.
In our scenario the global Z2 matter parity can be broken by Planck scale effects 16 . If there
exists, at Planck scale, a SO(10) fermion singlet N ′ , its mixing with the SU (5) PM -odd singlet
neutrinos N via a mass term mN N ′ breaks PM explicitly but softly. The exchange of N now
induces also a seesaw-like 15 operator
λN m
LLH1 H2 → 10−30 GeV−1 νl− W + H20 ,
MN M P

(7)
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Figure 3: Allowed 3σ regions in the singlet DM and SM Higgs boson mass plane for µS = 0 and bS = 5 GeV.

where we have taken λN ∼ 1, MN ∼ 1014 GeV and m ∼ v ∼ 100 GeV. Such a small effective
Yukawa coupling explains the long DM lifetime 1026 s.
6

LHC phenomenology

In our scenario the DM couples to the SM only via the Higgs boson couplings Eq. (6). Therefore,
discovering ∼ 1 TeV DM particles at LHC is very challenging. However, if DM is relatively light
the SM Higgs decays H1 → DM DM become kinematically allowed and the SM Higgs branching
ratios are strongly affected. Such a scenario has been studied by LHC experiments 12 and can
be used to discover light scalars.
In our model such a scenario is realized for µS = 0, small bS ≪ v and heavy doublet. In
this case the DM is predominantly split singlet and, in addition, the DM abundance relates
the DM mass m2S ≈ λSH1 v 2 /2 − b2S to the SM Higgs boson mass mH1 , as seen in Fig. 3. For
mH1 = 120 GeV, bS = 5 GeV we predict mS = 48 GeV with the Higgs branching ratios
BR(H1 → bb̄ + cc̄ + τ τ̄ ) = 14.2%, BR(H1 → DM DM ) = 42.4% and BR(H1 → S2 S2 ) = 42.4%.
The second heaviest singlet S2 with the mass m2S2 ≈ λSH1 v 2 /2 + b2S decays via the SM Higgs
exchange to S2 → DM µ µ̄ or S2 → DM c c̄ with almost equal branching ratios. Thus the SM
Higgs boson decay modes are very strongly modified. This makes the H1 discovery more difficult
at LHC but, on the other hand, allows the scenario to be tested via the Higgs portal 11 .
7

Conclusions

We have extended the concept of Z2 matter parity, PM = (−1)3(B−L) , to non-supersymmetric
GUTs and argued that PM is the unique origin of DM of the Universe. Assuming that SO(10) is
the matter symmetry group, the matter parity of all SU (5) GUT matter multiplets is determined
by their U (1)X charge under Eq. (3). We have motivated this scenario with the constraint Eq. (1)
from lower-dimensional effective field theories but our argument is general. Consequently, the
non-supersymmetric DM must be contained in the scalar representation 16 of SO(10). This
implies that the theory of DM becomes completely predictive and the only possible low energy
DM candidates are the PM -odd scalar singlet(s) S and doublet(s) H2 . We have calculated the

DM abundances in the minimal DM model and shown that it has a chance to be tested at LHC
via Higgs portal. Planck-suppressed PM breaking effects may occur in the heavy neutrino sector
leading to decays DM → νlW which can explain the PAMELA and FERMI anomalies.
Our main conclusion is that there is nothing unusual in the DM which is just scalar relative
of the SM fermionic matter. Although B − L is broken in Nature by heavy neutrino Majorana
masses, (−1)3(B−L) is respected by interactions of all matter fields implying stable scalar DM.
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RESULTS FROM THE PIERRE AUGER OBSERVATORY
L. PERRONE FOR THE PIERRE AUGER COLLABORATION
Università del Salento and INFN Lecce, via per Arnesano, I-73100, Lecce, Italy
The Pierre Auger Observatory has been designed to investigate the origin and the nature
of Ultra High Energy Cosmic Rays using a hybrid detection technique. It is located on a
plateau in the Province of Mendoza, Argentina, and consists of a surface array of about 3000
km2 overlooked by 24 air fluorescence telescopes grouped in 4 sites which together provide a
powerful instrument for air shower reconstruction. The Southern site of the Auger Observatory
has been completed in June 2008 and is taking data smoothly since 2004. A review of selected
results is presented with the emphasis given to the measurement of energy spectrum, chemical
composition and search for photons and neutrinos as primary particles.

1

Introduction

The knowledge of high energy cosmic-ray energy spectrum, arrival directions and mass composition is relevant for the understanding of radiation production and particle acceleration mechanisms in astrophysical sources as Supernovae Remnants, Active Galactic Nuclei and Gamma
Rays Bursts. Despite several models have been proposed along the past years (see for example 1 for an exhaustive review on particle acceleration mechanisms in astrophysical sources), the
origin of the highest energy cosmic rays is still an open issue. The observation of extensive
air showers and the study of their potential for inferring the properties of primary particles is
already documented in the pioneering works coming back to the forties and the sixties 2,3 . The
all particle cosmic-ray energy spectrum follows a power law over many orders of magnitude and
events with energy exceeding 1020 eV have been observed for more than 40 years 4 . However,
since the flux is extremely low (1 particle km−2 century−1 sr−1 at energy larger than 1019.5 eV)
very large detection areas and long observation time are needed to collect a sensible number of
events. At the highest energies the spectrum exhibits several interesting features with remarkable astrophysical implications. A steepening of the flux called the “knee” appears at about
1015 eV, likely due to the leakage from galaxy of charged particles. At energies larger than 1015
eV the strength of galactic magnetic field is not sufficient to confine the lightest particles within
the galaxy. The KASCADE-Grande experiment 5 measured the knee for protons and for heavier
particles giving an experimental evidence of this hypothesis. A flattening of the spectrum called
the “ankle” emerges at about 5·1018 eV, followed by a flux suppression at ultra high-energies.
The ankle may be an indication of the transition from a galactic to an extra-galactic component, but the interpretation of this feature is still controversial. Theories describing the ankle
can be roughly grouped in two classes, the ones assuming that cosmic rays are mainly protons 6 ,
and the others favoring a mixed composition of protons with heavier nuclei 7 . No models can
exhaustively explain all the features of the spectrum or interpret them in a consistent way.
Another open problem was the existence of flux suppression at energy larger than 1019.5 eV.
This feature is called ”GZK cut-off”. It was predicted as a consequence of the interaction of
high-energy particles with the cosmic microwave background 8 . Other theories based on supersymmetry do expect instead a not negligible flux of ultra high-energy particles from decay of
topological defects or through more exotic scenarios 9 . The flux suppression observed by the
HiRes telescope 10 was not confirmed by the results of the AGASA array 11 . The two experiments
used different and independent techniques, HiRes observed the longitudinal profile of air showers
by measuring the fluorescence light emitted along shower propagation through the atmosphere,
AGASA was a surface array measuring the arrival time of secondary particles at ground. A
fast progress has been made in the last years, also due to high statistics hybrid data from the

Figure 1: Layout of the Southern site of the Pierre Auger Observatory with the locations of the surface detector
stations. Also shown are the locations of the fluorescence observation sites with the field of view of their telescopes.
The blue region indicates the ground array currently in operation. All 24 telescopes distributed over the four
sites Los Leones, Coihueco, Loma Amarilla and Los Morados are in operation. An aerial view of Los Leones site
is shown on the right.

Pierre Auger Observatory. Both, the HiRes and the Pierre Auger experiments have observed
a flux suppression at the highest energies as expected from the GZK-effect 12,13 . The Pierre
Auger Observatory also reported an evidence of anisotropy of the arrival directions of the highest energy events 14 . This result opens a completely new channel of investigation. At extremely
high-energy, light charged particles are less deflected by the action of galactic and extragalactic
magnetic field and they might point back to their astrophysical source. This picture would be
consistent with the hypothesis that primary particles are dominated by a light component and
it would nicely complement the observation of flux suppression at the highest energies. On the
other hand, the measurements of atmospheric depth at shower maximum suggest rather a mixed
composition with heavier nuclei 15 , though the interpretation of such data is much more difficult due to the strong dependence on hadronic interaction models. The puzzle is still unsolved
and it is complicated by the fact that the HiRes experiment does not confirm the observation
of the anisotropy 16 reported by Auger. The measurement of hadronic interaction cross sections at energies four orders of magnitude larger than the ones covered by current and future
accelerators is an important goal to be achieved and it would help conciliating these results.
Further analyses based on shower topology have been performed searching for photons 17,18 and
neutrinos 19 as primary particles. No evidence has been found for both and the derived upper
limits strongly constrain several top-down and dark-matter based models originally invoked to
explain the possible absence of the GZK-effect in AGASA data. The encouraging outcome of the
Observatory supports the proposal of a second detector to be built in the Northern hemisphere
(Colorado, USA). It would allow having a full coverage of the sky and larger statistics at the
highest energies 20 . As a final remark, new results in all the field investigated by the Pierre
Auger Observatory are imminent and planned to be released by the next International Cosmic
Ray Conference. At the time these proceedings will be published, they have likely been made
public.
2

The Pierre Auger Observatory

The Pierre Auger Observatory employs a hybrid detection technique, allowing the reconstruction
of extensive air showers with two complementary measurements. Indeed, the combination of
information from the surface array and the fluorescence telescopes enhances the reconstruction
capability of “hybrid” events with respect to the individual detector components. The surface

Figure 2: Left: Correlation between lgS38◦ and lgEF D for the 661 hybrid events used in the fit. Right: Differential
flux from the surface detector as a function of energy (top) and fractional differences between Auger and Hires I
data (bottom).

detector array (SD) consists of 1600 water Cherenkov stations on a regular hexagonal grid,
covering a total area of 3000 km2 . The stations are deployed with a spacing of 1.5 km yielding,
at zenith angle less than 60◦ , full efficiency for extensive air shower detection above 1018.5 eV.
The arrival direction of each event is reconstructed from the time sequence of hit stations and
their signal is used to measure the lateral distribution of particles. At the edge of array, four
buildings, each hosting 6 fluorescence telescopes (FD), overlook the surface detector. Each
telescope consists of 440 photomultipliers placed in the focus of a 10 m2 spherical mirror and
observes a field of view of 30◦ azimuth times 30◦ elevation. All 24 telescopes are in operation and
taking data. The fluorescence technique provides a calorimetric measurement of the primary
particle energy, only weakly dependent on theoretical models through the invisible energy carried
out by penetrating particles as muons and neutrinos. Despite the fluorescence yield is very low,
approx. four photons per meter of electron track, large area imaging telescopes can observe the
longitudinal profiles of extensive air showers during clear and moon-less (or with small moon
fraction) nights allowing a duty cycle of 10-15%. The layout of the Southern site and its current
status, together with an aerial view of the Los Leones fluorescence building, is depicted in Fig.1.
It shows the locations of the four fluorescence detector observation sites and of the water stations
in operation. Further details about the experiment and its performance can be found in Ref. 21
The Southern site is complete. Further enhancements are being constructed including 1) an
area equipped with a denser array of surface detector stations together with underground muon
counters 22 2) a set of three high elevation fluorescence telescopes 23 . The goal is to extend the
measurement of energy spectrum and mass composition towards lower energies, down to the 0.1
EeV scale. Another important aim is to achieve a uniform full sky-coverage to allow studying
global anisotropies of cosmic rays and correlations with matter concentrations in the nearby
Universe. The Northern site, to be constructed in Colorado (USA), will follow soon and let
fulfill these requirements.
3

Energy spectrum

A set of well reconstructed hybrid data (661 hybrid events collected in the time window between
1/1/2004 and 31/7/2007) have been used to calibrate the surface detector energy estimator
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Figure 3: Left: Hybrid trigger efficiency for proton and iron. Right: Hybrid energy spectrum shown in comparison
with surface detector spectrum (only statistical uncertainties are given in the figure).

S38◦ . S38◦ is the particle density at ground taken at 1000 m from shower axis if the event
would had arrived with zenith angle of 38◦ . This calibration procedure has been designed to
maximize the benefits of the surface detector (100% duty cycle and large number of events) and
the fluorescence detector (quasi-unbiased calorimetric energy measurement). Only events with
zenith angle less than 60◦ are used here. Fig. 2 (left) shows the correlation of S38◦ with the
energy provided by the fluorescence detector EF D . The calibration is then applied to the entire
data set collected by the surface detector (about 20.000 events) and a spectrum is calculated
using a SD-based geometric aperture of about 7000 km2 sr y. Details of the analysis are given
in 13 . It’s worthwhile reminding that the aperture used for this analysis does not depend on
simulations since only events with 100% triggering probability (E> 1018.5 ) are accepted. The
energy spectrum is shown in Fig. 2 (right). A method which is independent of the slope of
the energy spectrum is used to reject a single power-law hypothesis and a flux suppression
is observed for E > 4 1019 eV with a significance of more than 6 standard deviations. The
fractional differences between Auger and Hires I data are also shown in Fig. 2 (right). An
energy shift of about 15% would result in a very good agreement between the two experiments.
Given that the current estimated uncertainty on the energy scale is about 22% (dominated
by the uncertainty on the fluorescence yield), results are compatible. Several measurements
of the fluorescence yield have been performed in the past, e.g. the Auger Collaboration uses
the fluorescence yield by Nagano et al. 24 and HiRes uses the integrated yield by Kakimoto et
al. 25 and the spectral distribution by Bunner 26 . Major international efforts have been started
to remeasure the fluorescence yield as a function of temperature, pressure and humidity with
high precision 27 in order to reduce this source of uncertainty. Hybrid data collected between
December 2004 and February 2007 have been used to extend the spectrum at energy below
1018.5 eV 28 in the region where the transition from Galactic to extra-galactic cosmic rays is
expected to occur. Due to construction, the configuration of fluorescence telescopes and surface
detector has evolved significantly and the effective detection area has correspondingly changed.
The key points of this analysis are an accurate estimate of the hybrid detector exposure taking
into account the exact working conditions of the experiment and an appropriate selection of
well-reconstructed events. A full hybrid simulation with CORSIKA showers 29 (FD and SD
response are simultaneously and fully simulated) has shown that the hybrid trigger efficiency
(a fluorescence event in coincidence with at least one station) is flat and equal to 1 at energies
greater than 1018 eV. This feature is shown in Fig. 3 (left). Only data with a successful hybrid
geometry reconstruction are selected for calculating the hybrid spectrum. Showers that are
expected to develop outside the geometrical field of view of the fluorescence detectors are also
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Figure 4: Upper limits on the photon fraction in the integral cosmic-ray flux for different experiments: AGASA
(A1, A2), AGASA-Yakutsk (AY), Yakutsk (Y), Haverah Park (HP). In black limits from the Auger surface
detector (Auger SD) 17 , in blue new hybrid limits above 2, 3, 5, and 10 EeV (Auger HYB) 18 . Lines indicate
predictions from top-down models. The shaded region shows expected GZK bounds 32 . Figure taken from Ref. 18 .

rejected and, based on data, a fiducial volume for detection is defined as a function of the
reconstructed energy. Exposure at the highest selection level depends very weakly on chemical
composition, giving a spectrum basically independent of any assumption on primaries mass.
The hybrid spectrum derived from this analysis is shown in Fig. 3 (right) compared with the
spectrum from surface detector presented in 30 (only statistical uncertainties are given in the
figure).
4

Limits on photon fraction

Primary photons can experimentally be well separated from primary hadrons as they penetrate
deeper into the atmosphere, particularly at energies above 10 18 eV. Their shower development is
also much less affected by uncertainties of hadronic interaction models due to the dominant electromagnetic shower component. At the highest energies the LPM effect further delays the shower
development in the atmosphere (moreover increasing shower to shower fluctuations), whereas
the preshowering effect in the Earth magnetic field causes a more hadron-like behavior(see 31
for a review on photon showers). Primary photons are of interest for several reasons: top-down
models, originally proposed to explain the apparent absence of the GZK effect in AGASA data,
predict a substantial photon flux at high energies 31 . In the presence of the GZK effect, UHE
photons can also derive from the GZK process p + γCM B → p + π 0 → p + γγ and provide relevant
information about the sources and propagation. Moreover, they can be used to obtain input to
fundamental physics and EHE astronomy. Experimentally, photon showers can be identified by
their longitudinal shower profile, most importantly by their deep Xmax position, larger curvature
of shower front and low number of muons. Up to now, only upper limits could be derived from
various experiments, either expressed in terms of the photon fraction or the photon flux. Figure
4 presents a compilation of present results on the photon fraction. The most stringent limits for
E> 10 EeV are provided by the Auger surface detector 17 . Current top-down models appear to
be ruled out by the current bounds. This result can be considered an independent confirmation
of the GZK-effect seen in the energy spectrum. Observations in hybrid mode (i.e. observed by

Figure 5: Limits at 90% C.L. for a diffuse flux of τ -neutrinos from the Pierre Auger Observatory. Limits from
other experiments and the expected flux of cosmogenic neutrinos are also shown.

both the fluorescence and surface detectors) are also possible at energies below 10 EeV. Decreasing the energy threshold increases the event statistics, which to some extent balances the factor
∼10 smaller duty cycle compared to observations with the ground array alone. A high quality
hybrid data sample has been selected applying a set of reconstruction quality, fiducial volume
and cloud cuts (see Ref. 18 ). The observed Xmax of all the photon-like events (events with large
Xmax values) has been compared with expectations from photon-induced showers of the same
geometry and energy. 8, 1, 0, 0 photon candidate events have been found with energies greater
than 2, 3, 5 and 10 EeV. Their number, compatible with expectations from nuclear background,
has been used to obtain an upper limit on the photon fraction in data by accounting for the
corresponding cut efficiency. The limit is conservative and model independent as no nuclear
background is subtracted. A detailed study of the detector efficiency as a function of energy for
different primary particles has been performed. After applying all selection cuts, the acceptance
for photons is close to the acceptance for nuclear primaries, and the relative abundances are
preserved to a good approximation at all energies. Upper limits of 3.8%, 2.4%, 3.5% and 11.7%
on the fraction of cosmic-ray photons above 2, 3, 5 and 10 EeV have been obtained at 95% C.L.
Uncertainties connected to the variation of the selection cuts within the experimental resolution
do not affect the derived limits. The total uncertainty in Xmax is ∼16 g cm−2 . Increasing (reducing) all reconstructed Xmax values by this amount changes the limits to 4.8% (3.8%) above
2 EeV and 3.1% (1.5%) above 3 EeV, while the limits above 5 and 10 EeV are unchanged. The
new hybrid limits 18 (Auger HYB) and surface array limits 17 (Auger SD) are shown in Fig. 4
along with other experimental results, model predictions and GZK bounds 32 .
5

Upper limit on the diffuse flux of ultra-high energy tau neutrinos

The detection of UHE cosmic neutrinos would open a new window to the universe. Neutrinos can
result from decay of pions produced in the hadronic interaction of cosmic rays with radiation or
matter in the neighbourhood of an astrophysical source. Given that neutrinos are neutral weakly
interacting particles, they can travel through the Universe in straight line keeping the direction
and being much less absorbed than photons and protons, thus making them a powerful and
multi-tasking tool for astronomy. In addition to neutrinos of astrophysical origin and similarly
to GZK-photons, GZK-neutrinos, generally called “cosmogenic neutrinos” can be produced in
the interaction of high-energy cosmic rays with the microwave background. If they are produced
through conventional acceleration and top-down scenarios the expected neutrino flavour ratio

Figure 6: Xmax as a function of energy for Auger hybrid data 15 in comparison with other experiments including
HiRes 36 . Proton and iron predictions are given for different hadronic interaction models.

at source νe : νµ : ντ would be 1:2:0. When propagating over astronomical distances, neutrino
oscillation with maximal θ23 -mixing, will lead to equal numbers of νe , νµ , ντ . At energies above
1015 eV, neutrino cross sections are large enough that upgoing neutrino-induced showers cannot
be detected at ground. Only τ -neutrinos entering the Earth just below the horizon (Earthskimming) can undergo charged-current interactions in Earth’s crust and produce “observable”
tau leptons. Observable hear means that they can travel several tens of kilometers and emerge
into the atmosphere to eventually decay in flight inducing a nearly horizontal air shower with
a significant electromagnetic component above the detector. Neutrino-induced air showers have
a chance to be observed in ground arrays and fluorescence detectors (see e.g. 33 and references
therein). A search for neutrino events has been performed using quasi-horizontal events collected
by the Pierre Auger Observatory in the time between 1 January 2004 and 31 August 2007. The
adopted selection criteria are based on shower footprint at ground and on time sequence of hit
stations. The observation of a ”young” showers (i.e. showers with a dominant electromagnetic
component) arriving almost horizontally would be the signature of neutrino candidates. No
evidence has been found and upper limits on the diffuse τ -neutrino flux have been derived.
Assuming an Eν−2 differential energy spectrum the limit set at 90% C.L. is Eν2 dNντ /dEν <
1.3 × 10−7 GeV cm−2 s−1 sr−1 in the energy range 2 × 1017 eV < Eν < 2 × 1019 eV. This is
shown in Fig.5 together with other experimental results. See 19 and reference therein for further
details. This upper limit provides at present the best upper limit up to EeV diffuse neutrino
fluxes. Similarly to the photons discussed above, they already constrain top-down models and
are expected to reach the level of cosmogenic neutrinos after few years of data taking.
6

Mass Composition

Deriving the composition of cosmic rays is among the most challenging tasks in cosmic rays
physics due to the fact that extensive air shower simulations need to be used for the interpretation of data. On the other hand, the chemical composition is a crucial measurement to have
a consistent solution of the several still open issues related to the origin and propagation of
cosmic rays. After KASCADE results 35 , there is general consensus that the composition gets
heavier above the knee 34 . At energies above 1017 eV the situation is less clear, mostly because
of the increasing uncertainty of the hadronic interaction models. The most robust and reliable
observable to determine the primary mass in this energy range is given by the position of the
shower maximum, Xmax , which is directly observed by fluorescence telescopes. Results from

the Pierre Auger experiment 15 , are shown in Fig. 6 together with a collection of available data
from other experiments including HiRes 36 . The systematic uncertainties of Auger data points
are at a level of 11 g cm−2 at energy above 1018 eV and are smaller than the present uncertainties of the interaction models, particularly for proton primaries. At higher energies, the HiRes
measurement yields a lighter composition than Auger which favors a mixed composition.
I would like to thank all the organizers of the EW 2009 Conference. The familiar atmosphere and
the beauty of the surrounding environment made all discussions very stimulating and instructive.
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UHECRs sources and the Auger data
M. Kachelrieß
Institutt for fysikk, NTNU Trondheim, Norway
I review the evidence for a correlation of the arrival directions of UHECRs observed by the
Pierre Auger Observatory (PAO) with active galactic nuclei (AGN). In particular, I discuss a
study of the auto-correlation function of different source classes and a multi-messenger study
of Centaurus A as additional tests for the AGN source hypothesis.

1

Introduction

The limited angular resolution of extensive air shower detectors and especially the deflections
that charged particles suffer in astrophysical magnetic fields make the identification of the sources
of ultrahigh energy cosmic rays (UHECRs) challenging, if not impossible. Given that the UHECRs chemical composition is uncertain, that we lack a detailed knowledge of the Galactic magnetic field (GMF) structure and, above all, of the very magnitude and structure of extragalactic
magnetic fields (EGMF) outside of cluster cores indicates that finding correlations between
UHECR arrival directions and astrophysical sources is only possible under lucky conditions:
Weak Galactic and extragalactic magnetic fields, mainly protons as UHECR primaries, and a
relatively small number of bright sources. The recently announced evidence1 for a correlation of
the arrival directions of UHECRs observed by the Pierre Auger Observatory (PAO) with active
galactic nuclei (AGN) attracted therefore considerable amount of attention.
The same considerations suggest also that other tools for the identification of the sources
of UHECRs are desirable that are not as sensitive to magnetic field deflections as correlation
studies. In Sec. III, we describe briefly an auto-correlation study2 as an example for such
methods. Since two events of the PAO data sample lie within the search bin of 3.1◦ around the
nearest active galaxy, Centaurus A (Cen A), another test of the AGN correlation hypothesis
are possible secondary fluxes associated with the suspected UHECR emission. A comparison of
predicted high-energy photon fluxes3 from Cen A with recent results from H.E.S.S. and Fermi
is presented in Sec. IV.
2

Review of the Auger results

The evidence of the Auger collaboration for an non-isotropic distribution of the arrival directions
of UHECRs is based on a “blind analysis.” A first data set was used to choose cuts like
the maximal distance dmax = 75 Mpc of sources considered, the minimal CR energy Emin =
5.6 × 1019 eV and the maximal opening angle θmax = 3.1◦ between source and CRs such that the
correlation signal was maximized. A second, independent data set was then used for the actual
analysis and 8 correlated events were found out of 13, with 2.7 expected by chance.
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Figure 1: Left: Fraction of events with measured energy > E originating from sources with distance < R. Right:
Auto-correlation function from the PSCZ catalogue, with different cuts in absolute luminosity.

A few remarks about this analysis and the values found for the cuts are in order. i) Already
the GMF leads to deflections similar to θmax = 3.1◦ at energies Emin = 5.6 × 1019 eV, assuming
protons. Hence the correlations, if true, would imply negligible deflections by EGMFs and
proton dominance. ii) The fraction (8-2.7)/13 of correlated CRs seems to be high compared
to the fraction sources with d ≤ dmax contribute to the flux above Emin , accounting for the
incompleteness of the source catalogue: The left panel of Fig. 1. shows that only 30% of the
events above Emin originate from sources with d ≤ 75 Mpc. iii) The proton dominance in the
UHECR flux is in contradiction to the Auger results on the nuclear composition. iv) As also
stressed by Auger, other source types that follow the large-scale structure of matter would also
result in an excess of events along the supergalactic plane.
3

Analysis of the Auger data

Cuoco et al. 2 showed that a global comparison of the angular two-point auto-correlation function
of the data with the one of catalogues of potential sources is a powerful diagnostic tool: This
method is less sensitive to unknown deflections in magnetic fields than cross-correlation studies
while keeping a strong discriminating power among source candidates. In particular, the autocorrelation function of (sub-) classes of galaxies have different biases with respect to the largescale structure (LSS) of matter: These differences (measured by how many sigmas the autocorrelation function of different source classes differ) is largest around 10◦ –20◦ , as shown in the
right panel of Fig. 1 for galaxies with three minimal absolute magnitude cuts.
Since the number of CR events published by the PAO is still small, the use of the cumulative
two-point auto-correlation function C(θ) defined as
C(θ) =

N X
i−1
X

i=2 j=1

Θ(θ − θij ) ,

(1)

i.e. as the number of pairs within the angular distance θ, is advantageous. Here, N is the number
of CRs considered, θij is the angular distance between events i and j and Θ is the step function.
This function is straightforward to compute for the data, and denoted then by C∗ (θ). For a
specific model hypothesis X, a set of functions Ci (θ|X) is obtained in the following way: Sources
with equal luminosities are distributed within a sphere of 180h−1 Mpc either uniformly or following the three-dimensional LSS as given by a smoothed version of the PSCz catalogue. Sources
and CR events within the PSCz mask are excluded, leaving 22 CR events. Note that the mask
mostly overlaps with the Galactic plane and bulge region, where larger deflections due to the
Galactic magnetic field are expected: The mask is thus not only a catalogue limitation, but also

Figure 2: Penalized chance probabilities p− (ns ), p+ (ns ) and p(ns ), for Ecut = 60 EeV (top panels) and Ecut =
80 EeV (bottom panels). The left column reports the case for uniformly distributed sources, the right panel for
sources following LSS with the bias of the PSCz Galaxy catalogue. Also shown is the 95% and 99% confidence
level.

implements to some extent a physically motivated angular cut. Finally, each source is weighted
by a factor accounting for its redshift dependent flux suppression and the CR energy losses.
This procedure defines the model, while a single random realization is obtained by choosing 22
events from the sources according to the source weights and the declination-dependent Auger
experimental exposure.
The model thus depends directly only on ns and the choice between sources distributed
uniformly or according to the PSCz catalogue. While C∗ (θ) built from the data is a single,
one-dimensional function, the various Monte Carlo realizations Ci (θ|X), i = 1, . . . , M, for the
same hypothesis X can be used to derive one-dimensional probability distributions for Ci (θ|X)
at fixed θ. Then a scan over θ is performed. Including a penalty factor for this scan gives finally
the penalized chance probabilities p± (ns ) and p(ns ), where p± (ns ) is the probability to observe
more or less clustering and p(ns ) the consistency of model and data.
Note that the scan over all angles avoids possible bias, in contrast to the choice of a single
angular scale, which introduces some theoretical prejudice even if this choice may be physically
motivated.
Interpretation In Fig. 2, we report the results for the quantities pi (X) defined above, where
X ≡ {ns , Ecut , κ}, the latter two being in our case two-valued discrete variables. Because the
number of CRs usable for this analysis is still small, all four hypotheses are compatible with the
data at the 2σ level for some range of ns values. Yet, several interesting conclusions can already
be drawn. The best fit is achieved for sources following the PSCz distribution, an energy cut
Ecut = 80 EeV and a source density ns = (1 − 2) × 10−4 /Mpc3 . Also, independently of Ecut ,
both the penalized probability and the range of ns with compatibility at 95% C.L. are larger
for the LSS model than for the uniform case. The fact that the LSS models fit better the data
is not surprising: Most of the Auger event are aligned along the local overdensity known as the
Supergalactic plane which is suitably reproduced with the use of the PSCz catalogue within our
LSS scenario.
The case of a uniform distribution of “infinitely many” sources (ns → ∞ each with an
infinitesimal luminosity), is excluded for both energy cuts at the 95% C.L.: The upper bound
> (0.7 ÷ 2) × 10−3 Mpc−3 . This is another way to say that the Auger data are inconsistent
is ns ∼
with a structureless UHECR sky, independently of the use of a catalogue and of a pre-determined
angular scale for the search. This is an important milestone in the development of UHECR
astronomy. While the best fit point for ns is approximately a factor 10 higher than found
in earlier studies using AGASA data above Ecut > 40 EeV (in the AGASA energy scale), the

shape of the chance probability p(ns ) agrees: For low values of ns , p(ns ) is a steeply decreasing
function of ns , since the probability to observe multiplets from the same source increases fast.
As a result, there are fewer sources within this radius than CRs observed for densities smaller
than ns ≈ 10−5 . Such a scenario would require large deflections (and probably nuclei primary)
and thus contradicts our assumptions. On the other hand, p(ns ) decreases relatively slowly
for high densities and only weak constraints can be obtained with the current data set for the
maximally allowed value of ns . Since both an increase of Ecut and of the bias of the sources
leads to a decrease of the effective number of sources inside the GZK volume, large values of
ns have the strongest constraint in the case of uniformly distributed sources and Ecut = 60 EeV
(left, top panel) and weakest for sources following the LSS and Ecut = 80 EeV (right, bottom
panel).
The above results on clustering also disfavor GRBs as UHECR sources. Source densities
below ns,min = 10−5 Mpc−3 would result in much stronger clustering at small scales than observed. However, larger densities require a minimum time dispersion induced during the prop> ns,min /RGRB ≈ 105 yr. On the other hand, for
agation of a single burst of the order of τ ∼
−5
AGNs with densities in the range (10 ÷ 10−4 ) Mpc−3 , the required luminosity is of the order
L/nAGN ∼ (1040 ÷ 1041 ) erg/s in UHECRs above Ecut , which is consistent with simple estimates.
The total energy output in CRs requires—assuming that the (average) source spectrum
dN/dE ∝ E −2.7 changes to 1/E 2 at the break energy Eb — required emissivity is L ≃ 4 ×
1046 erg/(Mpc3 yr) and 2 × 1047 erg/(Mpc3 yr) for Eb = 1 EeV and 0.1 EeV, respectively. For a
source density ns = 2×10−4 /Mpc3 , the required CR luminosity follows as L = 6×1042 erg/s and
3 × 1043 erg/s for Eb = 1018 eV and 1017 eV, respectively. These values are again rather modest
and in line with the possibility that a large fraction of all AGNs accelerates cosmic rays to
ultrahigh energies. As a comparison, note that acceleration in electrostatic fields to E > 100 EeV
> 1044 ÷ 1045 erg/s for a steady, isotropically emitting
requires an electromagnetic luminosity L ∼
source. This is comparable with the Eddington luminosity of accretion discs around supermassive
black-holes, LE ∼ 1.3 × 1038 (M/M⊙ ) erg/s which are believed to power AGNs.
4

Centaurus A

Centaurus A is a FR I radio galaxy located close to the supergalactic plane at a distance 5 of only
about 4 Mpc. Since two events of the PAO data sample lie within the search bin of 3.1◦ around
Cen A (Cen A), another test of the AGN correlation hypothesis are possible secondary fluxes
associated with the suspected UHECR emission. In Ref. 3 , we studied therefore the possibility
to observe Cen A using high-energy photons and neutrinos. Taking the correlation signal at
face value, we used the PAO results as normalization of the CR flux and calculated the flux
of accompanying secondary photons and neutrinos expected from hadronic interactions in the
source. Since both the Fermi LAT collaboration 8 and the H.E.S.S. collaboration 7 reported
recently the discovery of γ-ray emission by Cen A, we have now the opportunity to check our
predictions against these observations.
Assumptions We calculated the flux of high energy particles expected from Cen A for two
different scenarios: Acceleration close to the core and acceleration in the radio jet. In the
first case UV photons are the most important scattering targets and the interaction depth for
photo-hadron interactions can reach τpγ ∼ few. According to the observational data, we found
that pp interactions of UHE protons with the gas provides the main source of CR interactions
in the second scenario. In this case, moreover, diffusion in the turbulent magnetic fields will
increase the interaction depth at low and intermediate energies. We considered also three spectra
dN/dE ∝ E −α of the injected protons: Power-laws with α = 1.2 and α = 2, and a broken powerlaw with α = 2.7 for E > Eb = 1018 eV. Hadronic interactions are simulated with an extension

of the Monte Carlo code described in Ref. 9 .
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Results versus observational data Figure 3 displays the particle fluxes predicted3 from
Cen A as function of the energy, assuming that the two events observed by PAO around Cen A
indeed originate from this AGN. The case of acceleration close to the core is shown on the left,
while the case of acceleration in the jet is shown on the right. From the top to the bottom,
spectra are displayed for a broken power-law, α = 2, and α = 1.2. In addition to the injected
proton flux (black solid line), we show the flux of protons (black dashed), photons (blue solid)
and neutrinos (red solid) arriving on Earth. Note that the cutoff in the neutrino and proton
spectra below 100 GeV is artificial, since we neglect neutrinos and protons with lower energies
in our simulation.
In the core model the final proton flux is reduced by photon-proton interactions by a factor
≈ 2 above the threshold energy ∼ 1016 eV (left), while diffusion in the jet increases the interaction
depth for lower energies (right), resulting in the effective production of secondaries. Since the
CR spectra are normalized to the integral UHECR flux above Eth = 5.6 × 1019 eV, steeper
spectra result in larger secondary fluxes at low energies.
While we could show earlier3 these fluxes only together with an upper limit from H.E.S.S.
and the estimated sensitivity of Fermi for point sources, we have updated now these figures with
the recently published results from Fermi8 and H.E.S.S.7 . Remarkably, the photon flux in the
Fermi and the H.E.S.S. energy range has approximately the same power-law exponent (α ∼ 2.6
and 2.7), but the latter requires a larger normalization constant. Such a behavior is expected, if
a new component, e.g. of hadronic origin, sets in above 100 GeV, while at lower energies photons
of electromagnetic origin dominate the spectrum. For a more detailed test of this hypothesis in
the future, the differential energy spectrum at the high-energy end of the Fermi spectrum will
be most useful.
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Figure 3: Particle fluxes from Cen A normalized to PAO with dN/dE ∝ E −2 , left core, right jet case.

The most important consequence of the recent H.E.S.S. results is to significantly disfavor
the jet scenario. In spite of the uncertainties in the normalization, the almost flat spectrum
predicted in this model is in contradiction with the shape of the γ-ray spectrum observed by
H.E.S.S. Moreover, the angular extension photon flux observed by H.E.S.S. is consistent with a
point source at the AGN core and excludes thereby the radio lobes as sources. On the contrary,
the shape of H.E.S.S.’s γ-ray spectrum agrees very well with the slope expected in the core
model. The Fermi measurements restrict additionally the source model, excluding the brokenpower law case that leads to an excessive photon fluxes in the GeV range. Finally, under these
restrictions, the resulting neutrino event numbers per year in a km3 neutrino telescope would
be O(10−2 ).

5

Conclusions

The recently announced evidence for a correlation of the arrival directions of UHECRs observed
by the PAO with AGN requires weak magnetic fields and protons dominating the UEHCR flux.
The latter condition is in contrast to change to an heavier composition found by the PAO.
Moreover, other astrophysical sources follow the large-scale structure of matter too, thereby
leading to an similar excess of events along the supergalactic plane.
Additional tests to identify the sources of UHECRs are therefore needed. One such possibility
is the study of the auto-correlation function of different sources. Such a comparison can be
performed on all angular scales, reducing thus the dependence on magnetic field deflections.
Multi-messenger studies of Cen A tests the hypothesis that some of the PAO events originated
in this nearest radio galaxy. If the UHECRs observed by PAO are protons accelerated near the
< 2, the VHE γ-ray spectrum observed by H.E.S.S.
core of Cen A with dN/dE ∝ E −α and α ∼
can be explained by the interaction of the accelerated protons with UV photons surrounding
the core.
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S. Ostapchenko and R. Tomàs, Phys. Rev. D 77, 023007 (2008).

STATUS AND FIRST RESULTS OF THE ANTARES NEUTRINO TELESCOPE
GIADA CARMINATI
on behalf of the ANTARES Collaboration
Dipartimento di Fisica, Università e Sezione INFN di Bologna,
Viale Berti Pichat 6/2, 40127 Bologna, Italy

The ANTARES (Astronomy with a Neutrino Telescope and Abyss environmental RESearch)
Collaboration constructed and deployed the world’s largest operational underwater neutrino
telescope, optimised for the detection of Cherenkov light produced by neutrino-induced muons.
The detector has an effective area of about 0.1 km2 and it is a first step towards a kilometric
scale detector. The detector consists of a three-dimensional array of 884 photomultiplier tubes,
arranged in 12 lines anchored at a depth of 2475 m in the Mediterranean Sea, 40 km offshore
from Toulon (France). An additional instrumented line is used for environmental monitoring
and for neutrino acoustic detection R&D. ANTARES is taking data with its full twelve line
configuration since May 2008 and had been also doing so for more than a year before a five
and ten line setups. First results obtained with the 5 line setup are presented.

1

Introduction

The production mechanism (i.e. the cosmic accelerators) of high energy cosmic rays remains
one of the open problem in astroparticle physics. The detection of high energy cosmic neutrinos
would help to find some answers. Pursuing this aim, the ANTARES Collaboration completed
in 2008, and has been operating since, a neutrino telescope off the Southern French coast, at a
depth of 2475 m under the sea level.
ANTARES can be seen as a fixed target experiment: a cosmic muon neutrino, produced
in a cosmic source (Supernova remnant, AGN, GRB, . . .) arriving mainly from the hemisphere
opposite to the detector location, crosses the Earth and interacts by a charged current process
with a nucleon of the medium surrounding the telescope and induces a muon. Above a few TeV
the neutrino-induced upward-going muon is (almost) collinear with the incident neutrino and
can travel up to 10 km in the rock reaching the sea water. The Cherenkov light emitted by the

muon with an angle θC ≃ 42.2◦ is detected by the three-dimensional array of 884 photomultiplier
tubes (PMTs) that comprises the ANTARES detector.
However, the most abundant signal is due to high energy downward-going muons remaining
from the extensive air showers produced in interactions between primary cosmic rays and atmospheric nuclei. Although the shielding effect of the sea reduces their flux, at the ANTARES site
the atmospheric muon flux is about six orders of magnitude larger than the atmospheric neutrino
flux. These atmospheric muons represent a dangerous background for track reconstruction as
their Cherenkov light can mimic fake upward-going tracks. On the other hand, they are a useful
tool to test offline analysis software, to check the understanding of the detector and to estimate
systematic uncertainties. The other main background is due to the atmospheric neutrinos that
have the same signature as the cosmic signal ANTARES awaits for: un upward-going muon, but
with different the energy spectrum.
The PMTs also detect the light generated by 40 K decays in the sea water and the bioluminescence emitted by marine organisms. These two light sources give a continuous background,
which varies between 60 and 100 kHz. Peaks of biological activity can occasionally increase
the counting rate up to the order of several MHz. Figure 1 shows the typical background behaviour during data taking. Fortunately the hits produced by 40 K decays and bioluminescence
are mostly uncorrelated and can be easily discarded by the trigger algorithm.

Figure 1: Optical background rate measured by 3 PMTs of a storey in a time window of 2 minutes (May 2007).

2

The ANTARES detector

The detector consists of 12 strings anchored on the seabed and pulled up by a buoy and by
the buoyancy of the instrument containers. A string is 480 m long and is composed of 25
storeys. A storey includes 3 optical modules, each made of a 17” pressure-resistant glass sphere
housing a 10” PMT 1 , looking downwards at 45◦ from the vertical. Due to the flexibility of the
lines, a redundant positioning system is incorporated on each line. It includes 25 tiltmeters and
compasses measuring the roll, the pitch and heading angles of the storey, and 5 hydrophones by
which the positioning is determined using acoustic triangulation between fixed emitters on the
sea floors. This information allows the shape of the lines to be reconstructed and the position
accuracy to be better than 10 cm.
Each storey is also equipped with a titanium electronics container, where the PMT signal
is digitized by an analogue ring sampler (ARS), a custom-built microchip which measures the
charge and the arrival time of the pulse with a precision better than 1 ns. Each readout channel
includes two ARS working in a token ring mode to reduce the dead time. The signal is then
treated by a data acquisition card and sent through optical fibres to a main control module
and then to the bottom of the line where it is multiplexed by DWDM. The fibres of a line
pass through the junction box, where the lines are connected to a 40 kilometer electro-optical
submarine cable going to the shore.

The large bandwidth of the DAQ system allows the transmission of all recorded PMT signals,
above a given threshold, to shore. At the shore station, a dedicated computer farm runs various
trigger softwares 2 to select the photon hits on the PMTs of the interesting physics events from
the data recorded by the whole detector. The photon hits filtered by the trigger make up a
so-called event. All the events are stored on disks for further track reconstruction and analysis.
The knowledge of the hit position, arrival time and charge allows the reconstruction of the muon
trajectory thus giving information on the parent neutrino.
The first ANTARES detection line was connected on March 2006. Five lines of the detector
have been operated since the end of January 2007, followed by 5 additional lines in December
of the same year. The detector has been completed on May the 30th , 2008, with the connection
of the last two lines.
3

The first physics analysis

The analysis of atmospheric muons in the data taken in 2006 with the first detection line has
been reported in 3 . In 2007, ANTARES has taken data with the 5 line setup for 314 days. The
duty cycle of the data taking in this period has been of about 80%. As a first step, the analysis
was restricted to runs with a very low biological activity, i.e. the presence of bioluminescence
peaks for less than 40% of a run duration. This corresponds to an equivalent data taking of 140
days, in which 14.5 million events have triggered.
3.1

Atmospheric muons

For the study of atmospheric muons, a more strict selection was applied to the data set: only
runs where the presence of bioluminescence peaks was less than 20% of a run duration are used.
The analysis is also limited to the period from June to December 2007 corresponding to 76
active days of data taking, during which about 7.5 million events have triggered.
Monte Carlo (MC) simulations of the detector response have been used to understand the
data. Several MC samples have been produced, using different input parameter sets. ANTARES
uses two different approaches to simulate the atmospheric muon flux: a parameterized description of underwater muon flux and a full MC simulation. The former is based on the MUPAGE
code 4 which generates events directly on the active volume surrounding the detector. The full
MC simulation uses the CORSIKA software 5 and the hadronic interaction model QGSJET.01c 6 ,
to generate a large number of air showers induced by primary cosmic ray nuclei, and the MUSIC
code 7 to propagate muons through sea water until the active volume surrounding the detector.
Two different compositions of the primary cosmic ray flux are taken into account: the NSU
model 8 and a simplified version of the Hörandel model 9 .
The effect of environmental and geometrical parameter uncertainties on reconstructed track
rate is also studied 10 . Presently, a value of about ±35% can be considered as a first evaluation
of the systematic errors and is shown, as a shadowed band, in Figure 2. New measurements are
in progress to reduce uncertainties on the parameters used as input for MC simulations.
3.2

Neutrino candidates

The 5 line data have been analysed in order to select the neutrino candidates. Figure 3 shows
the result of one of the ongoing studies: the number of reconstructed events as a function of the
elevation is plotted. For the simulation of atmospheric muons (red line) the full MC simulation
with the NSU model was used. The Bartol model 11 has been used to simulate the atmospheric
neutrino flux (blue line). The negative sin θ events are the upward-going events, the neutrino
candidates. Figure 4 is a zoom. The events are reconstructed by an on-line reconstruction code,
after the application of some quality cuts. The selection yields 168 neutrino candidates from
the data, while 161±32(theo)±20(syst) were expected from the MC simulations.

Figure 2: Zenith distribution of reconstructed tracks (180◦ = downward-going). Black points represent data
and the statistical errors are within the point size. Lines refer to MC expectations: solid line = full simulation
with CORSIKA, QGSJET01 and NSU model; dotted line = full simulation with CORSIKA, QGSJET01 and
Hörandel model; dashed-dotted line = MUPAGE parameterisation, with DPMJET-II for hadronic interaction.
The shadowed band represents the systematic errors, starting from the NSU model, due to environmental and
geometrical parameters.

A good agreement between data and simulation is also found with another independent atmospheric neutrino analysis, based on a different reconstruction algorithm 12 . These results prove
the correct detector response to a known neutrino source such as the atmospheric neutrinos.
3.3

Point-like neutrino sources

The 5 line data have been used to search for point like sources in the Southern hemisphere.
Applying optimised cuts, the angular resolution is below 0.5◦ above 10 TeV. No cosmic neutrino
neutrino signal is found at 90% confidence level. The differential flux upper limit for a list of
selected sources is shown in Figure 5 as a function of the declination of the sources (blue points)
and is compared with the results obtained by other experiments. It is interesting to note that

Figure 3: Number of reconstructed events vs the sine
of the elevation (sin(θ) = 1: downward-going). The
black line represents data, the red and blue lines represent, respectively, the MC atmospheric muons and
neutrinos, the sum being represented by the pink line.

Figure 4: Zoom of the number of reconstructed events
as a function of the sine of the elevation, focusing on
the neutrino candidates.

the sensitivity for 140 active days on the 5 line data is already better than those of the many
year detection of SuperKamiokande 13 (empty black point) and MACRO 14 (full black point).
This is because ANTARES is more efficient at high energies, which is the critical region for this
kind of searches (since we assume that the signal emits as E −2 ). For the opposite hemisphere
the results of AMANDA-II 15 are shown (green points). The predicted sensitivity for 1 year of
the full ANTARES configuration (solid blue line) is also shown. Although no signal is found,
Figure 6 shows the sky map of the 94 neutrino events considered in this analysis.

Figure 5: Neutrino flux upper limit for selected
sources (blue points) for a E −2 spectrum as a function of declination using the 5 line data. Also shown
are the predicted sensitivity for 1 year of the 12 line
setup (blue solid line) and upper limits for selected
sources by Super-Kamiokande (empty black points),
MACRO (full black points) and AMANDA-II (green
points).

3.4

Figure 6: Sky map in equatorial coordinates of 94
neutrino events detected with the 5 line setup.

Dark matter

Dark matter searches are also possible by looking for an excess of neutrinos from celestial bodies
like the Sun or the Galactic Center. Neutrinos with energy below a TeV could be produced by
the annihilation of supersymmetric dark matter particles like the neutralino, that would become
gravitationally trapped in these bodies. For neutralinos in the Sun, the analysis of the 5 line
data is reduced to about 70 active days, because only data when the Sun is under the horizon
are analysed. Figure 7 shows the upper limit on the total flux from neutralino annihilation in
the Sun with the 5 line data as function of the neutralino mass. Each point corresponds to a
supersymmetric model and different observational constraints from WMAP 16 . Two kinds of
annihilation (hard, into W vector bosons and soft, into bb̄ quarks) have been studied. Figure 8
shows the prediction for 5 years of data taken with the 12 line configuration.
4

Summary and outlook

ANTARES is now the largest neutrino telescope in the Northern hemisphere. The analysis of
the data taken in 2007 with the first 5 lines of the telescope has been performed. Concerning
the downward-going muon flux, agreement has been found between the data and some of the
Monte Carlo simulation models, still under study. A sample of 168 neutrino candidate events
has been selected in 140 days of active time. A search for high energy neutrinos produced with
an E −2 energy spectrum has also been performed on the basis of a potential source list, yielding

Figure 7: Upper limit on the total νµ + νµ flux from
neutralino annihilation in the Sun, after analysing 5
line data. Each coloured point corresponds to a supersymmetric model.

Figure 8: Prediction of the upper limit on the total
νµ + νµ flux from neutralino annihilation in the Sun
for the full ANTARES configuration after 5 years of
data taking. Each coloured point corresponds to a
supersymmetric model

to an upper limit better than the ones obtained after many years by Super-Kamiokande and
MACRO. A first limit to the neutrino flux from supersymmetric dark matter annihilation in the
core of the Sun has been set.
ANTARES is also meant as a first step towards a larger detector in the Mediterranean
Sea. The ANTARES Collaboration is involved in the KM3NeT Consortium 17 , accepting the
challenge of producing a cubic kilometer neutrino telescope.
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Latest Results from the IceCube Neutrino Observatory
Carsten Rott a (for the IceCube Collaboration b )
Center for Cosmology and Astro-Particle Physics, The Ohio State University, 191 W. Woodruff Ave.,
Columbus, OH 43210, USA

Nearly a century after the discovery of cosmic rays their sources remain a mystery. The study
of neutrinos along with other cosmic messengers is vital for ultimately identifying the sources
of cosmic rays and understanding the nature of the underlying acceleration mechanisms. Neutrinos are especially important as they propagate nearly unperturbed through the universe
and point back to their sources. Neutrino astronomy enters a new era with the IceCube
neutrino observatory that will instrument a volume of one gigaton of ice by 2011 and is now
almost three quarters complete. Current neutrino flux predictions from potential sources suggest that a volume of this scale is needed to detect neutrinos at statistically significant rates.
We present the latest results in the search for astrophysical neutrinos from point sources with
IceCube and its predecessor AMANDA, which has been operational for the last eight years.
We further present limits on the neutrino flux from unresolved sources and indirect searches
for dark matter performed with this multi-purpose detector. Future extensions to IceCube
and the status of the DeepCore sub-detector, whose construction has already started, will be
given together with an outlook for future physics potential.

1

Motivation

Neutrinos combine a unique set of properties that make them ideal cosmic messengers. Photons (γ) scatter and get easily absorbed on the stellar infrared (IR) photons and are cut off
above the e+ e− pair-production threshold of about 50 TeV. Charged particles bend in magnetic
fields on their journey from their point of origin to detection. This scrambling of direction
of charged particles in the galactic and intergalactic magnetic fields makes a correlation with
source candidates extremely difficult. Only at the extremely high energy range (EHE), well
a
b
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above about 10 EeV, does the bending become less severe for protons. However even at energies
up to 40 EeV significant bending (greater than a few degrees) is expected in the intergalactic
magnetic field 1 . This energy is already close to the Greisen-Zatsepin-Kuzmin (GZK) cut-off 2
energy at which protons start to interact with the cosmic microwave background (CMB) to
produce pions via delta resonance (p + γCMB → ∆+ → nπ + /pπ 0 ). This process attenuates the
cosmic ray flux (significant attenuation for distances of ∼ 30 Mpc), but at the same time also
provides a “guaranteed” neutrino flux at EHE ranges, through the decay of charged pions.
Neutrinos (ν) are weakly interacting and carry no electric charge. Hence they propagate
nearly unperturbed through the universe and therefore point back to their sources. Their tiny
interaction cross-section, however, results in major difficulties when trying to detect them. To
achieve reasonable event rates, allowing observation of neutrino events with statistical significance, a neutrino telescope must be of substantial size. Further, muons produced in chargedcurrent interactions of TeV scale parent muon neutrinos will travel kilometer ranges in optically
transparent media. A volume of this scale needs to be instrumented for a neutrino telescope
to track such muons with good pointing resolution. To date, neutrino astronomy is still in its
infancy. The only neutrinos identified from beyond our solar system are those from SN1987A.
One of the fundamental questions neutrinos can help solve is about the nature of the sources
of high-energy cosmic rays. Are the processes that accelerate gamma-rays to TeV energies also
responsible for the acceleration of cosmic rays or are they of leptonic nature ? Neutrinos provide
the natural means to distinguish between the two possibilities, since hadronic interactions will
also produce charged mesons, all of which decay into final states containing neutrinos. Purely
electronic emission processes produce neutrinos only in negligible numbers. Any detection of
neutrinos from a specific source would therefore provide very strong evidence for the hadronic
model and consequently allow the identification of the sources of cosmic radiation.
2

The IceCube Detector

IceCube is a Cherenkov neutrino telescope currently under construction in the ice near the
geographic South Pole. It has the ability to detect neutrinos of all flavors over a wide energy
range from about 100 GeV to beyond 109 GeV, as well as MeV neutrinos from bursts.
By 2011 the detector will instrument a volume of about one cubic-kilometer of Antarctic
deep ice with 86 strings each containing 60 optical sensors 3 . Each sensor consists of a 10 inch
photomultiplier tube (PMT), connected to a waveform recording data acquisition circuit capable
of resolving pulses with nanosecond precision and having a dynamic range of at least 250 photoelectrons per 10 ns, all engulfed in a pressure sphere. Such a module is called a digital optical
module (DOM).
On 80 of the IceCube strings, which will be arranged in a hexagonal pattern with an interstring distance of 125 m, the sensors will be equally spaced between 1450 m and 2450 m
in depth. In addition near to the location of each string there will be two surface tanks deployed to form an air shower array that is sensitive to primary shower energies above 300 TeV.
Complementing the original 80-string baseline array are six strings, densely instrumented in the
deep ice below 2100 m, which has more favorable properties for light propagation. They will
be spaced in between the regular IceCube strings at the center of the detector, creating a subarray, together with the adjacent IceCube strings, which is expected to significantly enhance the
sensitivity for the detection of neutrinos in the energy range of 10 - 100 GeV. This DeepCore
sub-array will make use of new high quantum-efficiency PMTs, which have approximately 40%
higher efficiency compared to the standard IceCube PMTs. A schematic drawing of the IceCube
detector including DeepCore is shown in Figure 1. The AMANDA detector completed in 2000
and integrated into the IceCube detector for joint data taking, is also shown.
Figure 1 shows a top view of the current IceCube detector. There are 59 strings deployed,

Figure 1: Left: Schematic view of the IceCube detector including the six-string DeepCore in the center of the
detector. Right: Satellite view of the current IceCube detector configuration.

including one DeepCore string. The outline also shows the IceCube 22, and 40-string array,
which were operational during 2007/2008, and 2008/2009, respectively. The livetime acquired
during the corresponding physics run periods is given in Table 1, together with the achieved and
expected angular resolution for high energy muon neutrinos.
Detector
Configuration
IC22
IC40
IC58+1∗
IC80+6∗
AMANDA

Year
2007/2008
2008/2009
2009/2010
2011/...
2000/2009

Livetime
(days)
276 days
∼1 year
∼1 year
> 5 years
9 years

Angular resolution
(deg)
< 1.5◦
< 1.2◦
∼ 1◦
< 1◦
1.5◦ − 2.5◦

Table 1: Summary of selected detector configurations, years of operation, acquired livetime, and angular detector
resolutions. The quoted value for the angular detector resolution is the median angular resolution as achieved
in a typical muon neutrino point source analysis 4 . (∗) indicates expected performance. AMANDA is shown for
comparison 5 .

3

Search for astrophysical neutrinos

To study astrophysical neutrinos, one first needs to find a way to discriminate between events
caused by down-going muons, atmospheric neutrinos and those caused by astrophysical neutrinos. The easiest way to eliminate a large fraction of the otherwise overwhelmingly large
atmospheric muon background is by looking for up-going events (neutrinos that traversed the
Earth). One way to then identify in the obtained up-going sample neutrino candidates from
astrophysical sources is through observing clustering of events from a similar direction over the
flat atmospheric neutrino background, at a statistically significant level. A complementary way
is to search for transient sources, through the observation of neutrinos correlated in time (and/or

direction) with other messengers. As part of such multi-messenger searches, IceCube has looked,
for example, for neutrinos correlated with satellite observations of gamma-ray bursts (GRBs).
A third way is to look for the diffuse flux produced by the sum of all neutrino sources. Such
a diffuse neutrino flux might be identified through a break in the measured neutrino energy
spectrum, which is expected to fall steeply for atmospheric neutrinos, while cosmic sources are
thought to produce harder spectra (E −2 ).
3.1

Point Sources

Several searches for point sources have been performed using AMANDA and IceCube data
applying a variety of different strategies. We describe here a few selected recent results of such
searches.
A search for high energy muon neutrinos from point sources has been performed with
3.8 years of livetime acquired with the AMANDA detector during 2000-2006 5 . The analysis
yielded 6595 neutrino candidates from the Northern hemisphere, consistent with atmospheric
neutrino background expectations. The search reveals no indication of a neutrino point source
and places stringent limits on possible flux from any such source. The information of the neutrino candidate events has been released by the collaboration and is posted on the IceCube
website 6 .
A similar point source analysis for the Northern hemisphere has been performed using
276 days of livetime with the IceCube 22-string detector. This analysis used a novel unbinned
search method, using the point spread function of each neutrino candidate event weighted in
significance by an energy estimator. The weight factor was optimized for an E −2 spectrum as
expected for cosmic sources with second order Fermi acceleration. A skymap of 5114 observed
muon neutrino candidate events reveals one hotspot at r.a. 153◦ , dec 11◦ . Accounting for all
trials the probability for this outcome (p-value) for this analysis is 1.34% (2.2σ), which is consistent with a fluctuation of background 4 . An a priori source list consisting of 28 candidates
did not yield any significant excess over expected background. The lowest p-value (0.07) was
observed for Blazar 1ES 1959 + 650.
Point source searches are typically limited to a fraction of the sky due to the selection of
up-going events as a way of rejecting the atmospheric muon background. However, through an
energy-sensitive selection procedure, one can suppress the background effectively and include
the region above the horizon in a point source search 7 . This approach provides sensitivity to
the signal spectrum of sources in the EeV energy range, which was previously not accessible due
to the absorption of neutrinos with energies above a PeV inside the Earth. With 1877 events
in the final selection sample of candidate events between +55◦ to −85◦ collected with IceCube
in the 22-string configuration during 2007-2008, no significant excess above the atmospheric
background was observed (see Figure 2).
The complete IceCube detector will allow for full-sky (4π sr) point source searches, by selecting only events with tracks beginning within the detector’s instrumented volume, in contrast
to through-going muons (which are dominant in point source searches). The DeepCore detector
will be especially useful for such analyses.
3.2

Diffuse neutrino flux

A complementary approach in the search for an astrophysical neutrino signal is to search for a
diffuse flux of neutrinos summing over all unresolved nearby and distant neutrino sources. An
all-sky search is conducted by looking for an excess at high neutrino energies. To separate the
signal from atmospheric neutrino background, an energy-correlated parameter cut is applied
after carefully removing from the data any down-going muon background events. In the final
selection sample of AMANDA data from 2000-2003 six events were observed, compared to an

expected background of seven events. This corresponds to an upper limit (at 90% C.L.) on the
diffuse muon neutrino flux from the northern hemisphere of E2 φ < 7.4 × 108 GeVcm−2 s−1 sr−1
for an assumed E−2 spectrum with 90% of the simulated signal neutrinos expected between
energies of 15.8 TeV and 2.5 PeV The result also constraints prompt (charm) production of
atmospheric neutrinos, ruling out some of the highest-yielding models at 90% C.L 8 . A similar
analysis technique has also been used for IceCube data collected with the 9-string detector in
2006 9 . As the sensitivity of this analysis in 137 days of livetime was determined to be slightly
poorer than the AMANDA limit, this analysis was used just as a high-level cross-check of the
IceCube detector performance and analysis framework. In the signal region defined by the
requirement that the number of DOMs hit be larger than 33, six events were observed, while
6.5 were expected. This results is consistent with the AMANDA upper limit.
4

Indirect Searches for Dark Matter

Dark matter could be indirectly detected in IceCube through the observation of neutrinos from
self-annihilation or decay processes. Possible signals are an excess neutrino flux from the Sun, or
the center of the Earth where dark matter could be gravitationally trapped, or from the galactic
halo. In the following we describe a search for muon neutrinos from neutralino annihilations in
the Sun performed using IceCube data collected with the 22-string configuration 10 . The data
set corresponds to 104 days of livetime in 2007 during which the Sun was below the horizon. The
search is focused on five neutralino masses (mχ above 250 GeV/c2 ). The analysis was performed
in a blind fashion, by only revealing the position of the Sun after the analysis procedure and
background prediction was finalized. The data were processed through four filtering levels in
order to reduce the downward-going muon background. The final level utilized a selection
criterion based on the product of two multivariate classifier (Support Vector Machine) outputs,
trained with six parameters each. No excess of neutrino events from the Sun was observed, thus
the 90% confidence level upper limits on the muon flux at the Earth were calculated. Assuming
equilibrium between the capture and the annihilation rate in the Sun, the obtained limit can be
converted 11 into a limit on the WIMP-nucleon scattering cross-section. A local WIMP density of
0.3 GeV/cm3 and a Maxwellian velocity distribution with a dispersion of 270 km/s was assumed
to obtain the limits on the spin-dependent cross-section. Figure 2 shows the 90% C.L. upper
limit on the spin-dependent neutralino-nucleon cross-section as function of the mχ , compared
to other indirect experiments, and to theoretical predictions from MSSM. It can be seen that
the IceCube result is very competitive.
5

Conclusions and Outlook

IceCube enters its fourth year of operations, with a continuously growing array as new strings are
deployed each season. The detector has been extremely stable and the hardware very reliable.
Analyses performed on one year of IceCube 22-string data have achieved or surpassed sensitivity
corresponding to several years of AMANDA data. IceCube’s chances of successfully identifying
extra-terrestrial neutrinos rapidly increase with the detector size, total integrated livetime, and
further performance improvements. By 2010 the DeepCore sub-detector will be completed and
in 2011 IceCube will reach its final size of one cubic kilometer. Further extensions to the IceCube
detector are actively discussed, such as (for example) an IceCube-centered radio array 12 .
6
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FINAL RESULTS FROM THE HIRES EXPERIMENT
P. SOKOLSKY
Department of Physics, University of Utah,115 S. 1400 E.,
Salt Lake City, Utah, USA

Results from the High Resolution Fly’s Eye (HiRes) on the observation of the GreissenZatsepin-Kuzmin cutoff in the cosmic ray spectrum are presented. We observe a cutoff consistent with the GZK predictions with a five sigma significance. The nature of the cosmic
ray composition near the GZK cutoff is also discussed as well as possible correlations of the
highest energy cosmic rays with AGNs in the Northern sky.

1

Introduction

Over the last forty years a variety of experiments have studied the cosmic ray spectrum at
extreme energies. While it appears at first to be a simple power law, it has been known for some
time that this spectrum exhibits significant structure which must reflect the cosmic ray origins
and propagation (see Fig. 1). Above energies of 1014 eV, the spectrum departs from an E −2.7
power law and steepens with a break at 1015 eV known as the ”knee.” A second ”knee” near
3 × 1017 eV has also been reported by a number of experiments. Above that we see an ”ankle”
structure with a dip near 3−5×1018 eV. All this structure was predicted to culminate in a cutoff
near 6 × 1019 eV beyond which the spectrum drops abruptly. This final cutoff was predicted in
1966 by K. Greissen, G. Zatsepin and V. Kuzmin 1 as the result of the inelastic interaction of
protons with the 2.7 degree black body radiation. Protons with energies above 6 × 1019 eV
could interact inelastically with the black body photons, producing pions and secondary hadrons
each with lower energies. Integrated over all possible sources in the universe, this would produce
a well-defined break, dubbed the GZK cutoff.
In point of fact, as seen in Fig. 2, the GZK mechanism will produce a fractionation of
distance to source and energy of protons from that source 2 . A broad secondary minimum near
3 × 1018 eV develops because of e+e- production of protons on the black body radiation which
causes an additional energy loss. Because of this dependence on distance, the extragalactic

Figure 1: The cosmic ray spectrum multiplied by E 3 to accentuate structure in this steeply falling spectrum.

Figure 2: Contribution to the total extragalactic cosmic ray spectrum of sources at different red-shifts z.

cosmic ray spectrum shape carries information about galactic evolution as measured by cosmic
ray luminosity.
The existence of the GZK cutoff has been controversial as many initial attempts to detect this
spectral feature did not find it. Indeed many of the pioneering ground array experiments such as
Volcano Ranch, Haverah Park and AGASA seemed to see a continuing flux of particles beyond
the GZK energy 3 . The Yakutsk array was the sole exception. The Fly’s Eye air fluorescence
experiments measured a spectrum consistent with the GZK cutoff with the exception of one
extraordinarily energetic event at 3×1020 eV 4 which attracted a great deal of attention. This was
followed by AGASA claiming to see up to ten more such post-GZK events 5 . Only nearby sources
(closer than about 50 Mpc) could produce protons which would escape the GZK mechanism,
due to lack of interaction length. However, none of the post-GZK events pointed to any known
active galaxy in our neighborhood. Many exotic theoretical ideas were proposed to explain this
apparent ”paradox.” 6
The High Resolution Fly’s Eye (HiRes) 7 in the state of Utah has produced data which now
clearly shows the existence of a termination in the cosmic ray flux consistent with the GZK
cutoff prediction. This measurement uses a pure air fluorescence technique. This observation
has been recently confirmed by the Pierre Auger Observatory (PAO) in Argentina which uses a
combined ground array and air fluorescence detector 8 .
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The HiRes experiment

The HiRes experiment consists of two sites (HiRes I and II) 12.6 km apart, located at Dugway
Proving Ground in Utah. Each site consists of telescope units (22 at HiRes I and 42 at HiRes
II) pointing at different parts of the sky. The detectors observe the full 360 degrees in azimuth
but cover from 3 to 16.5 (Hires I) and from 3 to 30 degrees ( HiRes II) in elevation angles. Since
most cosmic ray events in this energy range are detected at distances of between 5 and 30 km
from the detectors, higher elevation angles contribute little to the event rate. Each telescope
consists of a 3.72 m2 effective area mirror and a 256 phototube camera cluster in the mirror
focal plane. The phototubes subtend a one degree by one degree field of view on the sky. The
tubes view signals through a UV filter which cuts out light below 300 nm and above 400 nm
(corresponding to the air-fluorescence spectral range). The instantaneous aperture of the HiRes
detector approaches 10000 km2 str at 1020 eV but is limited by a 10 percent on time due to the
requirement of dark, clear, moonless nights. The arrival direction of the cosmic ray initiating
the shower can be reconstructed monocularly, using the triggered tube pointing directions to
determine the shower-detector plane, and the relative tube triggering times to determine the
impact parameter and angle of the track within the plane. From this information, the impact
parameter, zenith and azimuth angles can be easity calculated. Stereo reconstruction affords
much better precision. If the shower is detected by both HiRes I and II and two shower-detector
planes are determined for the event, the shower direction must lie along the intersection of the
two planes. Because of the simplicity of the method, it is virtually impossible to get the shower
direction and distance systematically wrong, once the pointing directions for the phototubes are
accurately determined.The largest data sample consists of events seen by HiRes I only, since
this detector turned on three years before the completion of Hires II. Because of the limited
elevation angle coverage of HiRes I monocular events are too short in angular spread for reliable
determination of the geometry by timing alone. Experiment and simulation have shown that
while the position of an EAS in the atmosphere will fluctuate, its shape has very little variation.
This shape is well described by the Gaisser-Hillas function. To improve resolution for the HiRes
I data, the expected form of the shower development (i.e. the shape of its longitudinal profile)
is used to constrain the time fit. The HiRes II event sample has longer track lengths and the
geometry can be well determined from timing alone. The profile constrained HiRes I fit has
been carefully checked using both simulations and comparisons of reconstruction with stereo
data for the subset of events where HiRes II was also triggered.Once the geometry of the event
is determined, the tube signals are used to determine the shower size in one degree angular bins
on the sky (for HiRes I), or in time bins corresponding to the FADC clock at HiRes II. Finally,
combining the bin signal, corrected for atmospheric attenuation, with knowledge of the shower
geometry, the size of the shower as a function of atmospheric depth is calculated. Cherenkov
light scattered into the detector is subtracted in an iterative process. The depth of shower
maximum, Xmax, and shower energy E are determined from the Gaisser-Hillas fit to the profile.
The shower energy is proportional to the integral of the Gaisser-Hillas function after corrections
are made for missing energy due to neutral particles or high-energy muons hitting the earth’s
surface. The missing energy correction ( 10 percent)is weakly hadronic model dependent. Fig. 3
shows a typical stereo event profile.
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Results on the Ultra-high Energy Cosmic Ray Spectrum

Fig. 5 shows the HiRes monocular and stereo spectra which clearly show the ”ankle” structure
and a cutoff at the expected GZK energy 9 . Fig. 4 shows the result of fitting the monocular
spectrum (which has th highest statistics) to three power laws with floating break points. The
statistical strength of the monocular observation of the GZK cutoff is about 5 sigma. The stereo

Figure 3: Cosmic ray profiled as measured by one of the eyes of the HiRes Stereo detector.

spectrum, while more limited in statistics has the best energy resolution due to the simplicity
and robustness of the geometrical reconstruction. In addition, we have developed a series of cuts
which make the stereo aperture essentially insensitive to variations in atmospheric transparency
and other systematic errors.
The detector aperture is defined as the effective area time solid angle in which an air shower
of a given energy will trigger the detector. For each of the HiRes detectors, the aperture grows
with energy since higher energy showers are brighter and can be detected at larger distances.
The apertures saturate at the highest energies to a value approaching 10,000 km2 str. The
apertures are calculated using a detailed detector and shower Monte Carlo whose results are
carefully compared with measured event distributions. The stereo aperture is determined by
demanding that both detectors trigger on the same event. The stereo aperture has a similar
form to the monocular aperture but it drops significantly below the monocular apertures for
energies below 1018.5 .
Our calculation of the stereo aperture can be made more robust by imposing additional
constraints. Simulations show that within a constant distance between our detectors and showers
we collect cosmic ray events with near 100 percent efficiency above a certain energy. For instance,
if Rp is less than 10 km, all events above 1018.2 eV are collected with nearly 100 percent
efficiency while for 20 km the corresponding energy is 1019 eV. This defines a geometrical aperture
constraint which allows us to calculate the aperture and spectrum at all energies with near 100%
efficiency.
The stereo spectrum in Fig. 5 shows an ankle structure in agreement with the monocular
spectra. A broken power law fit to the ankle region as determined from the stereo spectrum
yields power law indexes of -3.31 +/- .11 and 2.74 +/- .05 below and above the minimum at
1018.56 respectively. This is to be compared with the results from the monocular spectrum of
-3.25 +/- .01 and -2.81 +/- .03 and a minimum at 1018.65 . The GZK suppression break point is
at 1019.76 eV for the stereo spectrum and at 1019.75 for the mono spectrum.
Fig. 6 shows the PAO combined spectrum 10 . The spectrum is qualitatively similar to the
HiRes spectrum with a clear GZK cutoff whose statistical significance is approximately six
standard deviations.

Figure 4: The cosmic ray spectrum multiplied by E 3 as determined by the HiRes monocular and stereo analysis.

Figure 5: The cosmic ray spectrum multiplied by E 3 for the HiRes monocular data together with the result of a
fit to three power laws with floating break points.

Figure 6: The PAO combined spectrum.
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Correlation of Arrival Directions with AGNs

Since cosmic rays just below the GZK cutoff must come from relatively closeby sources ( z < .2 or
so, see Fig. 2) the HiRes data has been examined for correlation with various galactic catalogues.
The PAO experiment in the Southern Hemisphere has found a possible correlation with AGNs
in the Vernon catalogue with Z < .18 and with cosmic ray energies above 101 9.75 11 . The
correlations manifest as an excess of events within five degrees of the direction of the AGNs
relative to what is expected from a random correlation. This correlation was looked for and
the search parameters tuned in the first year of PAO data taking. The second year data, which
corresponds to an independent data sample, was then examined using these predetermined
conditions and a three sigma excess correlation with these AGNs was found. While not yet
statistically very strong, the correlation is intriguing, though it may in fact be with structure
that the AGN’s are tracking, rather than with the AGNs themselves. Another possibility is that
what is being detected is a broad enhancement from Cen A, which is a very close-in galaxy only
visible in the South.
The HiRes collaboration has used the PAO parameters to search for an excess in the Northern
hemisphere and has found nothing beyond what is expected from random coincidences with
approximately the same number of events as the independent sample used by PAO 12 . An
independent scan of half of the HiRes data yielded the most significant signal with slightly
different cuts in z and angle from PAO, but with a significantly lower minimum energy. However,
applying these cuts to the other half of the HiRes data yielded no significant correlation. Several
more years of PAO data will triple the statistics and should clearly determine whether this
correlation is real in the South. In the North, we await first results from the Telescope Array
detector, which is just beginning to take data. Several years of operation should double the
available data in this energy range in the North.
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Cosmic Ray Composition

Can we conclude that after more than forty years, the GZK cutoff has at last been discovered?
The independent five sigma observations by HiRes and PAO of the required flux downturn at the
predicted energy would seem to indicate that this is the case. However, the GZK effect is based
on the cosmic ray flux being composed of protons. A heavy composition, mostly composed of Fe
nuclei for example, could exhibit structure due to nuclear fragmentation. At sufficiently large
distances, an initially heavy flux would turn into a light composition dominated by protons. More
close in sources would, however, still contribute their share of heavy nuclei. Has the universe

Figure 7: Cosmic ray elongation rate as measured by the HiRes/MIA, HiRes Stereo and PAO hybrid event data.

assembled a distribution of sources and a heavy composition at the source to somehow mimic
the GZK like structure seen by experiments? One way to answer this question is to attempt to
measure the composition as a function of energy. The distribution of shower maxima (Xmax)
is known to be sensitive to the composition of cosmic rays. Both the elongation rate and the
absolute position of the mean Xmax and its fluctuations about the mean carry information about
the primary composition 13 . While the detailed interpretation is hadronic model dependent, a
measure of the systematic uncertainties can be garnered by comparing the predictions of a
variety of hadronic models, from QGS-Jet and Sybbil to DPM jet 14 . The elongation rate, or
slope of the mean Xmax per decade of energy, is essentially model independent up to energies
of 30 to 50 EeV and the variation in absolute mean Xmax position are in agreement to within
25-30 gm/cm2 in this energy region. Since the separation between a pure Fe and a pure p
spectrum is about 70-100 gm/cm2 , qualitative information about the nature of the primary
particles can certainly be had using this technique. Fig. 7 shows the elongation rate from the
HiRes stereo data 15 . Also included in this figure are lower energy data from an earlier hybrid
experiment 16 . Above 1 EeV, the data is consistent with a light, mainly protonic composition.
A similar result has been presented by the PAO collaboration 17 . Here ”hybrid” events are used,
as PAO has limited stereo aperture at lower energies. Given that the quoted systematic errors
for both experiments are about 15 gm/cm2 for the mean value of Xmax, the data are in good
agreement. The apparent change of slope of the elongation rate below 1018 eV may indicate
the transition to a heavier galactic compositon and would place the termination of the galactic
cosmic ray spectrum in this energy region, near the ”second knee” of the spectrum. There is
still controversy about the amount of heavy nuclei that can be accommodated near the GZK
energy, but it is already clear that a dominantly heavy Fe flux can be ruled out. In fact, the
HiRes data is quite consistent with a purely protonic spectrum above a few times 1018 eV.
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COLLECTIVE FLAVOUR TRANSITIONS OF SUPERNOVA NEUTRINOS
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When the neutrino density is very high, as in core-collapse supernovae, neutrino-neutrino
interactions are not negligible and can appreciably affect the evolution of flavour. The physics
of these phenomena is briefly highlighted, and their effects are shown on observable energy
spectra from a future galactic supernova within 2ν and 3ν frameworks. Detection of such
effects could provide a handle on two unknowns: the neutrino mass hierarchy, and the mixing
angle θ13 .
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Introduction

Neutrino flavour eigenstates (νe , νµ , ντ ) are related to mass eigenstates (ν1 , ν2 , ν3 ) by means of
an unitary matrix U , espressed in terms of three mixing angles θij and one phase δ associated
to possible CP violation.
We know rather precisely two squared mass differences (δm2 and ∆m2 , with δm2 ≪ ∆m2 )
and two mixing angles (θ12 and θ23 ). However we do not know yet the sign of ∆m2 (i.e., if the
mass hierarchy is normal or inverted), nor the value of θ13 or of δ. Some hints about the mass
hierarchy and the mixing angle θ13 could come from future core-collapse supernova events in
our galaxy (estimated to occur at a rate of a few per century).
In ordinary matter, neutrinos of all flavours are subject to neutral current interactions,
whereas νe ’s are also subject to charged current interactions on electrons. The νe − νµ,τ interaction energy difference is described by the Mikheev-Smirnov-Wolfestein (MSW) matter potential
√
λ(r) = 2 GF Ne (r) ,
(1)
where Ne (r) is the electron number density; see 1 for a review.
When the neutrino density is very high, as in core-collapse supernovae, ν − ν forward scattering may also become important 2 . Such interactions induce large, non-linear and collective
flavour conversions. Since neutrinos of different flavours are coupled during their evolution
history, collective effects are very different from neutrino oscillations in matter, and they are
described by means of the self-interaction potential µ. For this purpose, for each species να , it is
useful to introduce the effective density nα per unit of volume and of energy 3 . After energy integration, we get the total effective density of ν (N = Ne +Nµ +Nτ ) and of ν̄ (N = N e +N µ +N τ )
per unit volume. The potential µ, at any radius r, reads
√
(2)
µ(r) = 2 GF [N (r) + N (r)] .
Figure 1 4 shows the matter and self-interaction potentials (λ and µ), at a representative
time t = 5 s after the core-bounce, for a supernova spherically-symmetric bulb model 3 with a
neutrinosphere radius Rν = 10 km.
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Figure 1: Radial profiles adopted for the matter (λ) and self-interaction (µ) potentials, in the range r ∈
[10, 250] km, at t = 5 s after the core-bounce.

The typical range for the vacuum oscillation frequency ωH = ∆m2 /2E is ωH ∈ [0.1, 5.1] km−1
for ∆m2 = 2 × 10−3 eV2 . Therefore, at small radii (r ∈ [10, 200] km) self-interactions are not
negligible (µ ∼ ω). Usual MSW effects take place later (when λ ∼ ω) and, finally, vacuum
mixing must also be considered.
In our reference supernova scenario 5 , we assume a galactic core-collapse supernova releasing
a binding energy EB = 3× 1053 erg, equally distributed among the six neutrino and antineutrino
species, with luminosity decreasing with a time constant τ = 3 s. The unoscillated flux of the
neutrino species να , per unit of area, time and energy, is then
Fα0 (E, t) =

e−t/τ EB φ0α (E)
,
τ 24πRν2 hEα i

(3)

where we assume normalized thermal energy spectra φ0α (E) 4,6,7 with average energy hEα i. The
numerical values used for the mean energies are hEe i = 10 MeV, hEµ,τ i = hE µ,τ i = 24 MeV,
hE e i = 15 MeV, where the bar labels antineutrinos.
2

Collective effects in a two-flavour scenario

In a core-collapse supernova, because of the typical neutrino energies [E ∼ O(10) MeV], νµ
and ντ are both below the threshold for µ and τ production and have the same interactions.
In a two-flavour approximation, we can neglect the small mass difference δm2 and consider an
effective two-family (νe , νx ) scenario where νx is either νµ or ντ , and there are only two massmixing parameters, ∆m2 = 2 × 10−3 eV2 and sin2 θ13 < few %. We set sin2 θ13 = 10−4 , but the
precise value is not very important in this context.
In the flavour basis, the neutrino system is described by a 2 × 2 density matrix for each
energy mode. Decomposing the density matrix over the Pauli matrices, the evolution of the
system can be explained in terms of the Bloch vectors P and P (|P| = |P| = 1) , for ν and
ν̄ respectively. After trajectory averaging (single-angle approximation 3 ), the P and P modes
obey equations of motion which resemble precessions,
∞
µ
dE (n P − n P) × P ,
+ωH B + λz +
Ṗ =
N +N 0


Z ∞
µ
˙ =
dE (n P − n P) × P ,
P
−ωH B + λz +
N +N 0



Z



(4)
(5)
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Figure 2: Single-angle simulation in inverted hierarchy: Fluxes at the end of collective effects (at r = 250 km,
in arbitrary units) for different neutrino species, as a function of energy. Initial fluxes (r = 10 km) are shown as
dotted lines to guide the eye, with average energies reported on top.

where B is a three-dimensional “magnetic field” vector embedding θ13 4,6 . For each energy mode,
the third component of P (Pz ) is related to the survival probability at the time t:
Pz (t)
1
1+
Pνe →νe (t) =
2
Pz (0)




.

(6)

Figure 2 4 shows the fluxes Fα′ at the end of collective effects (r ∼ few × 100 km) with
respect to the unoscillated ones Fα0 . In inverted hierarchy, a full flavour swap takes place at
certain energies (Ec ∼ 7 MeV for ν and E c ∼ 4 MeV for ν̄, in our scenario) 4,8,9 . This full flavour
conversion is called spectral split and is an important signature of collective effects 10,11,12,13 . It
takes place only in inverted hierarchy, for any θ13 6= 0 14 . If the hierarchy is normal or if θ13 ≡ 0,
then Fα′ ≃ Fα0 for each να (i.e., there are no significant conversion effects).
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Self-interactions in a three-flavour scenario

The two-flavour approximation captures several features of collective effects. Are these effects unchanged in a three-flavour analysis? For this purpose, we have developed a framework
with three neutrino families 7 , using all three mixing angles (sin2 θ13 = 10−6 , sin2 θ12 = 0.314,
sin2 θ23 ∈ [0.5, 0.36, 0.64]), both mass differences (δm2 = 8 × 10−5 eV2 and ∆m2 = 2 × 10−3 eV2 )
and including the one-loop νµ − ντ matter potential correction 15 . We consider the evolution
at four different times (t = 1, 5, 10, 20 s) after the core-bounce. The self-interaction and matter
potentials are plotted in Fig. 3. We expect that collective effects take place at different radii
for different t, and MSW effects take place after collective ones. In this particular case, MSW
oscillations are not relevant because of the tiny value of θ13 chosen. According to this choice,
after collective effects, we have only to consider θ12 mixing to get the final ν fluxes to the Earth.
In three generations, the density operator is a 3 × 3 matrix in flavour basis. Decomposition
√
over Gell-Mann matrices provides eigth-dimensional Bloch vectors (|P| = |P| = 2/ 3). For
each energy mode, the evolution equations in inverted hierarchy are
∞
µ
dE (n P − n P) × P ,
N +N 0


Z ∞
µ
˙ = −(ω B − ω B ) + λv +
P
dE (n P − n P) × P .
L L
H H
N +N 0

Ṗ =



+(ωL BL − ωH BH ) + λv +

Z



(7)
(8)

In the above equations, the first (vacuum) terms embed the squared mass splittings via ωL,H
(with ωL = δm2 /2E), and the mixing angles via two “magnetic fields”, BL,H 7 . The second
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Figure 3: Radial profiles of the self-interaction potential µ (left) and of the matter potential λ (right). The black,
green, blue and magenta curves correspond to t = 1, 5, 10, and 20 s, respectively. In the left panel, the shaded
horizontal band marks the µ range where bipolar effects develop. In the right panel, the shaded band marks the
range of ωH for E ∈ [1, 50] MeV, where MSW effects may develop, if the H-resonance condition (λ ∼ ωH ) is
satisfied and if sin2 θ13 > 10−5 .

(matter interaction) term, λv, also includes the ντ − νµ potential difference at one loop 15,16,17 ,
whose size is δλ/λ ≃ 5 × 10−5 ; the vector v is a linear combination of the unitary vectors u3
and u8 .
In the three-flavour scenario, the survival probability is a linear combination of the third and
the eighth components 18 . In fact the analogous of the third component of P in the two-flavour
approximation is, in the three-flavour case, a linear combination of the third and eighth ones:
P8
Pz → P3 + √ .
3

(9)

Figure 4 shows the intermediate fluxes, Fα′ (E, t), at the end of collective effects (r ≃ 500 km)
for four different times after the core-bounce. Figure 5 shows the corresponding fluxes Fα (E, t)
at the Earth i.e., including final vacuum mixing effects. Split signatures of collective effects
are still visible in νe and ν̄e fluxes of Fig. 5, and they are similar for different times after the
core-bounce. In view of prospective observations of galactic supernova neutrino bursts, the
persistence of similar stepwise features for several seconds is useful, because we may expect to
see them also in time-integrated spectra. The x-flavour split features in Fig. 5 are suppressed
by θ12 mixing with respect to Fig. 4.
In a two-flavour analysis a full flavour conversion (νe , νx ) takes place above certain energies
(E > Ec for ν and E > E c for ν̄), while in the three-flavour framework one linear combination
of νµ and ντ remains a “spectator”, so that:
Fe′

≃

(

Fe0 (E < Ec )
Fx0 (E > Ec )

and

2Fx′

≃

(

2Fx0
(E < Ec )
0
0
Fe + Fx (E > Ec )

(10)

and similarly is for antineutrinos. This limiting behavior is shown in Fig. 6: the solid curves
(oscillated fluxes) exactly superimpose to the dashed ones (linear combinations of non-oscillated
fluxes, as in Eqs. 10).
Supernova neutrino fluxes are, in principle, sensitive to the specific value of θ23 . In fact if
θ23 belongs to the first (second) octant, a leading νe → ντ (νe → νµ ) takes place, or if θ23 is
maximal, νµ and ντ fluxes are exactly equal 16 . This different behaviour in νe conversion (in νµ
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Figure 4: Single-angle simulation in inverted hierar′
chy: Fluxes of ν (Fα′ ) and ν̄ (F α ) for four different
t after the core-bounce and at the end of collective
effects, rescaled to d = 10 kpc.
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Figure 5: Single-angle simulation in inverted hierarchy: Final oscillated fluxes of ν (Fα ) and ν̄ (F α ) at
d = 10 kpc (collective effects + vacuum propagation).

or in ντ ) according to the specific value of the mixing angle θ23 is shown in Fig. 7. Unfortunately,
νµ and ντ fluxes cannot be separately detected.
Although collective split signatures are similar in two and three-flavour scenarios, it is worth
stressing that the former is not a limit of the latter, because the ν −ν interaction physics depends
on the absolute luminosities (which are different, if shared among two or three flavours).
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Conclusions

Neutrino-neutrino interactions are not negligible when the neutrino density is very high, as in
core-collapse supernovae. ν − ν interactions are sensitive to the mass hierarchy and θ13 . In fact,
if the hierarchy is inverted and θ13 6= 0, split features are observable in the spectra. Otherwise
if θ13 = 0 or the hierarchy is normal, there are no significant conversion effects in general.
A two-flavour approximation is useful to analyze the qualitative behavior; however the total
neutrino luminosity influences the evolution, and it changes if it is distributed on two or three
families. As a consequence, three-generation analyses are important to validate the results.
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5.1
Neutrino Physics
Leptogenesis

LEPTOGENESIS AND ITS ELECTROMAGNETIC VARIANT
BORIS KAYSER
Fermilab, MS 106, P.O. Box 500, Batavia, IL 60510, USA

We briefly explain how the present baryon-antibaryon asymmetry of the universe could have
arisen through leptogenesis, and then discuss a new version of leptogenesis in which CP violation in electromagnetic decays plays the central role.

1

Standard Leptogenesis

The universe presently contains 6 × 10−10 baryons for every photon, but essentially no antibaryons. Yet, from cosmology and particle physics we believe that any initial asymmetry
between the number of baryons and the number of antibaryons would have been erased shortly
after the big bang. We must then understand how a universe with equal numbers of baryons and
antibaryons evolved into one with many more baryons than antibaryons. Sakharov pointed out
long ago that such a change from baryon-antibaryon symmetry to baryon-antibaryon asymmetry
could not have occurred without a violation of CP invariance. The Standard-Model CP violation
in the quark mixing matrix, observed in K and B decays, can lead only to a baryon-antibaryon
asymmetry very much smaller than the one observed. However, CP violation in leptogenesis, a
scenario that involves the leptons, can produce an asymmetry of the observed magnitude.
Leptogenesis 1, 2 is an outgrowth of the see-saw model, 3 the most extensively studied theory
of why the neutrinos are so light. In its straightforward form, the see-saw model adds to the
Standard Model (SM) only several (three, say) weak-isospin singlet, right-handed neutrinos NkR .
These are given very large Majorana masses Mk , and Yukawa couplings to the SM light lepton
doublets and the SM Higgs doublet. Thus, in the see-saw picture, the Lagrangian is that of the
SM plus
3
3
X
X
Mk c
NkR NkR −
yjk [νjL ϕ0 − `jL ϕ− ]NkR + h.c. .
(1)
Lnew = −
2
k=1
j,k=1

Here, νjL and `jL are the members of the SM light-lepton doublet of the jth generation, ϕ+
and ϕ0 form the SM Higgs doublet, yjk is a Yukawa coupling constant, and c stands for charge
conjugation.
The Yukawa interaction in Eq. (1) gives rise to the decays Nk → νj + ϕ0 and their CP-mirror
+
images, Nk → νj + ϕ0 , and to the decays Nk → `−
j + ϕ and their CP-mirror images, Nk →
+
`j + ϕ− . If there are CP-violating phases in the Yukawa coupling matrix y, then interferences
between tree and loop diagrams will lead to CP-violating differences between the rates for CPmirror-image N decays. For example, interference between the diagrams shown in Fig. 1 leads
to the CP-violating difference
+
+
−
∗ ∗
Γ(N1 → `−
j + ϕ ) − Γ(N1 → `j + ϕ ) ∝ =(yj1 yn1 yj2 yn2 ) .

(2)

Figure 1: A tree diagram and a loop diagram contributing to the decay of the heavy neutrino N1 .

Even if the heavy neutrinos N are too massive to be produced and studied at present-day
accelerators, they would have been present just after the hot big bang. If their early-universe decays involved CP asymmetries such as the one in Eq. (2), and occurred out of equilibrium, then
these decays would have left the universe with unequal numbers of leptons and antileptons. This
would have been Step One of leptogenesis—a two-step scenario. In Step Two, the nonperturbative SM “sphaleron” process would have acted. The sphaleron process does not conserve baryon
number B, defined as the total number of baryons minus the total number of antibaryons, or
lepton number L, defined similarly. However, this process does conserve B − L . Starting from
the initial state produced by Step One, with initial values Bi = 0 but Li 6= 0, the sphaleron
process would have yielded a final state with final values Bf ' − 13 Li and Lf ' 23 Li ' −2Bf .
Perhaps this two-step scenario is how the universe came to have a non-vanishing baryon number.
In the simplest picture, the leptonic asymmetry produced by Step One comes from decay
of the lightest N , which we call N1 , and the final lepton flavors, e, µ, and τ , may be treated
identically. Then, summing over the final lepton flavors, the CP-violating asymmetry is
 ≡
=

Γ(N1 → Lφ) − Γ(N1 → L̄φ̄)
Γ(N1 → Lφ) + Γ(N1 → L̄φ̄)
X
1
1
=[{(y † y)1m }2 ]K
8π (y † y)11 m

(3)
2
Mm
M12

!

.

Here, L stands for all the light lepton doublets, φ is the Higgs doublet, and K is a kinematical function which is of order unity so long as Mm /M1 is not near unity or extremely large.
Disregarding the matrix structure of y, we see that
 ∼ y 2 /10 .

(4)

To explain the present ratio of baryons to photons, ∼ 10−9 , we require that  ∼ 10−6 . Thus, we
must have y 2 ∼ 10−5 .
In addition to giving rise to the early-universe decays of the heavy neutrinos, the Yukawa
interaction in the see-saw Lagrangian of Eq. (1) plays another role. As the universe cools
through the electroweak phase transition (which occurs after the heavy neutrinos have decayed),
the neutral Higgs field develops its present vacuum expectation value, hϕ0 i0 ≡ ν ' 175 GeV.
Correspondingly, the Yukawa term νL y ϕ0 NR (in matrix notation) in Eq. (1) develops a piece
†
νL (yν)NR = νL MD
NR , where MD ≡ (yν)† is a 3 × 3 Dirac mass matrix for the neutrinos. In
the see-saw model, it is assumed that, since no symmetry prevents the Majorana masses Mk
from being very large, they are very large. That is, MN  MD , where MN is the diagonal
matrix whose diagonal elements are the masses Mk . As is well known, the mass matrix for the
familiar light neutrinos, Mν , is then given by the see-saw relation,
T
Mν ' −MD

1
MD .
MN

(5)

Disregarding the details of matrix structure, we see from this relation and MD ≡ (yν)† that
the light neutrino masses, empirically of order 0.1 eV, must be of order (yν)2 /MN . Now, we
saw previously that successful leptogenesis requires that y 2 ∼ 10−5 . From this requirement and
the demand that (yν)2 /MN ∼ 0.1 eV, it follows that MN must be of order 109 GeV. That is,
the requirement that the Yukawa interaction in the see-saw picture give rise both to successful
leptogenesis and to light neutrino masses of the observed size leads to heavy neutrinos far beyond
the range of the LHC.
In a basis where the charged lepton mass matrix is diagonal, the Yukawa coupling matrix y
of Eq. (1) is the only source of CP violation among the leptons. If y contains CP-violating phases
that drive leptogenesis, then these phases will also appear in MD ≡ (yν)† . Thus, in general,
CP-violating phases will also appear in the light neutrino mass matrix Mν , which is related to
MD through the see-saw relation, Eq. (5). Consequently, in general, CP-violating phases will
also appear in the light neutrino mixing matrix U , which is just the matrix that diagonalizes
Mν . Since CP-violating phases in U lead to CP violation in light neutrino oscillation and in
neutrinoless double beta decay, we expect CP violation in these phenomena if leptogenesis is
indeed the explanation of the baryon-antibaryon asymmetry of the universe.
2

Electromagnetic Leptogenesis

Let us turn now to a new variant of leptogenesis—electromagnetic leptogenesis. 4 Suppose that
new physics at a high mass scale Λ > MN leads to “electromagnetic” N decays,
N → L + φ + (γ or Z or W ) ,

(6)

which yield an electroweak gauge boson in addition to the particles emitted in the N decays of
standard leptogenesis. Could CP violation in such electromagnetic decays produce a successful
alternative to standard leptogenesis? If so, could this alternative be successful even if the N
masses are in the TeV range, rather than ∼ 109 GeV, so that the heavy neutrinos are within
range of the LHC? To explore these questions, we assume that the new physics leads to the
dimension-six effective “electromagnetic” interaction
−L“EM00 =

3
1 X
~ αβ ] φ̄NkR + h.c. .
LjL σ αβ [λjk Bαβ + λ̃jk ~τ · W
Λ2 j,k=1

(7)

Here, λjk and λ̃jk are dimensionless complex coupling constants, LjL is the SM light lepton
doublet of the jth generation, φ is the SM Higgs doublet, Nk is one of the three isospin-singlet

~ αβ are the usual isosinglet
heavy neutrinos, ~τ is the vector of Pauli matrices, and Bαβ and W
and isotriplet SM field-strength tensors.
If there are CP-violating phases in the coupling matrices λ and λ̃, then, just as in standard
leptogenesis, tree-loop interferences will lead to CP-violating differences between the rates for
CP-mirror-image N decays. For example, the interference between the tree and loop diagrams
in Fig. 2 can lead to Γ(Nk → Lj φB) 6= Γ(Nk → L̄j φ̄B), where B is the isosinglet SM gauge
boson. Explicit calculation shows that, for suitable values of the parameters, electromagnetic
and standard leptogenesis can yield similar CP-violating asymmetries .

Figure 2: The tree diagram and a loop diagram contributing to the “electromagnetic” N decay Nk → Lj φB.

Before discussing this more quantitatively, we note that, once the universe cools through
the electroweak phase transition and ϕ0 acquires its vacuum expectation value, the new “EM”
interactions of Eq. (7) contribute to the light neutrino masses through the diagrams in Fig. 3.
In these diagrams, the blob is the new EM interaction. Diagram A, in which g 0 is the SM U (1)

Figure 3: Diagrams through which the new effective EM interactions contribute to the light neutrino masses.

gauge coupling constant, is a Dirac mass term that will contribute to the light neutrino mass
via the see-saw mechanism. Diagram B is a Majorana mass term that will contribute to the
light neutrino mass directly.
Table 1 compares the N1 decay rate Γ1 , the CP asymmetry  in this decay, and the light
neutrino masses arising from the EM interactions of Eq. (7) to their standard-leptogenesis counterparts that arise from the Yukawa couplings of Eq. (1). The EM column of this table includes
only contributions from the couplings to the isosinglet gauge boson B, and among the loop
diagrams only the self-energy diagram of Fig. 2, but the contributions of the couplings to the
isotriplet gauge boson W , and those involving vertex-correction loop diagrams, are expected to
be of similar magnitude.
From Table 1, we see that apart from the suppression factor (M12 /8πΛ2 )2 , the CP asymmetry  produced by electromagnetic leptogenesis is very similar to that produced by standard
(Yukawa) leptogenesis, with the coupling matrix λ in the former playing the role of y in the
latter. Thus, if standard leptogenesis can successfully explain the baryon-antibaryon asymmetry
of the universe, so can EM leptogenesis. However, from Table 1 we also see that the neutrino

B
Table 1: Comparison between standard and electromagnetic leptogenesis. The mass terms mA
ν and mν correspond,
respectively, to the diagrams A and B in Fig. 3.

Standard
Γ1 =
∼

1
†
8π (y y)11 M1

† 2
1 =(y y)1m M1
8π (y † y)11 Mm

−1 †
mν ∼ y ∗ MN
y hϕi2

Electromagnetic
1
†
2π (λ λ)11 M1




M12 2
2
8πΛ

† 2
1 =(λ λ)1m M1
2π (λ† λ)11 Mm




M12 2
2
8πΛ

Γ1 =
∼

−1
T
2
mA
ν ∼ λ MN λhϕi

mB
ν ∼



2
g0
2
16π

λT M N λ
1
hϕi2 16π
2
Λ2

masses stemming from the EM couplings λ are not so different from those arising from the
Yukawa couplings y. Thus, if standard leptogenesis cannot be compatible with both the observed baryon asymmetry of the universe and the observed rough masses of the light neutrinos
unless the heavy neutrinos N have masses far above the range accessible to the LHC, the same
is true of EM leptogenesis.
To illustrate, let us assume that the Yukawa couplings y are negligible, so that N decays and
the light neutrino masses are both dominated by the EM couplings λ. Disregarding the matrix
structure of λ, taking λ ∼ 35 and Λ ∼ 10 M2 ∼ 20 M1 , we find from Table 1 with m = 2 that
 ∼ 10−6 . This value of the CP asymmetry successfully accounts for the present ratio of baryons
to photons. If we now take, in particular, M1 ∼ 5×1012 GeV, and disregard the matrix structure
B
of MN , we find that mA
ν ∼ 0.03 eV and mν ∼ 0.1 eV. Thus, the EM interaction of Eq. (7) can
indeed account for both the cosmic baryon asymmetry and the light neutrino masses, but only
if the N masses are very large.
As noted earlier, if standard leptogenesis occurred in the early universe, then one expects
CP violation in light neutrino oscillation today. We now see that if electromagnetic, rather than
standard, leptogenesis occurred, then we still expect CP violation in light neutrino oscillation.
As we have observed, the new EM couplings that would drive EM leptogenesis also lead to
neutrino masses. If leptogenesis is dominated by these couplings, then the neutrino masses
probably are as well. CP-violating phases in the couplings will lead to CP-violating phases
in the light neutrino mass matrices (see Table 1). In turn, the latter phases will lead to CPviolating phases in the light neutrino mixing matrix, and consequently to CP violation in light
neutrino oscillation. Thus, whether the baryon asymmetry of the universe is due to standard
leptogenesis or to its electromagnetic variant, we expect to see CP violation in light neutrino
oscillation, and the search for this CP violation as a test of the general hypothesis of leptogenesis
is very strongly motivated.
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0νββ : PRESENT (CUORICINO) AND FUTURE
F. FERRONI
Dipartimento di Fisica & INFN Sapienza Universitá P.za A. Moro 5,
I-00185 Roma, Italy

We examine the status of the research in neutrino-less double beta decay with particular
attention on the technique that have passed the test of first generation experiment and are
now being considered for the next generation. The goal of the experiments to come is to
confront the inverted hyerarchy of the, yet unknown, neutrino mass spectrum. The final,
although preliminary results of Cuoricino are also presented.

1

Introduction

Mysteries about neutrinos are several and of different nature. We know that they are neutral
particles with an extraordinary little mass compared to the one of all the other particles. Although they are massive we have not succeeded yet in measuring their mass. We do not know if
the neutrino is a particle different from its antiparticle or rather as hypothesized1 by Majorana
in 1937 they are the same particle. Majorana observed that the minimal description of spin 1/2
particles involves only two degrees of freedom and that such a particle, absolutely neutral, coincides with its antiparticle. If the Majorana conjecture holds then it will be possible to observe an
extremely fascinating and rare process that takes the name of Neutrinoless Double Beta Decay
(0ν DBD). The net effect of this ultra rare process will be to transform two neutrons in a nucleus
into two protons and simultaneously to emit two electrons. Since no neutrinos will be present in
the final state the sum of the energy of the two electrons will be a line. The rate of this, so far,
unobserved phenomenon will also allow a determination, although not precise, of the neutrino
mass. A set of pioneering experiments2 has been performed for this search. With the exception
of one, all of them resulted into a negative observation. The one claiming a positive evidence3
(about 4σ) has not fully convinced the community and it is waiting for a possible confirmation.
A new generation of experiments is in preparation for challenging this difficult problem. They

shall meet the requirement of having a sensitivity such to be able to probe the inverted hierarchy
region of the neutrino mass spectrum as described by the most recent analyses 4 of the global
neutrino data.
2

Majorana Neutrinos and Double Beta Decay

Neutrinoless double-beta decay is an old subject. What is new is the fact that, recently, neutrino
oscillation experiments have unequivocally demonstrated that neutrinos do have a non zero mass
and that the neutrino mass eigenstates do mix. Indeed the massive nature of neutrinos is a key
element in resurrecting the interest for the Majorana conjecture. The difference between Dirac
neutrinos and Majorana ones is shown in Fig. 1.

Figure 1: Dirac and Majorana neutrinos.

The practical possibility to test the Majorana nature of neutrinos is indeed in detecting the
process shown in Fig. 2, the Double Beta Decay (DBD) without emission of neutrinos.
Although the possibility for this process was pointed out by W. Furry5 far in the past the
experimental search looked just impossible. The key element for the process to occur is in fact
in the helicity flip needed. As long as the neutrino was thought to be massless this could just
not happen. Nowadays we know that this is indeed possible. The discriminant between Dirac
and Majorana neutrinos is in the lepton flavour conservation, required by Dirac and violated by
Majorana. The observation of neutrinoless DBD would be the proof of the Majorana conjecture.
The oscillation experiments have yielded valuable information on the mixing angles and on the
mass differences of the three eigenstates. They cannot, however, determine the scale of the
neutrino mass, which is fixed by the lightest neutrino mass eigenvalue. This can only be directly
determined by beta decay end point spectral shape measurements, or in the case of Majorana
neutrinos, by the observation and measurement of the neutrinoless double-beta decay half-life.
The oscillation experiments yield values for the mixing angles and mass differences accurate
enough to allow the prediction of a range of values of the effective mass of the Majorana electron
neutrino. As a function of the oscillation parameters indeed we find that
2
= cos2 θ13 (m1 cos2 θ12 + m2 e2iα sin2 θ12 ) + m3 e2iβ sin2 θ13
mββ = Σmνk Uek

Figure 2: Neutrinoless Double Beta Decay diagram.

According to most theoretical analyses of present neutrino experiment results, next-generation
DBD experiments with mass sensitivities of the order of 10 meV may find the Majorana neutrino
if its mass spectrum is of the quasi- degenerate type or it exhibits inverted hierarchy.
3

Experimental techniques

The DBD are extremely rare processes. In the two neutrino decay mode their half- lives range
from T1/2 ≃ 1018 y to 1025 y . The rate for this process will go as
1/τ = G(Q, Z)|Mnucl |2 m2ββ
The first factor (phase space) that goes like Q5 is easily calculated. The second (nuclear matrix
element) is hard to compute. Several calculation made under different approaches6 exist and
although the agreement is getting better with time still they worringly differ.
The experimental investigation of these phenomena requires a large amount of DBD emitter, in low-background detectors with the capability for selecting reliably the signal from the
background. The sensitivity of an experiment will go as
S 0ν ∝ a(

M T 1/2
) ǫ
b∆E

Isotopic abundance (a) and efficiency (ǫ) will end up in a linear gain, while mass (M) and time
(T) only as the square root. Also background level (b) and energy resolution (∆E) behaves
as a square root. In the case of the neutrinoless decay searches, the detectors should have
a sharp energy resolution, or good tracking of particles, or other discriminating mechanisms.
There are several natural and enriched isotopes that have been used in experiments with tens
of kilograms. Some of them could be produced in amounts large enough to be good candidates
for next generation experiments. The choice of the emitters should be made also according to
its two-neutrino half-life (which could limit the ultimate sensitivity of the neutrinoless decay),

Figure 3: Candidate elements for 0ν DBD.

according also to its nuclear factor-of-merit and according to the experimental sensitivity that
the detector can achieve. The element has to be chosen amongst the one in the following figure 3.
Double beta decay experiments can be divided into two main categories (see Fig. 4): measurement with source separate from the detector and measurement with a detector that also
acts as source.

Figure 4: Schematics of main DBD detector types.

When the source is the same as the detector (calorimetric type), source mass is maximized
while materials that could potentially contribute to the background is minimized. Also energy
resolution can be optimized. However the absence of topological signature does not allow to
reject on the event-by-event basis the background coming from natural radioactivity. Conversely
the other type of detectors (spectrometer type) can optimize the background rejection although
at the cost of a reduced mass, a complicate geometry and a definetely worse energy resolution.

4

The present: CUORICINO

Cryogenic bolometers, with their excellent energy resolution, flexibility in material, and availability in high purity of material of interest, are excellent detectors for searching neutrinoless
double beta decay. Kilogram-size single crystals (cubic crystals of 5cm side) of T eO2 are available
and were utilized in CUORICINO in an array for a total detector mass of 40 kg. CUORICINO
results from a total exposure of 18.0 kg-yr of 130 T e (Fig. 5) show no evidence for a peak at 2527.2
keV, the, newly measured 7 , expected Q-value for 130 T e. The absence of any excess events above
backgrounds in the region of interest gives a limit of T1/2 ≥ 2.94 × 1024 y (90%) C.L. on the 0ν
decay rate of 130 T e. This corresponds to an effective neutrino mass of mββ ≤ 0.20 − 0.94 eV, the
range reflecting the spread in nuclear matrix element calculations. The background measured
in the region of interest is 0.18 ± 0.01 counts/keV/kg/y.

Figure 5: CUORICINO preliminary final results.

5

A look in the crystal ball

A few experiments on 0νDBD are in preparation around the world. To my personal taste the
most promising and justified are: GERDA at LNGS, SuperNemo whose location is at present
undecided, EXO at WIPP and CUORE at LNGS. They are representative of the different options
and technologies. All of them push the present technology further in a more or less credible way.
They will get close or even bite into the inverted hierarchy mass range. They have a chance to
discover the process or at worse to indicate the road for yet another step. In brief, let’s examine
the strong points of each of them.
GERDA
The experiment GERDA8 , actually in preparation at LNGS with the goal of starting data
taking in 2009 is a 3-phased project. It is a ionization calorimeter utilizing at the beginning the
enriched-76 Ge diodes recuperated from Heidelberg-Moscow9 and IGEX10 . The technology differs
from the former two experiments in having bare diodes operating in a tank filled by LAr with
the function of shield. Its goal on phase 1 is to scrutinize, in about one year running time, the
claim of the only positive evidence so far obtained. It will do so by having higher mass and
less background. Germanium for additional diodes has been already purchsed and enriched and
it will be transformed into detectors in the future for phase 2 (40 kg in total). An important
improvement in phase 2 will be the segmentation of the detectors for a better background
rejection. The reach of phase 2 will be between 100 and 200 meV of effective neutrino mass

depending on the uncertainty in background and matrix elements. An eventual phase 3 is under
discussion and might involve a merging with the Majorana collaboration11 .
SuperNemo
NEMO, actually running at Modane laboratory in the Frejus tunnel, is a beautiful exemplification of the power of a tracking device for background rejection. In fig. 6 there is an event of
double beta decay with two neutrinos perfectly reconstructed. The problem of a future expan-

Figure 6: A DBD with emission of two neutrinos reconstructed in the NEMO detector.

sion (SUPERNEMO12 ) of this experiment is mainly in the scale. To get a sufficient mass a huge
detector has to be build. Whether this is compatible with the stringent requirements imposed
by this kind of experimentation it has to be seen. Still the potential of this specific technique is
high, also because many different isotopes could be tested. The final sensitivity is expected in
the range of 50 meV.
EXO
EXO experiment13 , in preparation at WIPP14 facility is a two-stage experiment. The first
data taking will happen with a 200 kg LXe detector (80% enriched in 136 Xe). The strong point
of the detector will be the good energy resolution (σE /E = 1.6%). The reach will be in the
few hundreths of meV in a run of two years. The dramatic jump in sensitivity should come
later by exploiting a concept that in principle should bring the experiment to run with much
reduced background. The transition producing the process shall be 136 Xe →136 Ba++ + 2e− .
The idea is to grab the Ba ion, bring it outside the calorimeter and identify it. The last part
would make use of a laser exciting an optical transition and it has already been proven to be
effective. How to practically trap the Ba ion is still matter of a vigourous R&D. The success of
it, might bring the EXO phase 2 (1 ton Xe complemented by the Ba identification) to a level of
50 meV sensitivity range.
CUORE
CUORE15 is the natural extrapolation of CUORICINO. 19 towers CUORICINO-like in a
large cryostat. The main changes are in a better surface treatment of both the crystals and
the copper mechanical structure, a better shielding made by Roman lead and a liquid-free
refrigerator. The hope is to get the background reduced by no less than one order of magnitude
with respect to CUORICINO. The crystals are produced at SICCAS (Shanghai, PRC) under
a very strict protocol and the tests so far performed on the first batch arrived are all positive
showing their excellent quality in terms of radiopurity. The final choice of copper cleaning, the
very crucial issue for the final background of the experiment, depends upon a test that is being

performed at LNGS in the Cuoricino cryostat. Three towers of 12 crystals have been build with
three copper structures differing by cleaning technology. The best performing structure will be
chosen and immediately after the collaboration will start the construction of CUORE0, the first
tower of CUORE that will be housed in the Cuoricino cryostat and will take data from beginning
of 2010 to the start of CUORE in 2012. The sensitivity, scaled from what is now measured in
CUORICINO, will be in the tens of meV. At least a part of the mass region allowed by the
inverted hyerarchy will be explored.
6

Conclusion

Neutrino physics is one of the leading field of the high energy research today. One of the top
question that has to be answered is about the Dirac or Majorana nature of neutrino mass.
The neutrino-less double beta decay search is the only experimental line that can answer this
fundamental question and it might also be the sole chance to provide a measure of neutrino mass.
Many experiments are in preparation in several underground laboratories in the world. GERDA
at LNGS will definitely check the only existing claim on the matter. SuperNEMO will try to
extrapolate to a very large scale the concept of a tracking detector. EXO has the ambition of
opening a complete new frontier for going to an almost zero background experiment. CUORE,
solidly founded on the the CUORICINO experience and results, looks ready to challenge, at
least partially, the mass region predicted by the inverted hyerarchy. Exciting times are in front
of us.
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Among the mechanisms which successfully explain the generation of the Baryon Asymmetry
of the Universe, Leptogenesis through right-handed neutrino decays is especially attractive.
Unfortunately, this theory suffers from a lack of testability. Indeed, the high energy relevant
ingredients in the asymmetry creation are either indirectly linked to low energy observables
or unreachable by our present experiments. We propose here to take the problem the other
way around by studying whether this mechanism could at least be disproved. We argue that
the observation of a right handed gauge boson WR at future colliders could play this role.

1

Introduction

Considering right-handed neutrinos N in addition to - or being part of - the Standard Model
offers the possibility to generate neutrino masses through the well-known see-saw mechanism.
The latter finds its origin in the Yukawa interactions and the Majorana masses of the righthanded neutrinos
e Y † N − 1 N mN N c + h.c.
L ∋ −L H
(1)
ν
2

where L stands for the lepton weak doublets and H̃ is related to the standard Brout-EnglertHiggs (hereafter simply Higgs) doublet H ≡ (H + , H 0 ) by H̃ = iτ2 H ∗ . This is not the only
virtue of the see-saw mechanism : it also provides a way to generate the baryon asymmetry of
the Universe (BAU) through the so-called Leptogenesis mechanism 1 , and this without requiring
any further interactions.
In the standard scenario, the resulting baryon asymmetry could be parametrised by the
product of three quantities : ǫN , the amount of CP asymmetry created through right-handed

neutrino decay, the Boltzmann equations which determine the efficiency η, and finally rL→B ,
the rate of L to B sphaleron conversion (-28/79 in the SM 2 ) :
YB = ǫN η YNeq (T ≫ mN ) rL→B

(2)

with Yi ≡ ni /s, YB ≡ YB − YB̄ , YL ≡ YL − YL̄ , ni the comoving number density of the species
”i”, ”eq” referring to the equilibrium number density, and s the comoving entropy density.
Although very elegant, Leptogenesis present a major practical deficiency since it resists to
any tentative of being tested. For example, when considering a hierarchical spectrum for the
right-handed neutrinos, oscillations parameters constraint the right-handed neutrinos to have
a mass far above our current accelerator limits 3 . This scale could however be lowered by
invoking resonant Leptogenesis mechanism 4 , i.e. by considering a nearly degenerate spectrum
; unfortunately the production of N generically suffers in this case from a suppression of the
Yukawa couplings coming from the neutrino mass constraints. On the other hand, when one
tries to relate the CP violation which generate the asymmetry with low energy observables,
one can show that there is no direct link between them since Leptogenesis depends generically
on high energy parameters which do not enter in the measurable low energy observables (in
particular in the neutrino masses).
Here, we propose to tackle the problem the other way around : if Leptogenesis could not
be tested, could it be at least disproved ? We propose here one possibility, namely through the
observation of a right-handed gauge boson WR . Unlike in the standard case where right-handed
neutrinos are introduced in an isolated way, these new fields naturally take place in higher
representations of Grand Unified Theories, where they live together with SU(2)R gauge bosons.
It must be stressed that neglecting, as usually done, the effect of SU(2)R gauge bosons is an
assumption, as it has been shown that their effect must be taken into account if the WR mass
is not several orders of magnitude above the N ones 5 .
2

Leptogenesis in the presence of a WR

The relevant interactions when introducing right-handed gauge bosons are

g
L ∋ √ WRµ ūR γµ dR + N̄ γµ lR
2

(3)

where N and the right-handed charged leptons (lR = eR , µR , τR ), and uR and dR , are members
of a same SU (2)R doublet. They induce two types of interactions which dramatically influence
the asymmetry generation.
2.1

Decay effects

The first effect induced comes from the presence of new decay channels. Depending on the
relative values of the WR and the right-handed neutrino masses, the latter could decay in two
or three bodies. Given the large value of the gauge couplings, the three body decay can easily
compete with the Yukawa two body decay. Since these new channels are CP conserving, they
introduce a dilution of the asymmetry ǫ(0) generated in the standard case, i.e. without WR
effects:
(l)

ǫ=

(l)

ΓN − ΓN
(l)

(W )

Γtot + Γtot R

(l)

≡ ǫ(0)

Γtot
(l)

(W )

Γtot + Γtot R

,

(4)

where Γ(l) and Γ(WR ) stand for decays through Yukawa and gauge couplings respectively. Unlike
in standard Leptogenesis where the efficiency of the asymmetry creation could be as high as order
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Figure 1: Evolution of the abundances as a function of z ≡ mN /T . Plain (Dashed) lines represents YN (YL )
evolutions in the cases explained in the text. Green (grey) horizontal band represents the observed baryon
asymmetry assuming sphaleron conversion.

1, the dilution effect induced by right-handed gauge bosons leads automatically to the following
upper bound
η ≤ η max =

2.2

(l)

Γtot
(l)

(W )

Γtot + Γtot R

.

(5)

Scattering effects

New scatterings are also entering the game and, depending whether or not a WR is present as an
external particle, could be distinguished in two categories. In this work, we only considered the
leading effects, i.e. scatterings involving the WR as an internal particle. Indeed, since WR are
strongly coupled to the thermal bath, the WR population remains in equilibrium down to very
low temperatures, thus Boltzmann suppressing scatterings where WR is an external particles.
An interesting feature of the leading scatterings is their peculiar decoupling behaviour with
temperature in the YN Boltzmann equation. To evaluate the strength of an interaction on the
evolution of a particle population, we must compare the corresponding interaction rates γi not
only with the Hubble expansion rate, but also with the particle number density concerned : γi vs
(neq
N H). Unlike in annihilation cases where the reaction rate γi is twice Boltzmann suppressed,
when only one external N is present in a given state, γi is Boltzmann suppressed only once at low
temperatures, which compensate the Boltzmann suppression coming from neq
N . The decouplings
of such scatterings are then only linearly dependent on the temperature, making them very
efficient down to low temperatures. Note that this linear decoupling of the WR interactions is
also the origin of much stronger suppressions than from the WL interactions in other Leptogenesis
frameworks, such as from the decay of a scalar fermion triplet 6 .
2.3

Boltzmann equations

Adding new gauge interactions rates to the standard one, we get the following Boltzmann
equations for the evolution of the comoving abundances as a function of z ≡ mN /T :
zH(z)s YN′





YN
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(6)

Figure 2: Iso-efficiencies for (left) mWR = 800 GeV and (right) mWR = 3 TeV as a function of m̃ and mN .
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(W )

where the ′ denotes the derivative with respect to z, and where γN R and γN,u,d,e are the new
decay channel and the new scatterings respectively. The other interactions rates are the standard
one . The resolution of these equations allows us to study the effects of gauge interactions
on standard leptogenesis. To illustrate this, let us see how each new interaction affects the
asymmetry creation by taking an example where mWR = 3 TeV, mN = 500 GeV and m̃ =
10−3 eV. As well known, standard Leptogenesis successfully produces the BAU (case a in fig.1 ).
Adding successively to this case the effect of the three body decay (case b) and gauge scatterings
(case c) in the YN Boltzmann equation lead in the first case to a large dilution due to the relative
strenght of gauge decays compared to the Yukawa decays, which is even more suppressed in the
second case thanks to the strong thermalisation effect of gauge scatterings at high temperatures.
These effects alone are sufficient to disprove Leptogenesis in this case. This effects are amplified
when integrating the WR effects in the YL Boltzmann equation : gauge scatterings are putting
more closer lepton from chemical equilibrium at high temperatures (case d), while three-body
decays does only affects marginally the asymmetry production in this case (case e). Altogether,
we end up with an efficiency of η ∼ 1.6 · 10−18 which is far below the required value.
3

Efficiencies results

The resolution of the Boltzmann equations (6)-(7) allow us to infer the efficiencies as a function
of mWR , mN and m̃. In fig. (2) are plotted the iso-efficiencies for mWR = 800 GeV, the actual
experimental lower limit 7 , and for mWR = 3 TeV, which is the mass that LHC will reasonably be
able to probe 8 . In all cases, the resulting efficiency is far below 7 · 10−8 , which is the minimum
value necessary to get the observed baryon asymmetry YB ≃ 8 · 10−11 .
In order to comment the evolution of the efficiency with mN and m̃, let us start from the
highest efficiency value in the mWR = 3 TeV case. If one decrease the value of mN , the decoupling
temperature also decreases linearly, leading to less time for the creation of an asymmetry since
we assumed the sphaleron conversion to stop at T ∼ 130 GeV (for mh ∼ 120 GeV) 9 . On the
other hand, increasing the N mass will lead to an earlier decoupling, but this effect is somewhat

Figure 3: For different values of the WR mass, the inner part of each p
curve represent the region for successful
leptogenesis. Left (Right) : ǫ = 1 ( 163π mv2N
∆m2atm ).

preempted by the three body decay which becomes more efficient in this case. For mN ≤ mWR ,
the N e s-channel scattering gets suppressed, leading to a slight efficiency enhancement. Finally,
the mN > mWR regime is always forbidden since in this case, the allowed two body decay lead to
a strong dilution of the created asymmetry. Varying now m̃ down to low values, we suppress the
strength of the washout scatterings involving neutrino yukawa couplings but also the strength
of the CP violation source. In total, the efficiency gets worst. Increasing m̃ gives more CP
violation, but renders the ∆L = 2 washout interaction, which evolves like m̃2 , more stronger,
thus leading to a suppression of the efficiency. All in all, it turns out that the maximal efficiency
we get is η ≃ 10−10 , which is reached for {mN , m̃} = {600 GeV, 106 eV}.
4

Bounds on mWR

As can be easily understood, increasing the value of the WR lead to less suppression, and thus
allows at some point for a successful Leptogenesis. In fig.3, for each fixed value of mWR , the
interior part of the contour represents the allowed {mN , m̃} region for a successful Leptogenesis.
In the left panel, we set the CP violation parameter ǫN to 1, which, as previously stressed,
represents the best configuration for a baryon asymmetry creation. In this case, the minimal
value allowed for a successfull leptogenesis is mWR = 18 TeV. Note that leptogenesis could not be
achieved if mN is lighter than 2.6 GeV. The right panel represents the case where CP violation
is resulting from the decay of hierarchical right-handed neutrinos 3 :
ǫN

3 mN q
<
∆m2atm .
16 π v 2

(8)

In this case, a lower bound of mWR ≃ 1011 GeV is obtained.
5

Generalisation to several right-handed neutrinos

In what precedes, we study the influence of a low scale WR on Leptogenesis induced by a single
right-handed neutrino. However, as explained in the introduction, a sufficient amount of CP
asymmetry could only be produced through the well known resonant mechanism, i.e. when at
least two of the right-handed neutrinos present a nearly degenerate spectrum ; this means that
the resolution of Boltzmann equations for at least 2 right-handed neutrinos would be mandatory.

However, as shown in the Appendix A of ref. 10 , the asymmetry created by two right-handed
neutrinos is bounded by the sum of both asymmetries we get in the single N case, with m̃ = m̃1
and m̃ = m̃2 (m̃i referring to the value of m̃ of Ni ). Our previous conclusion remains then
unchanged.
In addition, when considering more right-handed neutrinos, a non-trivial flavour structure
could take place in the Yukawa couplings. This would imply to study the generation of the
asymmetry in each flavour separately, rather than the total lepton number as we did. From the
disproving point of view, the worst situation is achieved when the N creates an asymmetry in
a flavour orthogonal to the one of its SU(2)R partner ; indeed, in this case gauge scatterings
are only present in the YN Boltzmann equation. However, as shown in the above example and
more generally in ref. 10 , dilution through the WR is so strong that it is sufficient to rule out
Leptogenesis also in this case.
6

Conclusion

We have shown that the discovery of a WR at LHC or future colliders would rule out the
possibility of creating a sufficient lepton asymmetry from the decay of a right-handed neutrino.
The presence of a WR induce new decay channels leading to strong dilution and washout of the
created asymmetry, as well as strong scattering processes. Moreover, we showed that successful
leptogenesis could be achieved in the resonant (hierarchical) case if the WR is heavier than 18
TeV (1011 GeV). Generalisation to other Leptogenesis models (type II & III see-saw mechanisms)
can also be found in ref. 10 .
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In this talk, we study electroweak-scale leptogenesis without resonance condition. If neutrino sector has higher dimensional operators with multi-Higgs bosons in addition to ordinary
Yukawa interactions, interference of decay processes of TeV-scale heavy neutrinos induced by
these interactions can give large CP asymmetry even if masses of heavy neutrinos are not
degenerate. These effective Yukawa couplings contain phases coming from Higgs potential,
which are the origin of CP violation. We find that this mechanism can generate enough baryon
asymmetry of the Universe without unnatural fine tuning of any parameters.

1

Introduction

Leptogenesis 2 is one of the most promising mechanism to explain baryon asymmetry of the
Universe (BAU). It requires the existence of CP violating (CPV) couplings which generate CP
asymmetry in heavy neutrino decay processes, and neutrino Yukawa coupling is the one in usual
cases. However in the case of TeV-scale heavy neutrinos with small Yukawa couplings, enough
CP asymmetry cannot be generated by heavy neutrino decays because of the smallness of the
Yukawa couplings unless masses of heavy neutrinos satisfy the resonance condition 3 , which
requires fine tuning between mass parameters.
In order to avoid this problem, we consider higher dimensional operators in neutrino Yukawa
sector. It was pointed out in Ref.4,5 that gauge invariant combination of Higgs fields can make
mass hierarchy by higher dimensional operators in Yukawa sector similar to Froggatt-Nielsen
model 6 . After the electroweak symmetry breaking (EWSB) by vacuum expectation values
(VEVs) of Higgs bosons, effective Yukawa couplings written in mass eigenstates contain CP
a

This talk is based on the work Ref. 1 .

phases from Higgs sector as well as the ones in original Yukawa couplings. Since higher dimensional operators reduce the number of vertices, one-loop level diagram of heavy neutrino decay
contains only one small neutrino Yukawa coupling unlike ordinary TeV-scale leptogenesis which
contains three Yukawa couplings. Moreover, CP phases in original Yukawa couplings do not
contribute to CP asymmetry because both tree and one-loop level diagrams have one Yukawa
coupling with same generation indices, and these phases are cancelled out. Therefore interference between tree and one-loop level diagrams are not suppressed by additional small neutrino
Yukawa couplings compared with the total decay rate and it can generate large CP asymmetry.
The source of CPV is in the Higgs sector.
After introducing our model motivated by Ref.4,5 , we give a numerical example of leptogenesis
to see that this mechanism can work.
2

The Model

We consider global U (1) symmetric two Higgs doublet model with charge given by Q(Hu ) =
hu , Q(Hd ) = hd , Q(Li ) = −4hu − 3hd and Q(NRi ) = 0. We assume that hu + hd 6= 0, then
the combination Hu Hd is not U (1) invariant. In the neutrino sector, U (1) invariant Yukawa
interactions and Majorana mass term of the heavy neutrinos NRi are given by
LL =

ν
N̄Ri LLj Hu
yij

µ

Hu Hd
M2

¶nν

ij

1
− NRi MN ij NRj + h.c.,
2

(1)

¢nν +1

where we have neglected N̄Ri LLj Hd† Hu Hd /M 2 ij term because these are more suppressed
by ǫ defined below. Under the charge assignment presented above, nνij are universal and given
by (nνij ) = 3. The electroweak symmetry and global U (1) symmetry are broken by the VEVs of
the Higgs bosons hHu i = vu = v sin β and hHd i = vd = v cos β, where v = 174GeV. We define
the suppression factor ǫ ≡ vu vd /M 2 = 10−2 , and the cut-off scale of this model is M = 1.23 TeV
when tan β = 1. The scale of Majorana mass term of light neutrinos after the seesaw mechanism
is proportional to v 2 s2β ǫ6 /MN = 1.5 × 10−2 eV for MN = 1TeV. As for the charged lepton
sector, similar discussion is possible and mass hierarchy are generated by powers of ǫ, such as
mτ ∼ ǫv, mµ ∼ 6ǫ2 v and me ∼ 3ǫ3 v. Neutrino mass differences and mixing angles are obtained
by appropriate choice of O(1) Yukawa couplings y ν,e . Expanding the neutral component of Higgs
ν
ν
ν
fields (v + H0 )2n +1 /M 2n in Eq.1, we get mass term proportional to ǫn v and multi-Higgs terms
ν
ν
ν
proportional to ǫn H0 (H0 /v)(0−2n ) , which have the common factor ǫn . The existence of the
ν
ǫn H02 /v term plays a crucial role in our scenario.
Higgs potential of this model upto quartic terms is given by
¡

V

= m2Hu |Hu |2 + m2Hd |Hd |2 + λ1 |Hu |4 + λ2 |Hd |4 + λ3 |Hu |2 |Hd |2 + λ4 |Hu Hd |2
+

h

2

2

2

2

i

m Hu Hd + λ5 (Hu Hd ) + λ6 |Hu | Hu Hd + λ7 |Hd | Hu Hd + h.c. ,

(2)
(3)

where Eq.2 is U (1) symmetric, and Eq.3 is explicit U (1) breaking part, repspectively. While
m2Hu,d and λ1,2,3,4 are real, m2 and λ5,6,7 are complex in general, which are the origin of CPV.
The vacuum condition of the potential V requires that the parameter b defined as
b ≡ m2 − v 2 sβ cβ (λ4 + 2λ5 − λ6 tan β − λ7 cot β) ,

(4)

to be real. Since the Higgs potential V has to be bounded from below to guarantee the EWSB,
V should satisfy the vacuum stability conditions
λ1 > 0, λ2 > 0, λ3 +
p

p

λ1 λ2 > 0,

λ3 + λ4 + 2 λ1 λ2 − 2|λ5 | > 0 (for λ6 = λ7 = 0).

(5)

Mass term of neutral Higgs bosons H0 = (ReHu0 , ReHd0 , ImHu0 , ImHd0 )T is written as V =
(1/2)H0T M02 H0 , and the mass matrix M02 has a zero eigenvalue which corresponds to the Goldstone boson eaten by Z gauge boson. Mass matrix M02 is diagonalized by orthogonal transformation OT M02 O = diag(m2h1 , m2h2 , m2h3 , 0), and their mass eigenstates ha (a = 1 · · · 4) are
transformed from weak eigenstates H0 as h = OT H0 . Since CP is violated in the Higgs potential by complex parameters, real and imaginary elements of neutral Higgs bosons are mixed
with each other. Off-diagonal blocks of M02 and related elements of the matrix O vanish if all
couplings are real, and in this case h1,2 and h3 correspond to the CP even and odd Higgs bosons,
respectively (h4 is the Goldstone mode).
Now we can rewrite Yukawa interactions Eq.1 in the mass eigenstates. The NR − νL interactions upto dimension-five operators are
Lν = N̄i PL (UM N S ν)j

µ

Aaij ha

1 ab
+ Bij
ha hb + h.c.,
v
¶

(6)

where the effective Yukawa couplings A and B are given by
ν

Aaij

i
´
(−1)nij ν nνij h³
√
yij ǫ
1 − nνij (O1a + iO3a ) − nνij (O2a + iO4a ) ,
2
#
"
ν
(−1)nij ν nνij (O1a + iO3a ) (O2a + iO4a )
yij ǫ
+
8
sβ
cβ

=

ab
=
Bij

h

×

³

³

´

i

´

nνij nνij − 3 (O1b + iO3b ) + nνij nνij − 1 (O2b + iO4b ) cβ + (a ↔ b).

(7)

(8)

The effective Yukawa couplings A and B are complex because O is complex matrix as well as y ν .
However as we will see below, CP asymmetry in heavy neutrino decay processes is proportional
to the combination Im[AB ∗ ], and A and B have the same y ν but different O structure. Therefore
the phases in O contribute to CP asymmetry although those in y ν are cancelled out.
The NR − eL interactions with the charged Higgs boson φ+ are
ν

ν

ν
N̄i PL ej φ+ + h.c.
Le = (−1)nij ǫnij yij

(9)

Three-point vertex of neutral Higgs bosons is
V3 = v Cabc ha hb hc ,

(10)

and relevant elements of Cabc in the case of Eq.17 given below are
1
1
√ λ1 sβ sθ c2θ + √ λ2 cβ s2θ cθ + O((Imλ5 )2 ),
2
2
o
h
cos(θ + β) n
2v 2
2
2
2
2
√
= Imλ5 − 2
λ
s
c
(2c
−
3c
)
−
λ
c
s
(2s
−
3s
)
1 β θ
2 β θ
β
θ
β
θ
mh1 − m2h3
3 2

C211 =
C311

+

i
2v 2
sin(θ
+
β)C
+ O((Imλ5 )2 ),
211
m2h2 − m2h3

(11)

(12)

where θ is the mixing angle of CP even Higgs bosons h1 and h2 , given by sin 2θ = − sin 2β m2h3 /(m2h2 −
m2h1 ). This vertex also contributes to CP asymmetry in decay process of heavy Majorana neutrinos. Next we study leptogenesis induced by these interactions.
3

Leptogenesis

CP asymmetry of decay mode εji ≡ ε(NiR →
εji

P3

a=1 νjL ha )

is defined as

¤
P £
Nj
a Γ(NiR → νjL ha ) − Γ(NiR → ν̄jL h̄a )
¤ ≡ P i νk .
=P £
k,b

Γ(NiR → νkL hb ) + Γ(NiR → ν̄kL h̄b )

k

ΓDi

(13)

Figure 1: Diagrams of heavy Majorana neutrino decay into neutrino and heavy neutral Higgs boson. CP asymmetry is generated by interference of these diagrams because of complex couplings in the Higgs potential.

These decay processes are generated by interactions Eqs.6 and 10 through the diagrams of Fig.1,
and the most general form of Eq.13 is
Nij
Γνk
Di

3
h
i
X
m2ha
1
1
a
bc
∗
= −
1
−
M
C
Im
[J
]
Im
(A
U
)
(B
U
)
Ni
M N S ij
M N S ij
abc
a,bc
2
16π 2 16π
MN
i
a,b,c=1

Ã

=

3
X
m2
1
MN i
|(Aa UM N S )ik |2 1 − h2a
16π
MN i
a=1

Ã

!2

,

!2

(14)
,

(15)

where Ja,bc is the loop function defined as Ja,bc = 01 dx ln [x(x − 1) + (1 − x)rb + xrc ] and rb,c =
m2hb,c /m2ha . The loop function Ja,bc has imaginary part when mass of the final state (ha ) is larger
than the sum of intermediate Higgs masses, that is, mhb + mhc < mha . The heavy neutrinos
NiR decay into charged leptons and charged Higgs bosons as well by the coupling Eq.9 with the
∓ ±
decay rate Γek
Di = Γ(NiR → ekL φ ):
R

Γek
Di

m2φ
1
ν
ν 2
MN i ǫ2nik |yik
=
| 1− 2
16π
MN i
Ã

!2

.

(16)
ν(e)

ν(e)k

The total decay rate of NiR is defined as ΓDi = ΓνDi + ΓeDi , where ΓDi ≡ 3k=1 ΓDi .
Now we give a numerical example. We assume non-degenerate heavy neutrino masses
(MN )ij = MN diag(0.5, 1.25, 1.5), the following Higgs parameters
P

λ1 = 0.2, λ2 = 0.5, Imλ5 6= 0, m2 = (300GeV)2 + 2iv 2 sβ cβ Imλ5 , others = 0,

(17)

and tan β = 1. The imaginary part of m2 is constrained by the vacuum condition Eq.4. In
these parameters, CPV coupling Imλ5 is the only free parameter. In these choice of parameters,
masses of neutral Higgs bosons are approximately h1 ∼ 140GeV, h2 ∼ 480GeV, h3 ∼ 440GeV.
In this example, decay modes of h2,3 final states with two h1 internal states in the loop give nonvanishing CP asymmetry. Three components of nine CP asymmetries εji are plotted in Fig.2 as
a function of Imλ5 , where the shaded region is prohibited by the vacuum stabilization condition
Eq.5. The dependence of εji on Imλ5 is almost linear. In our choice of Yukawa couplings, decay
P
process N3R → a ν2L ha gives the dominant contribution and we define ε23 ≡ εmax . One can
see that large CP asymmetry (< 10−3 ) is generated.
Next we discuss Boltzmann equations of the heavy neutrinos ηN i and η∆j , where ∆j =
B/3 − Lj . The parameter ηX is defined as ηX = nX /nγ , where nX is number density of X and
photon number density is given by nγ = 2T 3 ζ(3)/π 2 . We solve the Boltzmann equations:
Ã

dηN i
dz

z
= −
nγ H(z = 1)

dη∆j
dz

3
X
z
= −
nγ H(z = 1) i=1

!

ηN i
eq − 1 γDi ,
ηN
i
·Ã

!

(18)

ηN i
η∆νj νj
η∆ej ej
j ν
γ ,
eq − 1 ǫi γDi −
eq γDi −
ηN
2η
2ηeeqj Di
νj
i
¸

(19)

Figure 2: CP asymmetry εji as a function of Imλ5 . Decay process N3R → a ν2L ha gives the largest asymmetry
in our choice of Yukawa couplings. Shaded region is prohibited by the vacuum stability condition.

P

Figure 3: Left panel: Behavior of |ηB−L /εmax | and ηN i for Imλ5 = 10−2 in the case of thermal (solid curves) and
zero (dashed curves) Ni abundances. Right panel: Lepton and baryon asymmetry for Imλ5 = 10−2 (blue and green
curves) and 10−3 (purple and red curves). Parentheses (th) and (0) denote thermal and zero initial abundances
exp
of Ni at z = zc , respectively. The horizontal band is the experimental value ηB
= (6.05 − 6.37) × 10−10 .

where η∆j and asymmetry of left-handed neutrino (charged lepton) η∆ν(e)j are related to each
ν(e)

other by the “A-matrix” 7 defined as η∆ν(e)j = Ajk η∆k with
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ν(e)
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The thermally averaged decay rates γDi , γDi and γDi are obtained from ΓDi , ΓDi and ΓDi
P3
ν(e)j
ν(e)j
ν(e)
ν(e)j
ν + γ e . K and K are
as γDi = neq
and γDi = γDi
1
2
j=1 γDi
Di
N i (K1 (zi )/K2 (zi ))ΓDi , γDi =
the modified Bessel functions and zi = MN i /T , hereafter we define z ≡ z1 as usual. The left
panel of FIG.3 shows |ηB−L /εmax | and ηN i as a function of z for the case of thermal (solid curves)
and zero (dashed curves) Ni abundances at the critical temperature Tc , zc ≡ MN 1 /Tc = 3.04. In
P
both cases, B −L asymmetry ηB−L = j η∆j is generated at zc . While |ηB−L /εmax | is estimated
in the case of Imλ5 = 10−2 in Fig.3, other values of Imλ5 give similar results.
Fast sphaleron processes convert lepton asymmetry to baryon asymmetry 8 . However,
sphaleron processes are not always active for T < Tc . The sphaleron rate Γ∆(B+L) for the temperature MW (T ) ≪ T ≪ MW (T )/αW is given by Γ∆(B+L) ∼ MW (MW /(αW T ))3 (MW /T )3 exp[−Esp /T ]
9,10 where α
W is SU (2)L fine structure constant, MW is W -boson mass and sphaleron energy
Esp ∼ MW /αW . Just below Tc , sphaleron is faster than the expansion of the Universe, that is,
Γ∆(B+L) /H(z = 1) ≫ 1. In this region, ηB−L is related to baryon and lepton asymmetry ηB,L

by sphaleron effect with the temperature-depedent rate given by 11,12
ηB =

30T 2 + 21v(T )2
16T 2 + 10v(T )2
η
,
η
=
−
ηB−L .
B−L
L
46T 2 + 31v(T )2
46T 2 + 31v(T )2

(21)

Sphaleron rate Γ∆(B+L) decreases below Tc by the Boltzmann factor exp[−Esp /T ], and it reaches
Γ∆(B+L) (zd )/H(z = 1) = 1 at zd = 6.04. Since sphaleron processes become slow and are
switched off for z > zd , we can make approximation that baryon asymmetry is almost constant
in this region. The final results for baryon and lepton asymmetry in our model are shown in the
right panel of Fig.3 for Imλ5 = 10−2 (blue and green curves) and 10−3 (red and purple curves).
In both cases of thermal and zero Ni abundances denoted by (th) and (0), we can obtain enough
baryon asymmetry 13 .
4

Conclusions

We have discussed electroweak-scale leptogenesis without resonance condition in two Higgs doublet model with global U (1) symmetry. Since Higgs bosons make mass hierarchy of matter
fermions, there are higher dimensional operators with multi-Higgs bosons in neutrino Yukawa
sector, and these couplings induce new diagrams of heavy neutrino decay which contain one
small neutrino Yukawa coupling same as the tree level diagram. Although CP violating phases
in original Yukawa couplings do not contribute to CP asymmetry because these are cancelled
out, those coming from the Higgs potential do contribute. Therefore one can obtain large CP
asymmetry by decay process of non-degenerate TeV-scale heavy neutrinos. There is small window of temperature where sphalerons are active and baryon asymmetry is created even below
the critical temperature. We have shown that we do not need unnatural fine tuning of any
parameters to obtain baryon asymmetry of the Universe in our mechanism.
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5.2
Neutrino Physics
Masses and Oscillations

MiniBooNE Oscillation Results
Zelimir Djurcic (for the MiniBooNE Collaboration)
Department of Physics, Columbia University, New York, NY 10027, USA

These proceedings summarize the MiniBooNE νµ → νe results, describe the first ν̄µ → ν̄e
result, and current analysis effort with the NuMI neutrinos detected in the MiniBooNE detector.

1

Introduction

Motivated by the LSND observation of an excess of observed ν̄e events above Monte Carlo
prediction in a ν̄µ beam 1 , the MiniBooNE experiment was designed to test the neutrino oscillation interpretation of the LSND signal in both neutrino and anti-neutrino modes. MiniBooNE
has approximately the same L/Eν as LSND, where L is the neutrino travel distance and Eν
is the neutrino energy. However, the MiniBooNE experiment is constructed with an order of
magnitude higher baseline and energy. Due to the higher energy and different event signature,
MiniBooNE systematic errors are completely different from LSND errors.
2

MiniBooNE Neutrino Results

The MiniBooNE collaboration has performed a search for νµ → νe oscillations with 6.486 × 1020
protons on target (POT), the results of which showed no evidence of an excess of νe events for
neutrino energies above 475 MeV 2,3 . Fig. 1 shows reconstructed Eν distribution of νe CCQE
candidates (left). The right panel of Fig. 1 shows the difference between the data and predicted
backgrounds as a function of reconstructed neutrino energy. Table 1 shows observed data and
predicted background event numbers in three Eν bins. The total background is broken down
into intrinsic νe and νµ induced components. The νµ induced background is further broken down
into its separate components. Despite having observed no evidence for oscillations above 475
MeV, the MiniBooNE νµ → νe search observed a sizable excess (128.8±43.4 events) at low energy, between 200-475 MeV 3 . Although the excess is incompatible with LSND-type oscillations,
several hypotheses, including sterile neutrino oscillations with CP violation 4 , anomaly-mediated
neutrino-photon coupling 5 , and others 6,7,8 , have been proposed that provide a possible explanation for the excess itself. In some cases, these theories offer the possibility of reconciling the
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Figure 1: Left: Reconstructed Eν distribution of νe CCQE candidates in MiniBooNE neutrino running. The data
is shown as the points with statistical error. The background prediction is shown as the histogram with systematic errors. Right: The difference between the data and predicted backgrounds as a function of reconstructed
neutrino energy. The error bars include both statistical and systematic components. Also shown in the figure are
expectations from the best oscillation fit and from neutrino oscillation parameters in the LSND allowed region.
Eν [GeV]
Total Bkgd
νe induced
νµ induced
NC π 0
NC ∆ → N γ
Dirt
Other
Data
Data-MC
Significance

0.2-0.3
186.8±26
18.8
168
103.5
19.5
11.5
33.5
232
45.2±26
1.7σ

0.3-0.475
228.3±24.5
61.7
166.6
77.8
47.5
12.3
29
312
83.7±24.5
3.4σ

0.475-1.25
385.9±35.7
248.9
137
71.2
19.4
11.5
34.9
408
22.1±35.7
0.6σ

Table 1: Observed data and predicted background event numbers in three Eν bins. In the top rows, the total
background is separated into the intrinsic νe and νµ induced components. In the middle rows, the νµ induced
background is further broken down into its separate components.

MiniBooNE νe excess with the LSND ν̄e excess. Assuming no CPT or CP violation, the lack
of the excess at higher energies allowed MiniBooNE to exclude the LSND excess interpreted as
two-neutrino oscillations at ∆m2 ∼ 0.1-100 eV2 at 98% CL 9 .
3

MiniBooNE Anti-neutrino Results

In December 2008, the MiniBooNE Collaboration also reported initial results from a search for
ν̄µ → ν̄e oscillations 10 , using a data sample corresponding to 3.386 × 1020 POT. The data are
consistent with background prediction across the full range of reconstructed neutrino energy,
200 < Eν < 3000 MeV: 144 electron-like events have been observed in this energy range, compared to an expectation of 139.2 ± 17.6 events. Fig. 2 (left) shows reconstructed Eν distribution
of νe CCQE candidates. Table 2 shows observed data and predicted background event numbers
in two Eν bins. Fig. 2 (right) shows the expected sensitivity and the limit to ν̄µ → ν̄e oscillations
from fit to the energy distribution, Eν . No significant excess of events has been observed, both
at low energy, 200-475 MeV, and at high energy, 475-1250 MeV, although the data are inconclusive with respect to antineutrino oscillations at the LSND level. The 475-675 MeV region shows
the data fluctuation of a 2.8 σ above the predicted background, resulting with the MiniBooNE
ν̄µ → ν̄e oscillation limit being worse than the sensitivity at lower ∆m2 . These preliminary
results, with the excess observed in neutrino mode and the lack of excess in anti-neutrino mode,
are surprising and suggest that there may be an unexpected difference between neutrino and
anti-neutrino properties.
It is possible to perform a first comparison of neutrino and anti-neutrino results in the low energy region, 200-475 MeV, and ask how consistent are the anti-neutrino and neutrino excesses
under different assumptions (models). For example, it may be speculated that the excess of

Figure 2: Left Top: Reconstructed Eν distribution of νe CCQE candidates in MiniBooNE anti-neutrino running.
Left Bottom: The difference between the data and predicted backgrounds as a function of reconstructed neutrino
energy. The error bars include both statistical and systematic components. Also shown in the figure are expectations from the best oscillation fit and from neutrino oscillation parameters in the LSND allowed region. Right:
Expected sensitivity and the limit to ν̄µ → ν̄e oscillations from fit to the energy distribution, Eν .
Eν [GeV]
Total Bkgd
(−)
νe
(−)
νµ

induced

induced
NC π 0
NC ∆ → N γ
Dirt
Other
Data
Data-MC
Significance

0.2-0.475
61.5±11.7

0.475-1.25
57.8±10.0

17.7

43.1

42.6
24.6
6.6
4.7
6.7
61
-0.5±11.7
-0.04σ

14.5
7.2
2.0
1.9
3.4
61
3.2±10.0
0.3σ

Table 2: Observed data and predicted background event numbers in two Eν bins. In the top rows, the total
(−)

(−)

(−)

background is separated into the intrinsic νe and νµ induced components. In the middle rows, the νµ induced
background is further broken down into its separate components.

events in the neutrino mode comes from an interaction resulting in an event rate proportional
to the number of protons on the MiniBooNE target (POT). The number of protons on target
in neutrino and antineutrino mode is 6.486×1020 , and 3.386×1020 , respectively. If the excess of
128.8±43.4 events observed in the neutrino mode is scalable with number of protons, then one
would expect about 128.8×(3.386×1020 /6.486×1020 ) = 67 excess events in anti-neutrino mode.
However, such excess was not observed. Statisticaly, the simplest comparison is in the form a
two bin ( one bin for ν, another one for ν̄ data and Monte Carlo) χ2 test for each assumption
with corresponding errors being statistical only, and with systematic errors fully correlated or
uncorrelated. Table 3 gives a χ2 probability assuming one degree of freedom for testing the
following hypotheses as an explanation of the low energy events in neutrino and anti-neutrino
modes: the excess comes from an interaction resulting in the event rate proportional to the
number of protons on the MiniBooNE target (POT scaled), from a neutral current process with
same cross-section for neutrino and anti-neutrino interaction (Same ν,ν̄ NC), from underestimated neutral current π 0 background (NC π 0 scaled), from underestimated total background
(Bkgd scaled), from an underestimate of kaon flux in at low energies (Low-E Kaons), or from
underestimated number of neutrino events in both neutrino and anti-neutrino runs (ν scaled).

From the simple comparison given in Table 3 one can see that the hypothesis with the highest
Hypothesis
POT scaled
Same ν,ν̄ NC
NC π 0 scaled
Bkgd scaled
CC scaled
Low-E Kaons
ν scaled

Stat Only
0.0%
0.1%
3.6%
2.7%
2.9%
0.1%
38.4

Cor. Syst
0.0%
0.1%
6.4%
4.7%
5.2%
0.1%
51.4%

Uncor. Syst
1.8%
6.7%
21.5%
19.2%
19.9%
5.9%
58.0%

Number ν Expec.
67.5
37.2
19.4
20.9
20.4
39.7
6.7

Table 3: The χ2 probability assuming one degree of freedom for testing various hypotheses (described in the text)
as an explanation of the low energy events in neutrino and anti-neutrino modes.

probability is the one where the low energy excess originates from only neutrinos in the beam.
However, more rigorous analysis of the low energy excess, currently underway, is needed to make
a strong statement on the nature of the low energy excess. As of June 2009, the MiniBooNE
experiment has collected a total of 5.0 × 1020 POT, and has been approved for further running
to collect a total of 10.0 × 1020 POT in anti-neutrino mode.
4

MiniBooNE NuMI Results

An additional data sample measured by the MiniBooNE detector comes from neutrinos produced
in the NuMI (Neutrinos from Main Injector) beam line. Fermi National Accelerator Laboratory
has two beam lines that produce neutrinos: the Booster Neutrino Beam (BNB) and the NuMI
beam line, as shown in Fig. 3. The BNB beam is designed for use by the MiniBooNE experiment.
The NuMI beam produces neutrinos for the MINOS experiment. However, the MiniBooNE
detector observes neutrinos from the NuMI beamline, at an off-axis angle of 6.3 degrees. The

Figure 3: Fermi Nation Accelerator Laboratory is currently running two beam lines that produce neutrinos. The
BNB produces neutrinos used in the MiniBooNE experiment. The NuMI Beam is emitting neutrinos intended
for use in the MINOS experiment.
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NuMI neutrino flux at the MiniBooNE detector is shown in Fig. 4. Samples of charged current
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Figure 4: Left: Comparison of the predicted NuMI off-axis, NuMI on-axis, and MiniBooNE fluxes including
all neutrino species. The off-axis flux is separated into contributions from charged π and K parents. Right:
Reconstructed Eν distribution of the NuMI off-axis νe CCQE candidate events in MiniBooNE. The prediction is
separated into contributions from neutrino parents. The band indicates the total systematic uncertainty associated
with the MC prediction. Kaon parents contribute 93% of the events in this sample.

quasi-elastic (CCQE) νµ and νe interactions were analyzed. The high rate and simple topology
of νµ CCQE events provided a useful sample for understanding the νµ spectrum and verifying
the MC prediction for νe production. The νe CCQE sample energy distribution is shown in
Fig. 4. These results are described elsewhere 11,12 and show that reliable predictions for an
off-axis beam can be made.
After the demonstration of the off-axis concept, useful in limiting backgrounds in searches
for the oscillation transition νµ → νe , the analysis is directed toward examing the low energy
region and searching for oscillation. In this way it complements the analysis done at MiniBooNE using the BNB neutrino and anti-neutrino BNB, but with different systematics. The
phenomenological interpretations of the MiniBooNE results, already mentioned, as well as the
excess of events observed in neutrino mode and the lack of excess in anti-neutrino mode, have
provided additional motivation for a neutrino appearance search at MiniBooNE using neutrinos
from the NuMI beamline. It is important to note that the NuMI νe CCQE sample has a very
different composition when compared to the BNB neutrino νe CCQE sample. The BNB νe sample originates mostly from decays of pions produced in the target, and contains large fraction
of νµ mis-identified events. The NuMI νe CCQE sample is produced mostly from the decay of
kaons, and contains a dominant fraction of intrinsic νe events.
The analysis will be performed by forming a correlation between the large statistics νµ CCQE
sample and νe CCQE, and by tuning the prediction to the data simultaneously. Considering
various sources of systematic uncertainty, a covariance matrix in bins of Eν is constructed,
which includes correlations between νe CCQE (oscillation signal and background) and νµ CCQE
samples. This covariance matrix is used in the χ2 calculation of the oscillation fit. The result
is that the prediction is being constrained, i.e. tuned to the data, and common systematic
components in νe and νµ CCQE samples cancel. The cancellation results from the fact that the
majority of the events in both νe and νµ CCQE samples originate from pure charged current
interaction of neutrinos sharing same parent mesons, effectively sharing same cross-section and
beam systematic components. This is a method equivalent to forming a ratio between near
and far detectors in two-detector experiments where the near detector detects νµ CCQE events,
while the far detector samples νe CCQE events. This analysis is in a preliminary stage and is
expected to be completed in the near future.

5

Conclusion

MiniBooNE observed an unexplained excess of electron-like events in the low energy region
in neutrino mode. However, no excess of such events is observed so far at low energies in
anti-neutrino mode. MiniBooNE was approved for additional running in anti-neutrino mode,
to collect a total of 10 × 1020 protons on target. With this additional data taking, which
should continue through 2011, as well as with the NuMI neutrinos measured by MiniBooNE
the collaboration will be in a position to determine whether there is an anomalous difference
between neutrino and anti-neutroino properties.
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Initial Results for Electron-Neutrino Appearance in MINOS
M.C. Sanchez for the MINOS Collaboration
Argonne National Laboratory, High Energy Division, 9700 S. Cass Ave.
Argonne, Illinois 60439, USA

MINOS is a long baseline neutrino oscillation experiment designed to make precision measurements of the neutrino mixing parameters associated with the atmospheric neutrino mass
splitting. Using a neutrino beam from the Main Injector (NuMI) facility at Fermilab, it
compares the neutrino energy spectrum for neutrino interactions observed in two large detectors located at Fermilab and in the Soudan mine in northern Minnesota at a distance
of 735km. We describe initial results for electron neutrino appearance in MINOS after two
years of data-taking. We observe 35 events in the Far Detector with a background prediction of 27 ± 5(stat.) ± 2(syst.) based on the measurement in the Near Detector. The 1.5σ
excess of events can be interpreted in terms of νµ →νe oscillations. At 90% CL we obtain
an upper limit range of sin2 (2θ13 ) < 0.28 − 0.34 for the normal neutrino mass hierarchy and
sin2 (2θ13 ) < 0.36 − 0.42 for the inverted hierarchy depending upon δCP .

1

Introduction

Over the last decade, several experiments have provided compelling evidence for neutrino oscillations by detecting neutrinos originated in the atmosphere 1,2 or in the sun 1,3 . These observations
have been confirmed more recently by a subsequent generation of experiments based on artificial
sources of neutrinos, such as accelerators 4,5 and reactors 6 . The results support the description
of three flavors of neutrinos changing identity as they travel and being related to three mass
eigenstates as described by the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix 7 .
The MINOS long baseline neutrino experiment at Fermilab has provided compelling evidence
for νµ disappearance, establishing that neutrinos oscillate as they travel 5 . MINOS has a baseline
of 735 km and neutrinos peaking at 2-3 GeV, thus it is dominated by the atmospheric mass
splitting of ∆m232 . MINOS, in fact, provides the most precise measurement for this mass scale:
|∆m232 | = 2.43 ± 0.13 × 10−3 eV2 . In this regime, the dominant oscillation channel is expected to
be νµ → ντ , but it is possible that νµ → νe oscillations could occur. Observation of this oscillation
channel would imply a non-zero value of the mixing parameter θ13 , one of the missing pieces of

the neutrino puzzle. A non-zero value of this parameter opens the door to the observation of
CP violation of the neutrino sector. As of this writing, disappearance of the reactor ν e over a
short baseline of few km has not been observed 9 . This result implies that θ13 must be small,
as measured by the Chooz experiment, sin2 (2θ13 ) < 0.15 at 90% confidence level (CL) for the
MINOS measured value of ∆m232 . Two other experiments have given limits, albeit with lower
sensitivity 10,11 .
2

The MINOS Experiment

In MINOS, neutrino interactions from the Fermilab Main Injector (NuMI) facility 12 are recorded
at two detectors: Near Detector (ND), 1 km from the NuMI target, and a Far Detector (FD)
at 735 km from the same target. The detectors are tracking calorimeters composed of 2.54 cm
thick steel absorber planes and 1.0 cm thick active scintillator planes forming detector layers
that correspond to ∼ 1.4 radiation lengths. The scintillator planes are composed of 4.1 cm wide
strips which corresponds to ∼ 1.1 Molierè radii. The data recorded in the ND establishes the
properties of the beam before oscillations have occurred 5,13 . Evidence for oscillations is observed
as distortions of the beam spectrum or composition measured at the FD with respect to the ND.
Thanks to the similarity between the two detectors, systematic errors arising from uncertainties
in the neutrino interactions or in the neutrino flux largely cancel.
The neutrino beam is produced by impinging 120 GeV protons from the Fermilab Main
Injector upon a graphite target, producing pions and kaons, which are then focused by two
magnetic horns 12 . The horn current and position of the target relative to the horns can be
configured to produce different neutrino energy spectra. Most of the physics data has been
acquired in the low energy configuration with a peak at 2-3 GeV, but other configurations have
been used to study the backgrounds and systematics. The beam is 98.7% νµ and ν µ and 1.3%
intrinsic νe +νe . The latter originate from decays of muons produced in pion decays and from
kaon decays. The muon component dominates below 8 GeV and it is well constrained by the
νµ -CC flux from different beam configurations 5,14 . Errors on the νe content of the beam are
3.5% at the ND and 5.7% at the FD.
The FD data for the analysis presented here was recorded between May 2005 and July 2007,
corresponding to an exposure of 3.14 × 1020 protons on target (POT). The ND data are sampled
at a 1/6 rate uniformly over the 2 year run period. The data are partitioned in two subsets, with
the second data set acquired with a ∼ 1 cm longitudinal offset relative to the target position of
the first data set. This offset results in a ∼ 30 MeV shift in the neutrino spectrum that has been
incorporated in the Monte Carlo (MC) simulation appropriately weighted by exposure. The
MINOS MC simulation of the beam line and detectors is based on GEANT3 15 . The simulation of
the hadron production in the target is done using FLUKA 13,16 . The NEUGEN simulation is used to
model the neutrino interactions and it has been tuned to available bubble chamber data from
relatively higher invariant masses than the region of interest for MINOS. The fragmentation
or hadronic shower model uses the KNO description for the low invariant mass and transitions
gradually at higher masses to the JETSET model 17 .
3

Finding Electron Neutrinos in MINOS

The flavor of the incoming neutrino can only be identified in charged current (CC) neutrino
interactions, when the charged lepton partner of the incoming neutrino is produced in the final
state. The MINOS detectors were designed to preferably detect long muon tracks resulting
from muon-neutrino charged current interactions νµ + N → µ + X (νµ -CC). However, one can
identify electron-neutrino charged current interactions νe + N → e + X (νe -CC) by searching
for electrons which deposit their energy in a narrow and relatively short span in the MINOS

calorimeters with a longitudinal distribution as described by the gamma function 18 . Additional
calorimeter activity can be produced by the hadronic showers resulting from the breakup of
the recoil nucleus, X. There are other neutrino scattering processes that can produce similar
topologies in the MINOS detectors, such as neutral current (NC) interactions ν + N → ν + X,
as well as νµ -CC interactions where little energy is transferred to the out-going muon. Both
of these background components are dominated by hadronic showers, typically possessing an
electromagnetic element arising from π 0 decays. Other less significant backgrounds, arise from
beam νe -CC interactions, ντ -CC interactions from oscillations and cosmogenic sources.
The data are first filtered to ensure data and beam quality. Fiducial volume cuts are imposed
to assure well reconstructed events. In order to select a νe -CC like event sample, we restrict
the energy range between 1 and 8 GeV, which contains the νµ → νe oscillation probability
maximum. The lower cut removes mainly NC events, while the higher cut removes beam νe -CC
events. Background from cosmogenic sources are suppressed to less than 0.5 event (at 90%
CL) by selecting events in time with the accelerator beam pulse and in the direction of the
beam. Events are required to have a reconstructed shower and at least 5 contiguous planes with
energy deposition greater than 0.5 MIP. Events with tracks longer than 25 planes or 12 track like
planes are rejected. MC simulations indicate that these cuts improve signal to background ratio
from 1:55 to 1:12 assuming a sin2 (2θ13 ) value at the CHOOZ limit. Two selection algorithms
have been developed to enhance this ratio for higher background rejection, they are the ANN
and LEM methods. The two selection algorithms rely on very different techniques, provide
different signal to background ratios, and are sensitive to different systematic uncertainties. In
the analysis reported here, the ANN selected sample is used to derive the final results but the
LEM selection is presented as a cross check.
3.1

The ANN selection method

The final νe -selected sample is obtained using a method based on an Artificial Neural Network
(ANN) with 11 variables characterizing the longitudinal and transverse energy deposition profiles 19 . Some of these quantities are the energy fraction in windows of 2, 4 or 6 planes, the
fraction of energy in a 3 strip wide road, the RMS of the transverse energy deposition, etc. The
neural network is trained to separate the signal νe -CC events from NC or νµ -CC background.
The ANN generates a single numerical output with higher values indicating likely νe -CC events.
The acceptance cut value is chosen to be at 0.7 by maximizing the ratio of the accepted signal to
the expected statistical and systematic uncertainty of the background. Assuming a signal at the
CHOOZ limit, this method gives a 1:4 signal to background ratio, with a 41% signal efficiency
and a rejection efficiency at 92.3% and 99.4% for NC and νµ -CC respectively.
3.2

The LEM selection method

A second selection method, the Library Matching Method (LEM), is used as a cross check. In
this novel technique, each candidate is compared to a large library of simulated νe -CC and NC
events 20 . The 50 best matches are identified based on the relative probability that the hit pattern
in a library and a candidate event come from the same neutrino interaction. Three variables are
constructed: the fraction of these matches that are νe -CC events, the mean hadronic y of the best
matches, and the mean fractional charge matched within those best matches. These quantities
are then used as a function of energy to calculate a likelihood function that discriminates between
signal and background. The acceptance cut value is chosen at 0.65. The LEM method gives
better background rejection than the ANN, with a signal to background ratio of 1:3, but also
displays increased sensitivity to certain systematic uncertainties. This method results in a 46%
signal efficiency and a rejection efficiency at 92.9% and 99.3% for NC and νµ -CC respectively.
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Figure 1: Reconstructed energy spectrum of νe -selected ND data with total MC (left). The black points show data
with statistical errors, the red histogram shows the MC with systematic errors as a shaded region. Reconstructed
energy spectrum of νe -selected ND data with predicted background components (right). The solid histogram
corresponds to the total of the 3 background components present in the ND data and it has been tuned to agree
with the data points. The selected background from NC is shown in blue and from νµ -CC in red, both as obtained
by the horn-off method. The shaded histogram shows the beam νe -CC component from the MC simulation. The
errors in the data are statistical and are obscured by the markers; the errors on the components are systematic.

4

Estimating the Background for Electron-Neutrino Appearance

Data in the ND are recorded before oscillations have occurred, thus events selected there by
the ANN are background events. The data recorded in the ND are directly used to predict
the number of background events expected in the FD. The background measured in the ND
is comprised of three different components: NC events, νµ -CC events and beam νe events.
Oscillations and beam line geometry considerations require that each component be treated
separately in the prediction of the FD backgrounds. Figure 1 (left) shows the energy spectrum
of events selected with the ANN as νe -CC like for data and MC in the ND. The data agrees
with the simulation within the uncertainty which is dominated by the hadronic shower model
systematic errors.
4.1

Background estimation using horn-off data

The background components are determined using a NC-enriched data sample recorded with
the focusing horns turned off (horn-off). In this configuration the pions are not focused, the low
energy peak of the neutrino energy distribution disappears, leaving an event sample dominated
by higher energy NC events. These data used in conjunction with the standard beam configuration (horn-on) and the simulated horn-off to horn-on ratios allow us to extract the individual
NC and νµ -CC components as a function of energy. The beam νe -CC are used as an input for
this method and are well constrained by the ND νµ -CC data. The ratios are shown to be well
modeled before the application of the νe -CC selection and uncertainties such as the hadronic
shower modeling cancel to first order in these ratios. Figure 1 (right) shows the NC, νµ -CC,
and intrinsic beam νe -CC components of the background in the ND derived used this technique.
Systematic errors on the components arise from uncertainties in the beam flux, cross section
and selection efficiency and are derived from the data for the main background components, NC
and νµ -CC.

Table 1: Breakdown of systematic uncertainties contributed by different sources to the total number of background
events in the Far Detector.

Uncertainty source
Far/Near ratio (systematic)
Horn-off (systematic)
Horn-off (statistical)
Total Systematic Uncertainty
Expected Statistical Uncertainty

4.2

Uncertainty on
background events
6.4%
2.7%
2.3%
7.3%
19%

Background estimation using muon-removed data

A second technique allows us to study the ND measured background using an independent
sample of showers derived from νµ -CC events selected with long tracks 5 . These events are
processed to remove the hits associated with the muon track 21,22 . Then the shower remnant is
reconstructed to provide an independent sample of hadronic shower events. The procedure is
done on data and MC and the νe selection is applied to both. The ratio of these muon-removed
data to muon-removed MC is used to correct the NC component of the background. The residual
difference between data and MC is absorbed into the νµ -CC component by making the total MC
agree with the data. The predictions for the background components from this method agree
well with those obtained from the horn-off method.
5

Far Detector Signal and Background Prediction

Once the ND energy spectrum is decomposed into its background components, each of these
spectra is multiplied by the Far to Near ratio from the MC simulation for that component
providing a prediction of the FD spectrum. The MC simulation takes into account differences
in the spectrum of events at the ND and FD due to beam line geometry as well as differences
in detector calibration and topological response. Oscillations are included when predicting the
νµ -CC component. The smaller ντ -CC and beam νe -CC components are derived from the
νµ -CC selected FD event energy predicted spectrum. For the ANN selection, we expect 26.6
background events, of which 18.2 are NC, 5.1 are νµ -CC, 2.2 are beam νe -CC and 1.1 are ντ -CC;
using ∆m232 =2.43 × 10−3 eV2 , sin2 (2θ23 )=1.0, and sin2 (2θ13 )=0 as oscillation parameters.
It is possible to estimate the efficiency for selecting νe -CC events by using the sample of muonremoved events and embedding a simulated electron of the same momentum as the muon. Test
beam measurements indicate that the ANN selection efficiency on single electrons agrees with the
simulation to within 2.6% in the MINOS detectors 21,23 . Comparisons between the muon-removed
(with added electron) data and MC simulation samples indicate that the selection efficiency of
the signal events is well modeled. The νe -selection algorithms focus on the electromagnetic core
of the shower and seem not to be affected by the hadronic shower. The difference in selection
efficiency between data and MC is -0.3% and is used as a correction to the signal selection
efficiency.
The systematic errors were evaluated by generating modified MC samples and quantifying
the change in the number of predicted background events in the FD 21 . Table 1 shows that the
dominant uncertainty arises from Far/Near differences such as the relative energy scale calibration, the details of the modeling of the photomultiplier tubes and the relative normalization.
Other uncertainties arising from neutrino interaction physics, shower hadronization, intranuclear re-scattering, and absolute energy scale errors largely cancel out in the extrapolation. The
Far/Near systematic errors are added in quadrature along with the systematic and statistical

Figure 2: Distribution of the ANN selection variable for data and MC events in the FD (left). Black points show
data with statistical error bars. The red histogram shows the background expectation. Below, the purple shaded
histogram shows the νe -CC prediction by the oscillation hypothesis compared to the data excess (black points).
The reconstructed energy distribution of the νe -CC selected events in the FD (right). Black points show the
data with the statistical errors bars. The stacked histogram shows the total predicted background, subdivided
in components: NC (blue), νµ -CC (red), ντ -CC (green) and beam νe -CC (magenta). Below, the purple shaded
histogram shows νe -CC prediction by the oscillation hypothesis compared to the data excess (black points).

error arising from the background decomposition in the ND. As shown, the error is dominated
by the expected statistical uncertainty on the number of background events for this data set.

6

Far Detector Data

We established the prediction of the background components and the signal as well as the
systematic uncertainties before examining the data in the FD. In addition, we studied a signal
free sample to validate the νe selection methods and background estimation techniques we have
developed. All FD data was studied with both νe -CC selection methods.

6.1

Results using the ANN method

The muon removal procedure was applied to the FD data and MC simulation. The number of
events passing ANN selection was compared to the prediction based on the same sample from
the ND. In this muon-removed sample, we observe 39 events above the selection cut, with an
expectation of 29 ± 5(stat.)±2(syst.). The excess of events is concentrated at very high values
of the selection variable. Examination of the events and distributions give no evidence that
the excess is not a fluctuation. The sample will be explored further with the larger data set
currently being acquired.
The standard FD data sample was first studied for events passing all but the νe -CC selection
criteria. In the FD data, 146 events were observed below ANN=0.55, compared to a pure
background expectation of 132 ± 12(stat.)±8(syst.). In the signal region above ANN=0.7, we
observe 35 events, with a background expectation of 27±5(stat.)±2(syst.). Figure 2 (left) shows
the ANN selection variable distribution. The observed energy spectrum for events within the
signal region is shown in Figure 2 (right).

Figure 3: The 90% CL in the sin2 (2θ13 ) and δCP plane using the ANN selection method. Black lines show the
best fit to the data for both the normal hierarchy (solid) and inverted hierarchy (dotted). Blue (red) lines show
the 90% CL boundaries for the normal (inverted) hierarchies.

6.2

Results using the LEM method

The second selection method, LEM, was used as a cross check and it is not described in detail
here. For the muon removed-sample using this selection method, we observe 25 events, with
an expectation of 17 ± 4(stat.)±2(syst.). For the standard FD data in the region below a cut
of LEM=0.55, we observe 176 events, with an expectation of 157 ± 13(stat.)±3(syst.). As in
the ANN method, we observe a small excess (< 2σ) for both the muon-removed sample and
the region below the selection cut. In the signal region, we observed 28 events compared to
a background expectation of 22 ± 5(stat.)±3(syst.). These results are also consistent with the
ANN selection.

7

Results for νµ → νe in MINOS

Figure 3 shows the 90% confidence intervals in the sin2 (2θ13 ) and the CP phase, δCP , plane
obtained using the observed total number of events selected by the ANN method. The oscillation probability is computed using a full 3-flavor neutrino mixing framework that includes
matter effects 24 and introduces a dependency on the neutrino mass hierarchy, the sign of ∆m232 .
The contours are calculated using the MINOS best fit values of |∆m232 | =2.43 × 10−3 eV2 and
sin2 (2θ23 )=1.0. Statistical (poisson) and systematic effects (gaussian) are incorporated via the
Feldman-Cousins approach which we use to determine the desired confidence intervals 25 .
In conclusion we have described the first results of a search for νe appearance in the MINOS
experiment. The 1.5σ excess of events can be interpreted in terms of νµ → νe oscillations. At
90% CL we obtain an upper limit range of sin2 (2θ13 ) < 0.28 − 0.34 for the normal neutrino mass
hierarchy and sin2 (2θ13 ) < 0.36 − 0.42 for the inverted hierarchy depending upon δCP .
MINOS is actively taking data and has already doubled the statistics used in this analysis
(Spring 2009). In the near future expect an improved analysis taking advantage of the larger
statistics (> 7 × 1020 POT ) and improvements in our understanding of the systematic errors.
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First results of the OPERA experiment
N. Di Marco
Department of Physics, L’Aquila University, Via Vetoio Localit Coppito
67100 L’Aquila, Italy
OPERA (Oscillation Project with Emulsion tRacking Apparatus) is a long baseline neutrino
experiment, designed to search for νµ → ντ oscillation through the direct observation of ντ in
the almost pure CNGS νµ beam produced at CERN and delivered at the large underground
Gran Sasso National Laboratory, 730 km away from CERN. The detector construction was
completed in summer 2008 and data taking started at the end of June 2008. In this paper,
we review the physics potential of the experiment, the performances of the detector and the
first results obtained in the analysis of the first physics run events.

This paper is dedicated to the memory of the 306 people killed by the earthquake that, on
April 6 2009, destroyed the city of L’Aquila.
1

Introduction

Increasing experimental evidence of neutrino oscillation has been collected in the last decade,
by exploiting both the natural neutrino sources and the available artificial sources like reactors
and dedicated accelerator lines. However, despite the fact that there are many experimental
indications supporting the νµ → ντ solution for the atmospheric neutrino oscillation channel, a
direct evidence of the ντ appearance is still missing.
The OPERA 1 experiment aims at measuring the ντ appearance in an almost pure νµ beam
produced at CERN SPS, 730 km far from the detector. The ντ appearance signal is detected
through the measurement of the decay daughter particles of the τ lepton produced in CC ντ
interactions. Since the short-lived τ particle has, at the energy of the beam, an average decay
length of about ∼1 mm, a micrometric detection resolution is needed. For this purpose the
OPERA detector, placed in the hall ”C” of the Gran Sasso National Underground Laboratories,
makes use of nuclear emulsions, the tracking detector with highest spatial resolution, combined
with lead plates in a structure called ”brick”.
The CNGS 2 beam is designed to provide 4.5 · 1019 proton-on-target/year (p.o.t./y) with
a running time of 200 days per year. The beam parameters have been designed in order to
optimize the number of ντ charged current interactions in the OPERA detector. The average
neutrino energy is <E>=17 GeV with a small contamination of ν µ (4%) and of νe , ν e (less than
1%). The average L/E ratio is 43 km/GeV, far from the oscillation maximum, but dictated by
the high energy needed for τ appearance.
In 5 years of data taking, OPERA is able to observe 10 to 15 ντ events after oscillation at
full mixing in the range 2.5 × 10−3 < ∆m2 < 3 × 10−3 eV2 , with a total background of 0.75
events.

Figure 1: Schematic view of the OPERA detector

2

Detector overview

The OPERA apparatus (Fig. 1) consists of 2 identical parts called super-modules (SMs). Each
super-module consists of a target section of about 625 tons made of emulsion/lead bricks, of
a scintillator tracker detector (TT) and of a muon spectrometer. TT planes serve as trigger
devices and allow selecting the brick containing a neutrino interaction. The muon spectrometer
at the downstream end of each SM, allows measuring charge and momentum of penetrating
tracks. A large size anti-coincidence detector (VETO), made of two glass RPC planes mounted
in front of the first target, allows to reject charged particles originating from outside the target
fiducial region coming from neutrino interactions in the surrounding rock material.
2.1

Emulsion Target

Each target section is a sequence of vertical steel containers (walls) hosting the bricks, interleaved
with double-layered plastic scintillator planes as Target Trackers (TT). Each brick wall contains
∼ 2900 bricks for a total of 150000 bricks in the whole apparatus.
A target brick consists of 56 lead plates of 1 mm thickness interleaved with 57 emulsion
films. The plate material is a lead alloy with a small calcium content to improve its mechanical
properties. The transverse dimensions of a brick are 12.8 × 10.2 cm2 and the thickness along
the beam direction is 7.9 cm (about 10 radiation lengths). The weight is 8.3 kg.
The large amount of bricks used in the apparatus, translates in an overall emulsion area larger
than 100,000 m2 . Therefore an industrial film production was set-up after an R&D program
carried out in collaboration with the Fuji Film company. An OPERA film has 2 emulsion layers
(each 44 µm thick) on both sides of a transparent triacetylcellulose base (205 µm thick). The
total thickness is 293±5 µm.
In order to reduce the number of tracks integrated by nuclear emulsion from their production
to their development, a new procedure called refreshing (realized in a facility located in the
Tono mine in Gifu, Japan) was set up. It consists in keeping the emulsion films at high relative
humidity (RH ∼ 98%) and high temperature (∼ 27◦ C). This process reduces the integrated
number of tracks from ∼3000 to less than 100 tracks/cm2 without affecting the sensitivity to
tracks detected later on (34 grains/100 µm).
In order to have a better signal to noise ratio and to reduce the emulsion scanning load the
use of Changeable Sheets (CS) film interface 3 , successfully applied in past experiments, was
extended to OPERA. Tightly packed doublets of emulsion films are glued to the downstream
face of each brick and can be removed without opening the brick. The global layout of bricks,

Figure 2: Schematic view of two bricks with their Changeable Sheets and target tracker planes.

CS and TT is schematically shown in Figure 2.
The construction of 150000 bricks for the neutrino target was accomplished in 80 weeks by
an automatic machine, the Brick Assembly Machine (BAM), operating underground in order to
minimize the number of background tracks from cosmic-rays and environmental radiation. Two
Brick Manipulating Systems (BMS) on the lateral sides of the detector position the bricks in
the target walls and also extract those bricks containing neutrino interactions.
In order to cope with the analysis of the large number of emulsion sheets related to neutrino interactions, two new generations of fast automatic optical microscopes was developed:
the European Scanning System (ESS) 4 and the Japanese S-UTS 5 (Figure 3). Although the
implementation differs both in the hardware and software architecture, both systems have comparable performances ensuring a scanning speed two order of magnitude greater than that of
the systems used in past experiments, and a spatial and angular resolution of the order of ∼1
µm and 1 mrad respectively.

2.2

Target Tracker

The main role of the Target Tracker is to provide a trigger and identify the bricks where the event
vertex should be located. Each TT wall is composed of two planes of respectively horizontal
and vertical plastic scintillator strips (680 cm × 2.6 cm × 1 cm). The strips are made of extruded
polystyrene with 2% p-terphenyl and 0.02% POPOP, coated with a thin diffusing white layer of
TiO2 . Charged particle crossing the strips will create a blue scintillation light which is collected
by wavelength-shifting fibers which propagate light at both extremities of the strip. All fibers
are connected at both ends to multianode Hamamatsu PMTs.

2.3

Muon Spectrometers

Each muon spectrometer consists of a large iron magnet instrumented with plastic Resistive Plate
Chambers (RPC). The deflection of charged particles inside the magnetized iron is measured by
six stations of drift tubes (Precision Trackers, PT). Left-right ambiguities in the reconstruction
of particle trajectories inside the PT are removed by means of additional RPC (XPC) with
readout strips rotated by ±45◦ with respect to the horizontal and positioned near the first two
PT stations.

Figure 3: A photograph of the European (left) and Japanese (right) scanning system.

3

Event analysis chain

We describe in the following the different steps carried out to analyze neutrino interaction events
from the identification of the ”fired” brick up to the detailed kinematical analysis of the vertex
in the emulsion films.
Once a trigger in the electronic detectors is selected to be compatible with an interaction
inside a brick, electronic detector data are processed by a software reconstruction program
that selects the brick with the highest probability to contain the neutrino interaction vertex.
This brick is removed from the target wall by the BMS and exposed to X-rays for film-to-film
alignment. There are two independent X-ray exposures: the first one ensures a common reference
system to the CS film doublet and the most downstream film of the brick (frontal exposure);
the second one produces thick lateral marks on the brick edges, used for film to film alignment
inside the brick.
After the first X-ray exposure the CS doublet is detached from the brick and developed
underground, while the brick is kept in a box made of 5 cm thick iron shielding to reduce the
radioactivity background. The scanning of the CS is done in two laboratories hosting a farm of
microscopes (Scanning Stations), one at LNGS and the other in Nagoya. CS films are analyzed
with a procedure called ”general scanning” that looks for tracks in all the available angular
range (typically ±400 mrad around the perpendicular to the film) in an area of about 50 cm2
around the TT prediction. The residuals with respect to the TT prediction, are of the order of
about 1 cm in position and 20 mrad in angle.
The agreement between the two reconstructed tracks (each of them called ”base-track”,
and composed by the 2 track segments recorded in the two emulsion layers and called ”microtrack”) in the CS doublet is quite stringent, given the precise alignment provided by the X-ray
exposure. The intrinsic position accuracy is less than 2 µm while the residual is dominated
by the systematic uncertainty in the mark measurement which is of the order of 10 µm. All
candidate tracks are then validated by an eye inspection to reject the small remnant background
due to accidental coincidences. The tolerances between tracks reconstructed on the two CS films,
are set accordingly: 40 µm in position and 10 mrad in angle, the latter enlarged according to
the track slope. The tracking efficiency has been measured on the double-refreshed CS films by
using tracks produced in neutrino interactions and hence it is averaged on the relevant angular
spectrum. The result shows a reconstruction efficiency of 86% at the level of single tracks.
This implies a particle trajectory reconstruction efficiency of 75% at the level of a CS doublet.
Using Compton electrons from environmental radioactivity, the systematic uncertainties in the
alignment between the two CS films are reduced, bringing the position accuracy at the level
of 1 µm 6 . Given the larger background in the micro-track reconstruction, such an accuracy

allows for the application of tighter cuts and thus it makes the use of single micro-tracks in the
track formation possible. If no double base-track candidate is found, after the application of the
fine alignment procedure, candidates made of 3 micro-tracks are selected, thus increasing the
particle trajectory reconstruction efficiency to 90%.
If the CS scanning detects tracks compatible with those reconstructed in the electronic
detectors the second X-ray exposure (lateral marking) is performed and the brick is brought
to the surface laboratory. The brick is then exposed to cosmic-rays for about 24 hours in
a dedicated pit in order to select high-energy cosmic muons to provide straight tracks for a
refined (sub-micrometric) film-to-film alignment. The brick emulsion films are then developed
and dispatched to the various scanning laboratories in Europe and Japan.
All tracks measured in the CS are sought in the most downstream films of the brick and
followed back until they are not found in three consecutive films. The stopping point is considered
as the signature either for a primary or a secondary vertex. The vertex is then confirmed by
scanning a volume with a transverse size of 1 cm2 for 11 films in total, upstream and downstream
of the stopping point. The data are processed by an off-line program to reconstruct all the tracks
originating inside the volume: these tracks are input for a vertex reconstruction algorithm which
is tuned to find also decay topologies. The tracks attached to the primary vertex are followed
downstream, with a procedure analogous to the scan-back but in the opposite direction, to check
whether they show any decay topology and to measure their momentum from the Coulomb
multiple scattering.

4

First physics results

After a short commissioning run in 2006 the CNGS operation started on September 2007 at
rather low intensity. Unfortunately, due to a fault of the CNGS facility, the physics run lasted
only a few days. During this run 8.2 × 1017 protons on target (p.o.t.) were accumulated: this
corresponds to about ∼ 3.6 effective nominal days of running. With such an integrated intensity
32 neutrino interactions in the bricks and 3 in the scintillator material of the target tracker were
expected; we actually observed 38 events on time with the arrival of the beam at Gran Sasso.
A much longer run took place in 2008 when 1.782 × 1019 protons were delivered on the
CNGS target. OPERA collected 10100 events on time and among them 1700 interactions in
the targets, which are presently under analysis. At the time of the conference 484 events were
located and their interaction topology was reconstructed: among them 412 were CC events while
72 were NC events.
Charm production and decay topology events have a great importance in OPERA for two
main reasons. On the one hand, since charm decays exhibit the same topology as τ decays,
measuring the charm-like event reconstruction efficiency provides an important cross-check of
the τ event reconstruction capability. On the other hand, charm events are a potential source
of background, in particular if the muon at the primary vertex is not identified. Therefore,
searching for charm-decays in events with the primary muon correctly identified provides a
direct measurement of this background. Charm decay topologies are searched for in the sample
of located neutrino interactions. As an example Figure 4 shows an event with a charm-like
topology: the primary vertex has high track multiplicity and one of the scan-back tracks shows
a kink topology. At the 90% C.L. the transverse momentum ranges between 600 MeV/c and
1150 MeV/c. We evaluated that in this case, the probability that a hadron interaction mimics
a charm-decay with transverse momentum larger than 600 MeV/c is only 4 × 10−4 .

Figure 4: Online display of the OPERA electronic detector of a νµ charged-current interaction with a charm-like
topology (top panel). The emulsion reconstruction is shown in the bottom panels where the charm-like topology
is seen as a track with a kink: top view (bottom left), side view (bottom center), frontal view (bottom right).

5

Conclusions and outlook

After the two pilot runs in 2006 and 2007, in the 2008 run OPERA detected about 1700 neutrinos interacting in the targets, consistently with the value expected from the CNGS integrated
intensity. At the time of the Moriond conference 484 interactions were located in the bricks:
72 NC and 412 CC interactions. The Scanning Stations and the scanning laboratories of the
Collaboration are completing the analysis of the bricks, locating the events which will be finally
analysed for the search of the ντ candidates.
A new physics run is foreseen to start in June 2009: about 2.4 × 1013 protons per extraction
will be delivered, for a total integrated intensity of 3.5 × 1019 protons on target in less than 170
days of run. With such integrated intensity we expect to collect ∼ 3500 events in the target and
eventually to observe the first τ event candidates.
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Theories beyond the Standard Model must respect its gauge symmetry. This implies strict
constraints on the possible models of Non-Standard Neutrino Interactions (NSIs). We review
here the present status of NSIs from the point of view of effective field theory. Our recent
work on the restrictions implied by Standard Model gauge invariance is provided along with
some examples of possible gauge invariant models featuring non-standard interactions.

1

Introduction

The experimental observation of neutrino masses and mixings is the first evidence for physics
beyond the Standard Model (SM) – maybe together with the indication for dark matter – and
points to the existence of a new, yet unknown, physics scale. The tiny masses of the neutrinos,
which are orders of magnitude lighter than those of other fermions, suggest a large new physics
scale leading to very suppressed effects. Since neutrinos have only weak interactions with the
SM particles, they may even constitute an excellent window into the new physics underlying the
“dark sectors” of the universe, i.e., dark matter and dark energy. Therefore, new physics may
very well appear next in the form of exotic couplings involving neutrinos, which are often called
non-standard neutrino interactions(NSIs). In the present work this possibility is discussed in a
model independent way and we focus, in particular, in the possible tree-level mediators of new
physics inducing them.
On general grounds, whatever the nature of the new couplings is, observable effects will
only be expected for a new physics scale Λ near the present experimental limits, i.e., above the
electroweak symmetry breaking (EWSB) scale. An example of NSI is given by the dimension
six (d = 6) operator in
1
(ν̄α γ ρ PL νβ ) (ℓ̄γ γρ ℓδ ) .
(1)
Λ2
where spinor indices have been omitted and flavour indices are represented by greek characters.

While the high energy theory has to contain and encompass the SM gauge group, the operator
in Eq.(1) is not gauge invariant. A gauge invariant operator that produces this coupling is, for
instance, the following
1
(L̄α γ ρ Lβ ) (L̄γ γρ Lδ ) ,
(2)
Λ2
where L denotes the leptonic SU (2) doublet. However, Eq.(2) is a good example of the effects
involved in taking gauge invariance into account. The operator above, not only produces the
desired combination, Eq.(1) but also contributes to the transition µ → 3e, for β = µ, α = γ =
δ = e, with the same strength. Hence, the extremely strong bounds for the charged leptons
transition also apply to the NSI.
In general, effective interactions such as those in Eq.(1), clearly require to consider operators
made out of four leptonic fields, plus Higgs fields in the case of operators with d > 6 [1–3].
There is a plethora of d = 6 [4] and d = 8 [5] operators and different classes of models result
in different sets of operators and operator coefficients. Those among them relevant for NSI
can affect neutrino production or detection processes, or modify the matter effects in their
propagation, depending on the operator or combination of operators considered.
The motivation of the present work is to determine what is the minimum complexity needed
to achieve large NSIs in the sense of relevant for present or near future experiment. We find
that, in all generality, fine tuning is needed to suppress the interactions among four charged
leptons. We further provide a tree level classification of all possible models leading to d = 6
or d = 8 NSIs. These models, as will be seen, suffer in general, not only from the restrictions
mentioned above but also from new ones particular to each. We illustrate this case with one
example.
2

Formalism of effective operators

From the point of view of effective field theory, the NSI Lagrangian relevant to us can be written
as
d=6
d=8
1 X
1 X
d=6
Ci Oi + 4
Ck Okd=8 ,
(3)
δLeff = 2
Λ
Λ
i

k

where the two terms run over all possible d = 6 and d = 8 operators relevant for purely leptonic
NSIs. The field content of these operators is fixed, namely: the Oid=6 are four fermion operators;
in the case of d = 8, the Okd=8 consist of four fermions plus two Higgses.
In both these series there are certain operators that are not afflicted by the appearance of
four charged lepton interactions. It is the case of the gauge invariant d = 6
d=6
OZee
= (L̄iτ2 L)(L̄iτ2 L)

(4)

which is characteristic of a class of models commonly referred in the literature as Zee models.
Also, after EW symmetry breaking, for d = 8 we have
µ
†
d=8
ON
SI = (L̄H)γ (H L)(Ēγµ E) .

(5)

For these two, expansion on the flavour indices show that only interactions involving neutrinos
d=8 at selecting the neutrinos from the lepton
appear. Notice the importance of the Higgs in ON
SI
doublets [1].
In general however, the operators in Eq.(3) will indeed generate four-charged lepton interactions. A key observation is that every operator in these sums can be expressed as a linear
combination of a selected few [4, 5]. Thus, for instance, every d = 6 operator involving four

lepton doublets can be written as a linear combination of the following two
1 βδ
(OLL
)αγ =(L̄β γ ρ Lα )(L̄δ γρ Lγ ) ,

(6)

3 βδ
)αγ =(L̄β γ ρ ~τ Lα )(L̄δ γρ~τ Lγ )
(OLL

(7)

Both these operators yield charged lepton couplings. However, if both are present in the effective
1 , C 3 can be ’tuned’ in such a way that the charged interactions
Lagrangian, their coefficients CLL
LL
are suppressed leaving only large NSIs. The condition for this example is simply
1
3
= −CLL
.
CLL

(8)

In [6] we exhausted all the cancellation relations for d = 6 and d = 8 operators. We found
that this kind of cancellation conditions are necessary for each model that attempts to produce
d=6 or O d=8 are clearly particular cases where such conditions are
large NSIs. The operators OZee
N SI
fulfilled automatically.
1 , C 3 , etc. will be given in terms of the paramNevertheless, in general, the coefficients CLL
LL
eters of the fundamental Lagrangian. Stepping into the model building arena, one is tempted
to ask: how are these cancellations implemented in terms of the fundamental couplings of a
particular model?
3

A toy model

In order to estimate the theoretical price to pay for obtaining large NSIs without large charged
lepton flavour violation, we show here a toy model in a bottom-up fashion, which precisely
generates the d = 8 operator ONSI in Eq. (5) and no d = 6 operator. Then we will sketch a
systematic analysis, from which we can recover the toy model as the simplest possibility in a
top-down approach.
Consider the following Lagrangian for the underlying theory, which adds both a new scalar
doublet Φ and a vector doublet Vµ to the SM Lagrangian, with general couplings to the SM
fields y, g and λ’s,
L = LSM − (y)β γ (L̄β )i Eγ Φi − (g)βδ (L̄β )i γ ρ (E c )δ (Vρ )i
+ λ1s (H † H)(Φ† Φ) + λ3s (H †~τ H)(Φ†~τ Φ)
+ λ1v (H † H)(Vρ† V ρ ) + λ3v (H †~τ H)(Vρ†~τ V ρ ) + h.c. + ...

(9)

where the dots refer to other bosonic interactions not relevant for this work. This model leads
both to d = 6 and d = 8 charged interactions as well as NSIs at d = 8. In Fig.(1) we include the
two diagrams contributing to the d = 8 NSI. As we have stated, in order to suppress the four
charged interactions we need to impose certain relations between the couplings in the Lagrangian
Eq.(9). It can be shown [6] that the cancellation condition that eliminates the d = 6 charged
interactions is given by
α
− 2(g† )γα (g)βδ + (y † )δ (y)β γ = 0 .
(10)
while, in order to cancel the d = 8 charged interactions, we need to impose additionally that
λ1s + λ1v = λ3s + λ3v 6= 0 .

(11)

It can now be proven that, with these conditions, amplitudes for NSI processes remain large. It
is beyond the purpose of this work to do a phenomenological analysis of this model. What is
important is to stress that a toy model for viable NSI has resulted by adding a pair of exotic
particles to the SM field content and imposing the two relations to their couplings with the
SM fields contained in Eq.(10) and (11). Unfortunately, it also illustrates how these ad hoc
cancellations are required a priori. It remains a question for the model builder whether they can
be justified by some some symmetry or not.
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H
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Figure 1: Dimension eight operator for the toy model decomposed into dimension four interactions. The mediator
particles are respectively a scalar doublet and a vector doublet of the SM SU (2)

4

General model analysis

If one restricts oneself to the tree level analysis, then there is a finite number of models that can
generate any effective operator. In the case of the d = 6 operators the models that correspond
to each can be quickly identified, since there is only one possible type of tree level diagram that
generates such effective couplings.
d=6 of Eq.(4).
As an illustration, consider the following mediator decomposition of operator OZee
Le

Lµ
Lµ

Le
S
Le

L

Le

Le

e

singlet scalar, Y = −1
In the figure it is illustrated the procedure to obtain the unique model that generates it at
tree level. One begins by grouping the operator into bilinears and identifying those as external
legs from a common vertex. Then the particle that connects those vertices can be uniquely
determined.
It is important to take notice at this point that, once a model is chosen, the general constraints involving some kind of ’tuning’ that we saw earlier are usually accompanied by new
ones, typical of that particular model. Strong bounds for the model above, characterized by
additional interaction terms in the Lagrangian of the form
δLint = S L̄iτ2 L + h.c.

(12)

have been deduced in [7]. It is not hard to prove that essentially all NSI from d = 6 operators
are strongly constrained when the possible tree-level mediators are taken into account [6] .
The d = 8 case is more involved but one can analyze it following essentially the same procedure. As we saw in the toy model, apart from the usual cancellations required to suppress the
four-charged processes, in general one might have to impose additional cancellation conditions
in order to ensure that no d = 6 operator is generated. In [6] a systematic analysis of all the
cancellation conditions for d = 8 operators, along the lines that have been presented for the
d = 6 case, was carried out. It was shown there that at least two new fields are required to

avoid the undesired d = 6 and d = 8 interactions involving four charged leptons In fact, when
the mediators of a d = 8 effective operator couple only to SM bilinears, there will always be at
least one field leading as well to d = 6 contributions. These have to be cancelled in each case
by fine-tuning or symmetries.
5

Conclusions

In this talk, we have discussed the possibility of large non-standard interactions (NSI) in the
neutrino sector. Since any model of new physics has to recover the Standard Model at low
energies, we have required gauge invariance under the SM gauge group and studied the possible
effective theories. The focus is set on purely leptonic NSI, that is, on operators in which the only
fermion fields appearing are leptons. Our analysis is based on the full (analytical) decomposition
of possible dimension six and eight effective operators, which can be induced at tree-level by
any hypothetical beyond the SM theory.
The aim is to gauge the theoretical price of achieving phenomenologically viable large neutrino NSI. It is argued that the minimum complexity of a realistic model leading to large NSI and
no charged lepton flavor violation requires at least two new fields inducing d = 8 NSI couplings.
Furthermore, the possible SM charges of those mediators and the cancellation conditions for
the dimension six interactions among four leptons that they simultaneously induce can also be
found [6]. These cancellation conditions translate into precise relations among model parameters. We have shown how this works in a particular case. Our results imply nonetheless such
a number of constraints that the observational prospects do not seem bright, specially as we
did not identify some symmetry which would account for them. On the other side, we showed
that large NSI are not excluded, and we found out which conditions are necessary to satisfy for
any model to be viable. For the model to be credible, those cancellation conditions should be
explained by some symmetry. Until then, it’s up to the reader to decide on the perspective for
large NSI.
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The SciBooNE Experiment
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The unknown neutrino mixing angle θ13 is one of the most important goals in current neutrino
experiments. For the next generation of long baseline neutrino oscillation experiments, T2K
and NOvA, the precise measurement of neutrino-nucleus cross sections in the few GeV energy
range is an essential ingredient in the interpretation of neutrino oscillation signals. Charged
current single charged-pion production is a dominant background process for νµ → νX oscillation measurement, and neutral current neutral-pion production is a major background for νe
appearance search. The SciBooNE experiment is designed to measure neutrino cross sections
on carbon around one GeV region. This article focuses on SciBooNE’s first results 1 : search for
charged current coherent pion production, that is one of charged current single charged-pion
production processes.

1

Introduction

Neutrino-induced charged current single charged pion production (CC-1π + ) is dominated by
baryonic resonance excitation off a single nucleon bound in a nucleus in the neutrino energy
region of a few GeV. The resonance state is followed by its prompt decay into a nucleon and a
pion in the final state. The process is written as νµ N → µ− N ′ π + where N and N ′ are proton or
neutron. In addition to this reaction, neutrinos can produce pions by interacting coherently with
the nucleons forming the target nucleus. The process is expressed as νµ A → µAπ + , where A is
a nucleus. Understanding the cross sections of these processes is important to study νµ → νX
oscillation (νµ disappearance) near one GeV. In such oscillation experiments, a distortion in
the νµ energy spectrum is measured with charged current quasi-elastic (CC-QE) interactions,
νµ n → µ− p, by reconstructing neutrino energy from the measured muon momentum and angle.
The background to this channel is dominated by CC-1π + events in which the pion is not observed
so that the final state looks like a CC-QE interaction. This mis-identification comes from the
lack of the final state π + detection due to low energy as well as pion absorption inside the
nucleus.

In addition, recently there are two new results on coherent pion production, and they are
attracting a lot of attention in the neutrino physics community. The non-existence of charged
current coherent pion production in a 1.3 GeV wide-band neutrino beam has been reported by
K2K 2 , while there exist charged current coherent pion production positive results at higher
neutrino energies. On the one hand, evidence for neutral current coherent pion production in
the similar neutrino energy has been recently reported by MiniBooNE 3 .
2

SciBooNE Experiment

Y (cm)

The SciBooNE experiment 4 is designed to
measure the neutrino cross sections on carbon
150
in the one GeV region. The experiment uses
the Booster Neutrino Beam (BNB) at Fermilab. The primary proton beam, with kinetic
100
energy 8 GeV, is extracted to strike a 71 cm
long, 1 cm diameter beryllium target. The
50
target sits at the upstream end of a magnetic
focusing horn that focus the mesons, primarily π + , produced by the p-Be interactions. In
0
a 50 m long decay region following the horn,
π + decay and produce neutrinos, before the
-50
mesons encounter an absorber. The flux is
dominated by muon neutrinos (93% of total),
with small contributions from muon antineu-100
trinos (6.4%), and electron neutrinos and antineutrinos (0.6% in total). The flux-averaged
-150
mean neutrino energy is 0.7 GeV. When the
−
0
50
100 150 200 250 300 350
horn polarity is reversed, π are focused and
Z (cm)
hence a predominantly antineutrino beam is
created.
Figure 1: Event display of a typical muon neutrino
The SciBooNE detector is located 100 m charged current single charged pion event candidate in
downstream from the neutrino production tar- SciBooNE data. The neutrino beam runs from left to
get. The detector complex consists of three right in this figure, encountering SciBar, the EC and
sub-detectors: a fully active fine grained scin- MRD, in that order. The circles on SciBar and the EC
indicate ADC hits for which the area of the circle is protillator tracking detector (SciBar), an electro- portional to the energy deposition in that channel. Filled
magnetic calorimeter (EC) and a muon range boxes in the MRD show ADC hits in the beam timing.
detector (MRD). The SciBar detector consists of 14,336 extruded plastic scintillator strips, each 1.3×2.5×300 cm3 . The scintillators are
arranged vertically and horizontally to construct a 3×3×1.7 m3 volume with a total mass of
15 tons. Each strip is read out by a wavelength-shifting (WLS) fiber attached to a 64-channel
multi-anode PMT (MA-PMT). Charge and timing information from each MA-PMT is recorded.
The minimum length of a reconstructed track is 8 cm which corresponds to a proton with momentum of 450 MeV/c. The EC is installed downstream of SciBar, and consists of 32 vertical
and 32 horizontal modules made of scintillating fibers embedded in lead foils. Each module has
dimensions of 4.0×8.2×262 cm3 , and is read out by two 1-inch PMTs on both ends. The EC has
a thickness of 11X0 along the beam direction to measure π 0 emitted from
p neutrino interactions
and the intrinsic νe contamination. The energy resolution is 14%/ E[GeV]. The MRD is
located downstream of the EC in order to measure the momentum of muons up to 1.2 GeV/c
with range. It consists of 12 layers of 2-inches thick iron plates sandwiched between layers of
6 mm-thick plastic scintillator planes. The cross sectional area of each plate is 305×274 cm2 .
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Figure 2: dE/dx of muon enriched sample (left) and proton enriched sample (right). The predicted distributions
of true muon and proton tracks are shown as hatched histograms.

The horizontal and vertical scintillator planes are arranged alternately.
The experiment took both neutrino and antineutrino data from June 2007 until August 2008.
In total, 2.64×1020 POT (protons on target) were delivered to the beryllium target during the
SciBooNE data run. After beam and detector quality cuts, 2.52×1020 POT are usable for
physics analyses; 0.99 × 1020 POT for neutrino data and 1.53 × 1020 POT for antineutrino data.
Results from the full neutrino data sample are presented in this paper.
3
3.1

Search for CC coherent pion production
Event Selection

The experimental signature of charged current single charged pion production is the existence
of two and only two tracks originating from a common vertex, both consistent with minimum
ionizing particles (a muon and a charged pion). Even in case of a charged current resonant
pion event with proton in the final state, νµ n → µ− pπ + , the proton is often not reconstructed
due to its low energy.
To identify charged current events, we search for tracks in SciBar matching with a track or
hits in the MRD. Such a track is defined as a SciBar-MRD matched track. The most energetic
SciBar-MRD matched track in any event is considered as the muon candidate. The matching
criteria impose a muon momentum threshold of 350 MeV/c. The neutrino interaction vertex is
reconstructed as the upstream edge of the muon candidate. We select events whose vertices are
in the SciBar fiducial volume (FV), 2.6 m×2.6 m×1.55 m, a total mass of 10.6 tons. Finally,
event timing is required to be within 2 µsec beam timing window. The cosmic-ray background
contamination in the beam timing window is only 0.5%, estimated using a beam-off timing
window. Approximately 30,000 events are selected as our standard charged current sample.
According to the MC simulation, the selection efficiency and purity of true νµ charged current
events are 28% and 93%, respectively.
The SciBar-MRD matched events are further devided into two subsamples: the MRDstopped events and the MRD penetrated events. Events with the muon stopping in the MRD
are classied as MRD stopped events. Events with the muon exiting from the downstream end
of the MRD are dened as the MRD penetrated events, in which we can measure only a part of
the muon momentum. The average neutrino beam energy for true charged current events in
the MRD stopped and MRD penetrated samples is 1.0 GeV and 2.0 GeV, respectively, enabling
a measurement of charged current coherent pion production at two different mean neutrino energies. Further event selection criteria described below are identically applied to both MRD
stopped and MRD penetrated events.
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stopped sample. For the MC simulation, the contributions from charged current coherent pion, charged
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and other interactions are shown separately.

Once the muon candidate and the neutrino interaction vertex are reconstructed, we search
for other tracks originating from the vertex. Events with two and only two vertex-matched
tracks are selected. The two track sample is divided based on particle identification. The
SciBar detector has the capability to distinguish protons from muons and pions using dE/dx.
For example, Fig. 2 shows the dE/dx distributions of muon and proton enriched samples. The
particle identification variable, Muon Confidence Level (MuCL) is related to the probability that
a particle is a minimum ionizing particle (MIP) based on the energy deposition. The expected
dE/dx distribution of muons is obtained by using cosmic-ray muons. The particle identification
is applied to both tracks to select events with two MIP-like tracks (µ + π). Figure 3 shows
MuCL for the second track in the two-track events. The probability of mis-identification is
estimated to be 1.1% for muons and 12% for protons.
To separate charged current coherent pion events from charged current resonant pion events,
additional protons with momentum below the tracking threshold are detected by their large
energy deposition around the vertex, so-called vertex activity. We search for the maximum
deposited energy in a strip around the vertex, an area of 12.5 cm×12.5 cm in both views.
Figure 4 shows the maximum energy for µ + π sample in the MRD stopped events. A peak
around 6 MeV corresponds to the energy deposited in the strip containing the vertex by two
minimum ionizing particles, and a high energy tail is mainly due to the low energy proton.
Events with energy deposition greater than 10 MeV are considered to have activity at the
vertex.
Charged current coherent pion candidates are extracted from the sample of µ + π without
vertex activity. In order to evaluate the background events, such as charged current resonant
pion and CC-QE, we use four sub-samples: the one track events, µ + p events, µ + π events with
vertex activity, and µ + π events without vertex activity in the MRD stopped events, described
next.
3.2

Background evaluation

The MC simulation includes systematic uncertainties due to the detector response, nuclear effects, neutrino interaction models, and neutrino beam spectrum, and these uncertainties affect
background estimation. In order to constrain these uncertainties, the MC distributions of the
square of the four-momentum transfer (Q2 ) are fitted to the distributions of the four aforemen-
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Figure 5: Reconstructed Q2 for the charged current coherent pion enhanced µ + π events in the MRD stopped
sample (left) and in the MRD penetrated sample (right) after the MC tuning.

tioned data samples. The reconstructed Q2 is calculated as
Q2rec = 2Eνrec (Eµ − pµ cos θµ ) − m2µ

(1)

where Eνrec is the reconstructed neutrino energy calculated by assuming CC-QE kinematics,
Eνrec =

1 (Mp2 − m2µ ) − (Mn − V )2 + 2Eµ (Mn − V )
2
(Mn − V ) − Eµ + pµ cos θµ

(2)

where Mp and Mn are the mass of proton and neutron, respectively, and V is the nuclear
potential, which is set to 27 MeV. The MC distributions for four subsamples are fit to data
simultaneously.
Charged current coherent pion candidates are extracted from the µ + π events which do
not have vertex activity. The sample still contains CC-QE events in which a proton is misidentified as a minimum ionizing track. For each two-track event, we define an angle called
∆θp as the angle between the observed second track direction and the expected proton track
direction assuming CC-QE event. Events with ∆θp larger than 20 degrees are selected. With
this selection, 48% of CC-QE events in the µ + π sample are rejected, while 91% of charged
current coherent pion events pass the cut according to the MC simulation. Further selections are
applied in order to isolate charged current coherent pion events from charged current resonant
pion events which are the dominant backgrounds for this analysis. In the case of charged current
coherent pion events, both the muon and pion tracks are directed forward. Events in which the
track angle of the pion candidate with respect to the beam direction is less than 90 degrees are
selected. Figure 5 shows reconstructed Q2 for the selected charged current coherent enhanced
sample.
Here, reconstructed Q2 less than 0.1 (GeV/c)2 is defined as the signal region. In the signal
region of the MRD stopped sample, 247 charged current coherent pion candidates are observed,
while the expected number of background events is 228 ± 12. The error comes from the errors
on the fitting parameters. The selection efficiency for the signal is estimated to be 10.4%.
The mean neutrino beam energy for true charged current coherent pion events in the sample is
estimated to be 1.1 GeV after accounting for the effect of the selection efficiency. In the signal
region of MRD penetrated sample, 57 charged current coherent pion candidates are observed,
while the expected number of background events is 40 ± 2.2. The selection efficiency for the
signal is estimated to be 3.1%. The mean neutrino beam energy for true charged current
coherent pion events in the sample is estimated to be 2.2 GeV.

3.3

Cross sections

We measure the cross section ratios of charged current coherent pion production to total charged
current interaction with two distinct data samples. With the MRD stopped sample, the ratio of
the charged current coherent pion production to total charged current cross sections is measured
−2
to be (0.16 ± 0.17(stat)+0.30
−0.27 (syst)) × 10 . The result is consistent with the non-existence of
charged current coherent pion production, and hence we set an upper limit on the cross section
ratio at 90% C.L.:
σ(CC coherent π)/σ(CC) < 0.67 × 10−2
at a mean neutrino energy of 1.1 GeV. With the MRD penetrated sample, the cross section
−2
ratio is measured to be (0.68 ± 0.32(stat) +0:39
−0.25 (syst))× 10 . No significant evidence for charged
current coherent pion production is observed, and hence we set an upper limit on the cross section
ratio at 90% C.L.:
σ(CC coherent π)/σ(CC) < 1.36 × 10−2
at a mean neutrino energy of 2.2 GeV.
According to the Rein-Sehgal model 5,6 implemented in our simulation, the cross section ratio
of charged current coherent pion production to total charged current interactions is expected to
be 2.04×10−2 . Our limits correspond to 33% and 67% of the prediction at 1.1 GeV and 2.2 GeV,
respectively. Our results are consistent with the K2K result 2 σ(CC coherent π)/σ(CC) <
0.60 × 10−2 at 90% C.L. measured in a 1.3 GeV wideband neutrino beam.
4

Summary

We have searched for muon neutrino charged current coherent pion production on carbon in the
few GeV region using the full SciBooNE neutrino data set of 0.99 × 1020 POT. No evidence of
charged current coherent pion production is found, and hence we set 90% C.L. upper limits at
two different mean neutrino energies. SciBooNE results are consistent with the K2K result 2
measured in a 1.3 GeV wideband neutrino beam.
The SciBooNE neutral current neutral pion production cross section measurement is in
progress, and is interesting and may shed considerable light on the behavior of neutral current
coherent pion production. Many other analyses, such as CC-QE, charged current neutral-pion
production, neutral current neutral-pion production, neutral current elastic, and short baseline
νµ disappearance search, are in progress.
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Pinning down the unknown neutrino mixing angle θ13 constitutes one of the most important
goals in particle physics in connection with future investigation on CP violation in the leptonic sector. In this context, we present the results of an updated global analysis of neutrino
oscillation data, focusing on this eluding parameter. We discuss three independent and converging hints of θ13 > 0: A first one coming from atmospheric neutrino data; a the second one
from the combination of solar and long-baseline reactor neutrino data; and a third one from
the latest MINOS measurements in the appearance (νµ → νe ) channel. Their combination
provides a preference for θ13 > 0 at the non-negligible statistical significance of the 2σ (95%
C.L.). We also discuss possible refinements of the data analyses, which might sharpen the
present indication.

1

Introduction

After more than a decade of data-taking, old and new neutrino experiments continue to provide
us with precious information to decipher. The latest data not only sharpen the estimates of
well known parameters but may disclose the opportunity to probe some of the unknown ones.
This may be the case of the smallest and unknown mixing angle θ13 , whose determination is a
fundamental target in connection with future investigation of CP violation in the leptonic sector.
The first robust upper bound on θ13 was established by the CHOOZ experiment1 at the end
of 1997. Since then we have been witnessing a slow but progressive increase in the sensitivity
of the neutrino global analyses in constraining this important parameter. Indeed, such analyses
a
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have first corroborated the CHOOZ findings and then have progressively strengthened its upper
limit. Therefore, it is not completely surprising that neutrino data now allow us to go beyond the
CHOOZ sensitivity. What instead (pleasantly) surprise us is that they, for the first time, point
toward a non-zero value of this parameter. Remarkably, an analogous hint has independently
emerged in the recent searches of νe appearance in MINOS2 , thus reinforcing the statistical
significance of the global indication for non-zero θ13 (now at the 95% C.L.), together with our
hopes of pinning down this fundamental parameter.
In the following we review the current status of neutrino mass and mixing determinations,
focusing on such a weak, but nonetheless interesting, indication.
2

The leading parameters

Four of the fundamental parameters driving neutrino oscillations are known with very good
precision. Two couples of parameters govern the flavor transitions in the two (almost) distinct
“atmospheric” and “solar” sectors — so called from the natural sources used in the first searches
for neutrino oscillations. In fact, precision studies of these parameters are now complemented by
“artificial” neutrinos produced in reactors and accelerators. Each couple of parameters consists
of a mass squared splitting (related to the oscillation frequency) and a mixing angle (related to
the amplitude of the relevant oscillation process). In the following we review the status of the
determination of these parameters as of May 2009.
2.1

δm2 and θ12

Solar and KamLAND reactor neutrino oscillations are driven by two leading parameters: the
smallest mass-squared difference δm2 and the mixing angle θ12 . In our analysis 3 we have included
the results from the third phase of the Sudbury Neutrino Observatory (SNO-III) 4 , in the form of
two integral determinations of the charged current (CC) and neutral current (NC) event rates.
Furthermore, we have included the Borexino results 5 , and the reevaluated GALLEX datum 6 .
Finally, we have incorporated the latest KamLAND measurements 7 .
The δm2 determination is dominated by KamLAND, which now observes the oscillatory
pattern over one entire cycle 7 . The situation is quite different for the mixing angle θ12 , which
is determined by an interplay of both solar and KamLAND data. Indeed, a weak tension is
present among the two independent determinations which, as we shall see in more detail in the
next section, is at the origin of the“new” hint of θ13 > 0. Our three flavor analysis 8 , after
marginalizion over θ13 , provides the following determinations (at the 2σ level),
+0.044
δm2 = 7.67 (1−0.047
) × 10−5 eV2 ,

2

sin θ12 =

+0.128
0.312 (1−0.109
)

,

(1)
(2)

in agreement with our previous estimates 9 , and now more precise almost by a factor of two.
2.2

∆m2 and θ23

Atmospheric and long baseline (LBL) neutrino oscillations are mainly driven by two leading
parameters: the largest mass-squared difference ∆m2 and the mixing angle θ23 . In this case, even
in the limit θ13 = 0, small effects are induced by the “solar parameters” (δm2 , θ12 ), which we fix
at their best fit values. The determination of the mass-squared difference ∆m2 is now dominated
by the disappearance measurements (in the νµ → νµ channel) performed by the accelerator LBL
experiment MINOS 10 , while the mixing θ23 is still better constrained by atmospheric neutrino
data. Our global analysis 8 provides the allowed ranges (at the 2σ level),
+0.113
∆m2 = 2.39 (1−0.084
) × 10−3 eV2 ,

(3)

sin2 θ23 = 0.466 (1+0.292
−0.215 ) .

(4)

In comparison with our previous estimates 9 , the 2σ error on ∆m2 is reduced from ∼ 15%
to ∼ 10%, due to the latest MINOS results. It seems reasonable to expect that MINOS will
appreciably reduce the uncertainty of both parameters starting form the next data release.
3

Hints of θ13 > 0

The mixing angle θ13 , if different from zero, plays a subdominant role in each of the two sectors
considered above, thus providing the main connection among them. In the following we discuss
in detail the implications of the latest neutrino data for this parameter.
3.1

Atmospheric data

In 11 we pointed out a weak preference of atmospheric neutrino datab (in combination with
CHOOZ) for a non-zero value of θ13 . We traced a possible source for this preference in subleading
3ν oscillation terms driven by the “solar parameters” 16,17 , which could partly explain the
observed excess of sub-GeV atmospheric electron-like events. We find such a hint unaltered
after combination with current (disappearance) LBL accelerator neutrino data, which are not
sufficiently sensitive to θ13 9 . In particular, after inclusion of the latest MINOS (disappearance)
data 10 , and marginalizing over the leading mass-mixing parameters (∆m2 , sin2 θ23 ), we still find
a ∼ 0.9σ hint of θ13 > 0 from the combination of atmospheric, LBL accelerator (disappearance),
and CHOOZ data,
sin2 θ13 = 0.012 ± 0.013 [1σ, Atm + LBL(disapp.) + CHOOZ]

(5)

where the error scales almost linearly up to ∼3σ, within the physical range sin2 θ13 ≥ 0 (see the
magenta long-dashed curve in Fig. 3).
3.2

Solar and KamLAND data

In the past, the previous hint for θ13 > 0 was not corroborated by solar and KamLAND data,
which preferred θ13 ≃ 0 at best fit, both separately and in combination. This trend has recently
changed, however, as a consequence of the 2008 data released by KamLAND 7 which, as noted
in 18 , as well as in 19 , prefer values of the mixing angle θ12 somewhat higher than those indicated
by solar data (and especially by the SNO experiment). As stressed in 18,19 , this tension could
be alleviated for θ13 > 0, as a result of the different dependence of the survival probability
Pee = P (νe → νe ) on the mixing angles in KamLAND and SNO, respectively.
In 18 we also remarked that such a preference, although rather small at that time (∼ 0.5σ),
could be potentially corroborated by new solar neutrino data. This has indeed been the case
after the inclusion of the new SNO-III data 4 , as pointed out in 3 .
Figure 1 shows the regions allowed by our current analysis of solar (S) and KamLAND (K)
neutrino data, for both sin2 θ13 = 0 (left panel) and a representative non-zero value, sin2 θ13 =
0.03 (right panel). A comparison of the two panels shows that the S and K best-fit regions tend
to merge as sin2 θ13 increases (up to values of few percent).
Figure 2 (left panel) shows again the regions separately allowed from S and K data, but
now in the plane spanned by the mixing parameters (sin2 θ12 , sin2 θ13 ). Here the δm2 parameter
is marginalized away in the KamLAND preferred region, which is equivalent, in practice, to
set δm2 at its best fit value. The mixing parameters are positively and negatively correlated
b
Other atmospheric ν analyses as in 12,13 have found no or weaker hint. An indication for non-zero θ13 is
instead supported in 14,15 .

in the solar and KamLAND regions, respectively, as a result of different functional forms for
Pee (sin2 θ12 , sin2 θ13 ) in the two cases. The S and K allowed regions, which do not overlap at
1σ for θ13 = 0, merge for sin2 θ13 ∼ few × 10−2 . The best fit (dot) and error ellipses for the
solar+KamLAND combination are shown in the middle panel of Fig. 2. A hint of θ13 > 0
emerges at ∼1.2σ level,
sin2 θ13 = 0.021 ± 0.017 (1σ, Solar + KamLAND) ,

(6)

with errors scaling linearly, to a good approximation, up to ∼3σ (see the green short-dashed
curve in Fig. 3).
3.3

Combination

The right panel in Fig. 2 shows the 1σ and 2σ error ellipses in the (sin2 θ12 , sin2 θ13 ) plane from
the fit to all data. The hint of θ13 > 0 is reinforced in the combination, with an overall preference
emerging at the level of ∼1.6σ (∼90% C.L) 3 :
sin2 θ13 = 0.016 ± 0.010 (1σ, all data 2008) ,

(7)

with linearly scaling errors (see the black solid curve in Fig. 3).
Figure 3 summarizes the bounds we obtain on θ13 using different data sets. Note that
the preference for nonzero θ13 does not emerge significantly from solar and KamLAND data
taken separately, but rather from their combination, which is sensitive to the different (θ13 , θ12 )
dependence of the νe survival probability in matter (high-energy solar neutrinos) and vacuum
(KamLAND neutrinos). We remark that, as already stressed in 20 , a preference for nonzero θ13
might also emerge from future solar neutrinos alone, by contrasting accurate data at low-energy
and high-energy, sensitive to (averaged) vacuum and matter oscillations, respectively. In this
respect, present (Borexino) and future low-energy experiments could play an important role.
3.4

A new hint from MINOS?

The first MINOS data in the νµ → νe appearance channel have been presented2 few days before
this conference. A weak preference (90% C.L.) for θ13 > 0 emerges from the analysis. Although,
very prudently, the collaboration does not emphasize this fact, a combination of their results
with ours enhances the statistical significance of the global hint. Including the new MINOS
results, we estimate
sin2 θ13 = 0.02 ± 0.01 (1σ, all data 2009) ,
(8)
with the global hint now reaching the interesting level of 2 sigma (95% C.L.)
4

Conclusions

The latest neutrino data have contributed to increase our knowledge of neutrino properties.
Notably, they have disclosed the opportunity to probe (at an interesting C.L. of 95%) the
unknown mixing angle θ13 . This indication is especially interesting, because a nonnegligible
value of θ13 is required for successful CP violation searches in the lepton sector. Lest we be
tempted to overestimate the significance of such a weak indication it is salutary to remark that
only future data will tell us if the present hints are heralding an emergent signal or they are a
mere statistical fluctuation. In this respect, our findings are even more interesting, as they will
be subject to direct verification in the near future. Indeed, further accelerator measurements
in the νµ → νe appearance channel, as well as dedicated reactor experiments in the νe → νe
disappearance channel, are expected to provide new relevant information.

5
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Figure 1: Comparison of the regions allowed by solar and KamLAND data for two fixed values of θ13 .

Figure 2: Allowed regions in the plane (sin2 θ12 , sin2 θ13 ): contours at 1σ (dotted) and 2σ (solid). Left and middle
panels: solar (S) and KamLAND (K) data, separately (left) and in combination (middle). In the left panel, the S
contours are obtained by marginalizing the δm2 parameter as constrained by KamLAND. Right panel: All data.

Figure 3: Bounds on θ13 obtained using different data sets.

Search for Nucleon Decay in Super-Kamiokande
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Searches for nucleon decays are performed by Super-Kamiokande, a large water cherenkov
detecor. The total exposure is 141 kton·year which includes 1489 days data of SuperKamiokande-I (SK-1) and 799 days of Super-Kamiokande-II (SK-2). We have not observed
any evidence of nucleon decay yet. The lower limit of proton life time decay into e+ π 0 , which
is dominant mode predicted by non-SUSY model, is 8.2×1033 years with 90 % confidence
level. The lower limit of proton life time decay into νK + , which is dominant mode predicted
by SUSY model, is 2.8×1033 years with 90 % confidence level.

1
1.1

Introduction
GUTs and Nucleon decays

The standard model based on the gauge group has been successful in accounting for many
experimental results. However, the standard model has a lot of unanswered questions, such as
why there are so many parameters. Various attempts have been made to resolve the shortcoming
by unifying the electroweak and the strong interactions in the context of Grand Unified Theory
(GUTs). GUTs is motivated by the apparent merging of the coupling constants of the strong,
weak, and electromagnetic forces at a large energy scale (∼ 1016 GeV ), which is out of the reach
of accelerators, when low energy measurements extrapolated. One of the other general features
of GUTs is that they allow lepton and baryon number violations and they predict instability of
nucleons. Then nucleon decay experiments are the direct probe for GUTs.
In GUTs, nucleon decay can proceed via an exchange of a massive boson between two
quarks in a nucleon, and one quark transforms into a lepton and another into an anti-quark
which binds a spectator quark creating a meson. The favored decay mode in GUTs based on
SU(5) symmetry is p → e+ π 0 . On the other hand, GUTs model incorporating supersymmetry
(SUSY-GUTs) suppress the decay mode p → e+ π 0 but favor the other mode p → νK + via
dimension five operator interactions with the exchange of a heavy supersymmetric color triplet

Table 1: Proton life times predicted by GUTs and SUSY-GUTs models .

Model
Minimal SU(5)
Minimal SO(10)
Minimal SUSY SU(5)
SUGRA SU(5)
SUSY SO(10)

Mode
p → e+ π 0
p → e+ π 0
p → νK +
p → νK +
p → νK +

Prediction (years)
1028.5 ∼ 1031.5 1
1030 ∼ 1040 2
≤ 1030 3
1032 ∼ 1034 4
1032 ∼ 1034 5

Higgsino. Proton life times predicted by some GUTs and SUSY-GUTs models are listed in
Table 1.
1.2

Super-Kamiokande detector

The Super-Kamiokande is a large water cherenkov detector. It is cylindrical shape, 39 m in
diameter and 40 m in height, and it contains 50 kton pure water. It lies about 1,000 m underneath the top of Mt. Ikenoyama (2,700m water equivalent underground) to reduce cosmic ray
background. The detector is optically separated into two regions; inner detector (ID) and outer
detector (OD). 20 inch PMTs facing inward and 8 inch PMTs facing outward are used as photo
device to observe cherenkov light from charged particles. The fiducial volume is defined as a
cylindrical volume with surface 2 m away from the ID PMT plane and it corresponds to 22.5
kton, 7 × 1033 protons. The detector can separate cherenkov rings into electromagnetic shower
type (e-like) and muon type (µ-like) by opening angle and hit pattern of the cherenkov ring. A
detailed description of the Super-Kamiokande detector can be found else where 6 .
The Super-Kamiokande started observation from April 1996 with 11,146 ID PMTs which
covered 40 % of ID surface. The observation was continued until July 2001, corresponding
to 1489.2 days, 91.7 kton·year, and this period is called Super-Kamiokande-I (SK-1). After an
accident in 2001, about half of ID PMTs were lost and the detector was reconstructed with 5,182
ID PMTs, decreasing photo coverage to 19 %. The period from December 2002 until October
2005, corresponding to 798.6 days, 49.2 kton·year, is called Super-Kamiokande-II (SK-2).
The results of p → e+ π 0 and p → νK + for SK-1 data were already published 7 8 and
they excluded minimal SU(5) and minimal SUSY SU(5). In this paper, the results of combined
analysis of SK-1 and SK-2 are reported.
2

MC simulations

A Monte Carlo simulation is used to estimate detection efficiencies of proton decay occurring
in water (H2 O). For the case of a free proton decay in hydrogen, the momentum of the decay
particles are uniquely determined by two-body kinematics. For the case of a bound proton in
oxygen, Fermi motion of the protons, the nuclear binding energy, and meson-nuclear interactions
are taken into account.
Backgrounds to the proton decay search arise from atmospheric neutrino interactions. The
neutrino interactions in water are simulated by neut 9 with an input atmospheric neutrino flux
calculated by Honda, et al. 10 , which are used for neutrino oscillation analysis.
Particles produced in the simulations of proton decay and atmospheric neutrino are passed
through a detector simulation which is based on GEANT-3 to model Cherenkov light emission
from charged particles, propagation of particles and lights through the matter, detector geometry
response of the PMTs and electronics.
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Figure 1: Total momentum versus total invariant mass distributions for SK-2, left:proton decay MC, middle:
atmospheric neutrino MC, right: data. The box areas are signal region.

3

p → e+ π 0

If a proton decays into e+ and π 0 , they are emitted back-to-back in the proton rest frame. The
π 0 immediately decays into two gamma rays. Then we may observe 2 or 3 e-like cherenkov
rings, and we can reconstruct π 0 mass from two gamma rays and also proton mass from all
rings if we succeed to reconstruct all of the rings. In p → e+ π 0 mode, the following selection
criteria are applied: (A1) the vertex is in the fiducial volume described in Sec 1.2, and the event
is fully contained in the detector (FC event), (A2) the number of rings is two or three and all
rings are e-like, (A3) there is no Michel electron. (A4) for three ring events, π 0 invariant mass
is reconstructed in between 85 to 185 M eV /c2 , (A5) the reconstructed total momentum is less
than 250 MeV/c and the reconstructed total invariant mass is in between 800 to 1050 M eV /c2 .
Figures 1 show total momentum versus total invariant mass of SK-2 after (A1)-(A4) cuts, for
the proton decay MC, the atmospheric neutrino MC, and the data.
The detection efficiencies are estimated to be 44.6 and 43.5 % for SK-1 and SK-2, respectively.
The difference of efficiency is 1 % and it implies SK-2 has a similar performance with SK-1 even
though the photo coverage of SK-2 is almost a half of SK-1. The inefficiency is mainly due to
nuclear interaction effects of pions in oxygen. The total systematic uncertainties are estimated
to be 19 % both for SK-1 and SK-2, and the largest contribution is the uncertainty of the cross
section for pion-nuclear effects (15 %).
The remaining backgrounds are estimated to be 0.2 and 0.1 events for SK-1 and SK-2,
respectively. The dominant sources of neutrino interaction are charged current (CC) singlepion production (32 %), CC multi-pion production (19 %), and CC quasi-elastic scattering (28
%). The systematic uncertainty comes from reconstruction performance, hadron propagation in
water, pion-nuclear effect, cross sections and flux of neutrinos are taken into account and the
uncertainty of the background is estimated to be 37 %.
Figures 2 show the reconstructed π 0 mass, the total momentum, and the total invariant
mass distributions of SK-2 data and the atmospheric neutrino MC. The data agrees with the
atmospheric neutrino MC. The number of observed data in the signal box in Figure 1 are 0 both
for SK-1 and SK-2. The life time limit calculated by a method based on Bayes theorem 11 is
τ /Bp→e+ π0 > 8.2 × 1033 years at 90 % confidence level.
4

p → νK +

If a proton decays into K + and ν, the momentum of K + is below cherenkov threshold and it
cannot emit cherenkov light. Most of K + are stopped in water and decay into other particles.
For p → νK + mode, three methods are employed to analyze and merged results are shown later
section.
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neutrino MC and plots are data in the figures.
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4.1

K + → µ + νµ

A K + decays into µ+ νµ with 63.5 % fraction and they have monochromatic momentum (236
MeV/c) and back-to-back because most of K + are stopped and decay. So we may see event
excess around this momentum region if the protons decay in this mode. Selection criteria
requires; (B1) FC event in the fiducial volume, (B2) single µ-like ring, (B3) there is one Michel
electron. Then the momentum distribution of µ in data are divided into 3 regions; 200 - 215
MeV/c, 215 - 260 MeV/c, and 260 - 300 MeV/c and compared by atmospheric neutrino MC and
proton decay MC. Figures 3 show muon momentum distributions of data, atmospheric neutrino
MC, and proton decay MC. The data and atmospheric neutrino MC agree well and there is no
indication of the proton decay. If the data is fitted by the atmospheric neutrino MC and the
proton decay MC, the upper limit of contamination of the proton decay can be obtained and
the lifetime limit can be calculated.
4.2

K + → µ+ νµ with prompt γ

There are much background events in single ring µ sample as shown in the previous section.
To eliminate the background, further cuts are applied. If a proton decays in the oxygen, the
remaining nitrogen nucleus left in excited states emit γ rays immediately. The most significant
branch is the 6.32 MeV γ ray from p3/2 hole state with 41 % probability 12 . Thus the signal of
γ ray may be observed before µ and it is very powerful tool to eliminate the backgrounds.
To select K + → µ+ νµ with prompt γ, the following selection criteria are applied after (B1)(B3) in section 4.1; (B4) the distance between µ and decay electron is less than 200 cm, (B5)
the goodness of vertex fit is grater than 0.6. The cuts (B4) and (B5) are helpful to reject proton
ring which mainly comes from charged current quasi-elastic interaction (n + ν → p + µ) and
the case µ is below cherenkov threshold. To determine initial vertex, time information of each
PMT is used (TDC fit). Then a precise vertex fitter which uses opening angle and hit pattern
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Figure 4: Nγ versus Tµ − Tγ distribution of SK-2. Right is proton decay MC, middle is atmospheric neutrino
MC, and left is data. Boxes show signal region.

of a cherenkov ring is applied assuming particle type (e-like/µ-like) in the analysis. If a proton
ring is taken as a µ-like ring, the precise fitter may fail to fit the vertex because the actual
opening angle is smaller than expectation as µ. Further proton rejection cut is applied; (B6)
the difference of goodness between precise fit and TDC fit is less than 0.1. Then number of hit
versus time distribution is made for an event and a time window with 12 nsec is opened before
muon peak and is slid to earlier time to find a maximum hit cluster which may be produced by
γ ray. Nγ and Tγ are defined as the maximum number of hit in the time window and the time
of middle of the time window. (B7) 8 < Nγ < 60 for SK-1 and 4 < Nγ < 30 for SK-2, (B8)
Tµ − Tγ < 75 nsec.
Figures 4 show Nγ versus Tµ − Tγ distributions for the proton decay MC, the atmospheric
neutrino MC, and the data. The detection efficiencies are estimated to be 7.2 % and 5.8 % for
SK-1 and SK-2, respectively. Event though the photo coverage of SK-2 is almost a half of SK-1,
the detection efficiency keeps about 80 % of SK-1. That is useful information to design a large
water cherenkov detector of the next generation. The systematic uncertainties are estimated to
be 22 % both for SK-1 and SK-2, which are dominated by the uncertainty of the γ ray emission
probability (20 %). The background events for each livetime are estimated to be 0.16 and 0.08
events for SK-1 (1489 days) and SK-2 (799 days), respectively. The most dominant neutrino
interaction in the background is that the neutrino interacts with nuclei and makes resonance
N(1650) and it decays into K + Λ. On the other hand, there are no candidates in both SK-1 and
SK-2.
4.3

K + → π0 π+

A K + decays into π 0 π + with 21.5 % fraction, and most of them have monochromatic momentum. The momentum of π + is just above cherenkov threshold and its cherenkov ring cannot be
observed clearly. The π + decays into µ with momentum below cherenkov threshold. As a result,
two γs from a π 0 and PMT activities in the backward of π 0 direction, and a decay electron
can be observed if a proton decays in this mode. The selection criteria is required; (C1) FC 2
rings and both are e-like, (C2) one decay electron, (C3) reconstructed π 0 mass is grater than
85 MeV/c2 and less than 185 MeV/c2 , (C4) reconstructed π 0 momentum is grater than 175
MeV/c and less than 250 MeV/c. Then a backward charge, Qbk and a residual charge, Qres
are defined as sum of the charges in 140◦ ∼ 180◦ and 90◦ ∼ 140◦ from the π 0 direction. (C5)
40(20) < Qbk < 100(50) pe for SK-1 (SK-2), (C6) 70(35)pe < Qres for SK-1 (SK-2).
Figures 5 shows Qbk versus Qres plots for the proton decay MC, the atmospheric neutrino
MC, and the SK-2 data. The detection efficiencies are estimated to be 6.2 % and 4.8 % for
SK-1 and SK-2, respectively. The detection efficiency of SK-2 also keeps about 80 % of SK-1.
The systematic uncertainties are 8.6 % both for SK-1 and SK-2 and the most dominant error
comes from uncertainty of N-π cross section in water (5.0 %). The numbers of backgrounds
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Figure 5: Backward charge versus residual charge distribution of SK-2. Right is proton decay MC, middle is
atmospheric neutrino MC, and left is data. Boxes show signal region.

are estimated to be 0.43 and 0.31 for SK-1 and SK-2, respectively. The large contributions are
single π production in charged and neutral current interactions. There are no candidates in the
data.
Combined limit for p → νK +

4.4

The three methods are used to calculate lifetime limit for the proton decay mode p → νK +
based on the Bayes theorem. Detail descriptions can be found in reference 8 . The obtained
lower limit of the proton lifetime via p → νK + is 2.8×1033 years at 90 % confidence level.
5

Summary

We have searched for nucleon decay via p → e+ π 0 , which is dominant mode in the non-SUSY
GUTs, and p → νK + , which is dominant mode in the SUSY-GUTs mode, from an exposure of
141 kton year. No significant excess above background of the atmospheric neutrino interactions
is observed. The lower limits of the partial nucleon lifetime at 90 % confidence level are 8.2×1033
years and 2.8 × 1033 years, respectively.
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Status of the Daya Bay Reactor Anti-Neutrino Oscillation Experiment
P.D. Rubin
Department of Physics & Astronomy, MSN 3F3
George Mason University
Fairfax, VA 22030 USA
For the Daya Bay Collaboration

θ13 is the smallest and last unmeasured angle of the Pontecorvo-Maki-Nakagawa-Sakata neutrino mixing matrix. The Daya Bay anti-neutrino osciallation experiment, to be staged in
Southeastern China, will reach a sensitivity on sin2 2θ13 of 0.01 within its first tree years of
running, expected to commence in Summer 2011. We report on the status of the experiment’s
preparations.

1

Introduction

At short distance from the source (baseline), the probability of an electron anti-neutrino transforming into a tau anti-neutrino is a function of Pontecorvo-Maki-Nakagawa-Sakata neutrino
mixing matrix angles (θij ), mass differences (∆m2ij ), baseline (L), and energy (E):
Peτ

= sin2 2θ13 sin2 (1.27∆m213 L/E) +
cos4 θ13 sin2 2θ12 sin2 (1.27∆m212 L/E)

(1)

where [m] = eV, [L] = m, and [E] = MeV. All parameters of this equation, aside from θ13 , are
either known (to within experimental uncertainties) or fixed. Because ∆m213 6= ∆m212 and θ13 is
small, the effect of each mixing angle on this oscillation probability distribution depends on the
baseline. As Figure 1 shows, Peτ is sensitive only to θ13 at the position of the first oscillation.
Measuring the νe disappearance rate at the L of the first maximum optimizes sensitivity to
sin2 2θ13 . Even so, because this quantity is so small, measuring it demands enhanced techniques
and special care.

Figure 1: νe → ντ oscillation probability as a function of distance from the source.

2

The Daya Bay Reactor Anti-Neutrino Oscillation Experiment

The Daya Bay experiment will employ a (conceptualized) two-location antineutrino detection
system. It will deploy two sets of detector near up to six reactor cores and one doubly-sized
set at around the position of the first disappearance oscillation maximum. The near detector
arrays, close enough to the source to to preclude oscillation effects, will measure the flux and
energy spectrum as the basis for determining the disappearance rate. The far detector array,
located at the first oscillation maximum, will make identical sets of measurements to compare
with those of the near detectors. Differences from expected event counts and in the energy
spectrum sampled by the far array as compared to those measured in the near array constitute
evidence for oscillations.
With a goal of measuring sin2 2θ13 < 0.01 at the 90% confidence level, the total uncertainty (1
standard deviation) of the determination must be < 0.4%. The statistical sensitivity is expected
to be < 0.2% after three years of running. The power of the reactor plant, the magnitude of
the detection capability, and the quality of the background rejection provide for such a high net
event count. Total systematic uncertainties, then, are limited to ∼ 0.3%. Those elements that
assure high event counts, the reactor power and large detectors, are, along with backgrounds,
the primary contributors to systematic uncertainties.
The near-far detector configuration, in particular, with regard to the the locations of the separate detector arrays, has been optimized to afford maximum sensitivity to neutrino oscillation
while minimizing the background to antineutrino signals. Assuming careful design and construction procedures, as have evolved through generations of neutrino detectors, background rates
are largely determined by the flux of cosmic muons, whose interactions produce free neutrons
and radioactive isotopes. Shielding and muon detection have been important considerations in
the site selection and apparatus conceptualization. A water Čerenkov volume will surround the
detector target region, and several layers of tracking chambers will sit on top of, and extend
beyond, the detector volume. The passage of cosmic muons and activity from the surroundings
will thereby be detected. Rates can therefore be determined, and problematic events can be
rejected. The water volume also serves to attenuate stray neutrons and absorbe photons that
might otherwise enter the target detector region. It can also improve the definition of the target
volume and the uniformity of the energy resolution.
The reactor complex that will serve as the source of antineutrinos is located about 55 km
northeast of Hong Kong’s Victoria Harbor. It is surrounded by Daya Bay to the south and east

Figure 2: Daya Bay experimental hall.

and a hilly outcrop to the north and west. Nearly horizontal tunneling into these mountains
offers 100 m [270 meters of water equivalent (mwe)] of granite overburden 250 m from the
reactor cores and 400 m (1200 mwe) of granite overburden 2.5 km from the reactor cores. The
increasing overburden with distance from the reactor complex conveniently serves to maintain
an essentially equivalent background-to-signal ratio at near and far sites, thereby lowering a
systematic uncertainty in the comparison.
At present, there are two pairs of active reactor cores. One is called Daya Bay, the other Ling
Ao. The (thermal) power output of the complex at this time is 11.6 GW. A third, dual-core,
reactor, to be called Ling Ao II, will be commissioned in 2011, adding 5.8 GW of power output.
This total power output of some 17.4 GW will rank the complex among the top five plants in the
world. The near-far detector configuration minimizes, but doesn’t eliminate, uncertainties as to
the exact value of this power. The company that runs the plant has joined the collaboration
carrying out the experiment, and is committed to ensuring the best possible quantification of
this important input parameter.
Rather than install one big detector at each site, Daya Bay will deploy multiple, identical
modules each site. This permits in-situ, internal consistency cross-checks, thereby reducing
detector-related uncorrelated uncertainties. In addition, small modules intercept fewer cosmic
muons, reducing the number of accidental coincidences and the associated dead time due to false
triggers. These reductions will be reflected in lower systematic uncertainties, as well. Optimizing
these positives against costs associated with additional materials and calibration and monitoring
apparatus, the experiment has chosen to install two modules at each near site and four modules
for the far site.
Each detector module, housed inside a water Čerenkov system (see Figure 2), will be partitioned radially into three zones (see Figure 3). The innermost zone, filled with Gd-doped liquid
scintillator, is the antineutrino target. It will be surrounded by a zone filled with un-doped
liquid scintillator. Its function is to detect energy from antineutrino events that leaks out of the
inner detector. The objective is to minimize uncertainties that would otherwise arise with regard
to target volume and mass definitions, positron energy thresholds, and event vertex determination. The outermost zone will be filled with transparent mineral oil that will absorb–without
scintillating–gamma rays directed from the outside toward the active scintillation volumes. This
is intended to reduce accidental background contamination. Except for the resistive plate chambers (RPCs) lying above the water tank, all detection will be done with photomultiplier tubes.

Figure 3: The Anti-Neutrino detector for the Daya Bay Experiment

All modular components will be made to the same design specifications, so that the detector
arrays, whether near or far, are, to a great extent, identical. Pairs of detector modules will,
moreover, be filled simultaneously and then positioned one in a near hall, the other in a far
hall. The tunnel system and this modular consistency allow detectors to be interchanged for
additional performance conformity cross-checking. Furthermore, a regimen of sophisticated
cross-calibration techniques, including several types of radioactive sources, LED distribution
networks, monitors, and valves is being adopted so that all important performance parameters
are known to a high degree of precision.
Trigger rates at the hall near the Daya Bay cores is expected to be 960 per day per module,
760 per day per module near the Ling Ao cores, and 90 per day per module in the far hall.
3

Status and Timeline

Groundbreaking for the tunnel system took place in October 2007. The first near hall will be
ready for occupancy in Summer 2009, and for data taking in Summer 2010. A surface assembly
building was ready for occupancy in March 2009, and the the detector “dry test” is scheduled
for Fall 2009. The far hall should be ready for data taking in Summer 2011, and proposed
sensitivity is expected to be reached three years later.
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STATUS REPORT ON DOUBLE CHOOZ
A. PORTA for the Double Chooz collaboration
CEA-Saclay, DSM/IRFU/SPhN Bat. 703
91191 Gif-Sur-Yvette, France

Double Chooz main target is to measure θ13 oscillation parameter by comparing reactor neutrino fluxes in two identical detectors located respectively at 400 m and 1 km away from the 2
Chooz reactor cores. The far detector is now under construction, while we have just completed
the design phase of the near one. In this report I will discuss the detector principle, sensitivity
and its present construction status.

1

Introduction

The θ13 mixing angle is one of the still completely unknown parameters in the frame of neutrino
oscillation theory 1 . The measurement of its value via the detection of reactor ν̄e flux is the
target of the Double Chooz project 2 . Present limit on this parameter has been set by the Chooz
experiment 3 at sin2 2θ13 < 0.15 with 90% C.L. for ∆m231 = 2.5 × 10−3 eV 2 . The Chooz measured
fraction of surviving ν̄e at 1.05 km from the reactor cores is R = 1.01±2.8%(stat.)±2.7%(syst.).
The main source of systematic error in the Chooz experiment was due to the uncertanties on the
original neutrino flux emitted by the reactors. To reduce this error the Double Chooz experiment
will use 2 identical detectors: the far one (d ≃ 1.05 km), placed in the same laboratory of the
first Chooz experiment, to measure the oscillation effect on neutrino flux and a near one (d ≃
400 m) to measure the absolute neutrino flux emitted by the reactors. The detectors will also
have an improved geometry to maximize the target volume and the background suppression.
2

The detectors

Reactor ν̄e ’s are detected by using a Gd-doped liquid scintillator target. The detection reaction
is the inverse beta decay interaction: ν̄e + p → e+ + n. The e+ detection produces a prompt
signal of energy Eprompt = Eν̄e − (Mn − Mp ) + me . This first pulse is followed by a delayed signal
induced by the radiative capture of the neutron on Gd with the emission of a gamma cascade
of total energy ∼ 8 MeV. The characteristic neutron capture time is ∼30 µs.
The Double Chooz detector design has been made to maximize ν̄e detection efficiency and to

reduce the background which can imitate this characteristic double signal reaction.
The detector consists of 4 concentric liquid volumes (figure 1). Starting from the center we have

Figure 1: Double Chooz detector design.

the target made by 10 m3 of Gd-doped liquid scintillator contained in an acrylic vessel. The
target is surrounded by a 55 cm-thick γ-catcher of non-loaded liquid scintillator also contained
in an acrylic vessel. This geometry maximizes the detection efficiency of the γ’s emitted by e+
annihilation and neutron capture on Gd. This inner part is observed by 390 photomultipliers
immersed in a 105 cm thick non-scintillating mineral oil buffer designed to shield the detector
core from the natural radioactivity of the phototubes. This buffer is contained in a steel tank
surrounded by a 50 cm-thick liquid scintillator muon veto (inner muon veto) and by 15 cm of
steel to shield rock radioactivity. An extra plastic scintillator muon veto (outer muon veto) is
placed on the top of the detector to tag the muons crossing the rock around the detector.
3

Sensitivity to θ13

The Double Chooz project foresees 2 phases: a first one starting at the beginning of 2010 and
lasting ∼1.5 years with only the far detector running and a second one, lasting ∼3 years, with
the 2 detectors taking data together.
The absolute (phase 1) and relative (phase 2) systematic uncertainties 4 on the antineutrino flux
measured by Double Chooz are summarized in table 1. The expected Double Chooz sensitivity
limit (90% C.L.) to sin2 2θ13 during the 2 experimental phases (figure 2) has been calculated by
taking into account the errors of table 1.
Double Chooz will reach the Chooz limit after about one month of data taking with only the
far detector running. At the end of the first phase we expect a sensitivity of sin2 2θ13 > 0.06
with 90% C.L. for ∆m231 = 2.5 × 10−3 eV 2 . At the end of the second phase, we will reach a
sensitivity of sin2 2θ13 > 0.03 with 90% C.L. for ∆m231 = 2.5 × 10−3 eV 2 .
4

Construction status and prospects

The far detector construction started in May 2008 with the integration of the external steel
shielding. The integration of the inner veto tank has been accomplished in autumn 2008. After
a preliminary phase for painting and cleaning the laboratory and veto tank, last February we
successfully completed the veto photomultiplier installation. By the beginning of May 2009 we
plan to finish the buffer tank integration and cleaning (figure 3) and to start the installation of

Table 1: Absolute and relative errors on the antineutrino flux measurement performed by the Double Chooz
experiment.

Error description
Production cross section
Reactor power
Energy per fission
Solid angle
Detection cross section
Target mass
Number of protons
Particle identification

Absolute
1.9%
2.0%
0.6%
/
0.1%
0.2%
0.5%
0.4%

Relative
/
/
/
0.06%
/
0.2%
0.1%
0.4%

Figure 2: Double Chooz expected sensitivity limit (90% C.L.) to sin2 2θ13 as a function of time. Phase 1 (far
detector only) will last 1.5 years, phase 2 (both detectors) will last 3 years.

the 390 buffer phototubes.
During the summer we will proceed with the γ-catcher and target acrylic vessel integration
by means of 2 special structures expressly designed to build, transport and install them in the
laboratory pit (figure 4).
Meanwhile a liquid storage area is under construction near the Chooz laboratory. The 4 liquids
will be delivered to this area in September. In autumn we will install the DAQ electronics and
we will perform the detector filling. During this phase we will measure with high precision the
target liquid weight. This will allow us to maximally reduce the uncertainty in the calculation
of the number of target free protons.
The detection of the first neutrino event is foreseen for the end of 2009. The far detector
installation will be completed at the beginning of 2010 with the integration of the outer veto
and of the glove box for calibration source manipulation.
The design of the near laboratory has been already completed and the end of its construction
is foreseen for middle 2011 to have the detector ready by the end of 2011.
5

Conclusions

Double Chooz is the first new generation reactor neutrino detector to use the 2 identical detector
technique to measure the lack in neutrino flux induced by the θ13 mixing angle. The far detector,

Figure 3: Buffer tank installation.

Figure 4: Mechanical structure for the transportation and installation of the γ-catcher vessel in the detector.

now under construction, will start to take data at the beginning of 2010. After 1.5 years of data
taking with only the far detector we will reach a sensitivity of sin2 2θ13 > 0.06 (90% C.L). At
the end of 2011 the near detector will be finished and, with the 2 detectors running together,
we expect to reach a sensitivity of sin2 2θ13 > 0.03 (90% C.L) within 3 years.
The Double Chooz results will integrate and complete future accelerator measurements allowing
to better constrain the 2 still unknown oscillation parameters: the θ13 mixing angle and the CP
violation phase.
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Reconciling dark matter and neutrino masses in mSUGRA
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We study the minimal SUGRA phenomenology in the case of an alternative seesaw mechanism for generating neutrino masses. Changes in the neutrino sector lead to a modification
of the supersymmetric particle spectrum and the sneutrino naturally arises as the lightest
supersymmetric particle. The obtained sneutrino has a relic density within the WMAP range
and is compatible with present nuclear recoil bounds.

1

Introduction

The experimental evidences for neutrino masses and oscillations on one hand and the need of
non baryonic Dark Matter (DM) from cosmological studies on the other hand are indications
for physics beyond the standard model. We wish to reconsider in a consistent way sneutrino as
a cold relic from the early Universe and study its phenomenology relevant both for Cosmology
and for relic-particle detection in connection with the generation of neutrino masses.
The sneutrino as dark matter candidate has been widely studied, in different supersymmetric
models. In the Minimal Supersymmetric Standard Model (MSSM), sneutrinos are only lefthanded, being the neutrino superpartners. In terms of DM candidates they are marginally
compatible with direct detection bounds, provided they compose a subdominant component of
dark matter. Such incompatibility is mainly due to the coupling between the Z boson and the
sneutrino, leading to a relic density below the WMAP range and to high scattering cross-sections
on the detector nuclei. Possible ways to weak this coupling are the mixing of the left-handed
sneutrino through a sterile right-handed field and/or the introduction of lepton-number violating
terms. Furthermore neutrinos in the MSSM are massless.
A more detailed and extended analysis of the sneutrino phenomenology in connection with
the neutrino physics in non minimal effective supersymmetric models is presented in 1 and
references therein, whereas the inverse seesaw model and its outcomes on the sneutrino sector
is described in 2 .
2

Mixed sneutrinos as cold dark matter (CDM) candidates

The minimal supersymmetric model requires an extension in order to provide mass to neutrinos.
Models with lepton-number violation terms can allow for Majorana neutrino masses. The most
direct way to include a Majorana mass term is to introduce a non-renormalizable gauge-invariant
dimension-5 operator of the type L = gIJ /MΛ (ǫij LIi Hj )ǫkl LJk Hl ) + h.c., from 3,4,5 , where Li are
the left-handed neutrino superfield. In this case, a Majorana mass term for the neutrino is
generated when the neutral component of the Higgs field, Hj acquires a vacuum expectation

value and the neutrino mass which arises is of the order of mM ∼ gv 2 /MΛ . This can be made
compatible with neutrino mass bounds for MΛ close to the GUT scale. Lepton-number violating
terms are now allowed in the sneutrino potential as well, but they do not lead to a significant
modification of the sneutrino phenomenology respect to the MSSM when the neutrino mass
bounds are properly included.
On the contrary superpartner phenomenology is greatly altered by the presence of weak
scale right-handed sneutrinos and additional singlet fields and may provide naturally to a mixed
sneutrino as DM candidate. We want to show that models with right-handed neutrino singlet
fields are perfectly viable, especially if embedded with various type of seesaw mechanisms. For
a standard seesaw mechanism, discussed in Sec. 2.1 for explaining the neutrino physics, the
analysis is done at the electroweak scale without imposing unification of scalar soft masses: the
sneutrino can be the lightest supersymmetric particle (LSP) and a good DM candidate. In
Sec. 2.2 we then describe the inverse seesaw model for generating neutrino masses, which nicely
accommodate the framework of a minimal supergravity theory (mSUGRA) with a sneutrino
dark matter.
2.1

Seesaw model: implications in the sneutrino sector

A supersymmetric model which can accommodate both Dirac and Majorana mass–terms for
neutrinos and explain the observed neutrino mass pattern, and which relies on a renormalizable
lagrangian, may be built by adding to the minimal MSSM right–handed fields Ñi and allowing
for lepton-number violating terms. The most general form of the superpotential and of the soft
supersymmetry–breaking potential which accomplishe these conditions are 4,6 :
1 ij
baN
b bb
W = WMSSM + εab Yνij L
i j H2 + M N̂i N̂j
2
MSSM
2
∗
Vsoft = Vsoft
+ (MN )ij Ñi Ñj − [(m2B )ij Ñi Ñj + ǫab Aνij H2a L̃bi Ñj + h.c.]

(1)

MSSM is the MSSM SUSY–breaking scalar
where WMSSM is the usual MSSM superpotential, Vsoft
ij
ij
2
2
potential and M , Yν , (MN )ij , (mB )ij , and Aνij are matrices which we choose diagonal in
flavour space. For the lepton-number violating parameters we therefore assume: M ij = M δ ij .
The Dirac mass of the neutrinos is obtained as: miD = v2 Yνii , with Yν the neutrino Yukawa
coupling. M represents a Majorana mass–term for neutrinos and the neutrino mass is defined as
i2
usual through the seesaw mechanism as meff
ν ≃ mD /M . Sneutrinos now are a superpositions of
two complex fields: the left–handed field ν˜L and the right–handed field Ñ . Since we introduced
Majorana terms, it is convenient
to workin a basis of CP eigenstates, therefore the mass matrix

†
in the vector basis Φ = ν̃+ Ñ+ ν̃− Ñ− is:

M2M aj

m2L + D + m2D
 F 2 + mD M
=

0
0


F 2 + mD M
2
mN + M 2 + m2D + m2B
0
0

0
0
m2L + D + m2D
F 2 − mD M


0

0

2

F − mD M
2
2
2
2
mN + M + mD − mB

(2)

with D2 = 0.5 m2Z cos(2β) and F 2 = vAν sin β − µmD cotgβ. Sneutrino mass eigenstates are
obtained by diagonalizing Eq. 2. We define them as follows:
ν̃i = Zi1 ν̃+ + Zi2 Ñ+ + Zi3 ν̃− + Zi4 Ñ−

i = 1, 2, 3, 4

(3)

The lightest state, which is our dark matter candidate, may now exhibit a mixing with the
right–handed field Ñ and the non–diagonal nature of the Z–coupling with respect of the CP
eigenstates, therefore his interaction with the Z boson is highly reduced.
The sneutrino relic abundance is computed considering all possible annihilation channels
and taking into account coannihilation with the charged sleptons and with the heavier sneutrino

Figure 1: Sneutrino relic abundance Ωh2 as a function
of the sneutrino mass m1 for the case of a Majoranamass parameter M = 1 TeV and for a full scan of the
supersymmetric parameter space. All the models shown
in the plot are acceptable from the point of view of all
experimental constraints. The yellow band delimit the
three years WMAP interval for CDM.

(scalar)

Figure 2: Sneutrino scattering on nucleon ξσnucleon as a
function of the sneutrino mass m1 . [Red] crosses denote
sneutrino configurations with the relic density within the
WMAP range, [blue] open points refer to cosmologically
subdominant sneutrinos. The black line delimits the experimental DAMA/NaI annual modulation region.

eigenstate ν̃2 , when occurring. We performed a scan over the usual MSSM parameters and over
the free parameters which appear in Eq. 2 for the sneutrino sector. More details on the value
of the supersymmetric parameters can be found in 1 . We notice that the phenomenology of
the sneutrino becomes cosmologically relevant if the Majorana mass is at the electroweak scale,
namely M ≃ 1 TeV , instead of assuming the typical values of a seesaw. With a Majorana mass
of the order of 1014 GeV, the right-handed sneutrino sector is completely decoupled from the
low energy sector, leading to the same phenomenology as in the MSSM. For a Majorana mass
of 1 TeV the sneutrino is compatible with the WMAP three years bound 7 in a wide range of
masses, from few GeV up to the TeV, as it is shown in Fig. 1.
Regarding the relic particle detection, we focus on signals for direct searches. The direct
detection experiments are sensitive to nuclei recoil caused by a WIMP that scatter off of a nucleus
in the detector. Sneutrinos are characterized by spin independent interactions, which receive
Z + σ h,H , detailed in 8,1 .
contributions from the Z and Higgs exchange on the t-channel, σN = σN
N
(scalar)
We consider the scattering cross-section on nucleon, ξσnucleon , with ξ = min(1, Ων̃ h2 /ΩCDM h2 )
defined as the fractional amount of local non-baryonic DM density.
In the CP basis previously defined, the Z–coupling is no longer diagonal, therefore the
elastic scattering through t-channel Z exchange, which is dominant channel, becomes an inelastic
reaction ν̃1 + N → ν̃2 + N . The mixed sneutrino is a nice realization of inelastic dark matter,
which was introduced by 9 . Since the heavier state must be produced, the direct detection rate
is suppressed by a factor S for kinematical reasons. S depends on the sneutrino mass splitting,
∆m = m2 − m1 , on the recoil energy, on the type of nucleus and on the energy sensitivity of the
detector. We thus redefine the scattering cross section to be:
h

(scalar)

ξσnucleon

i

(scalar)

eff

(scalar)

= S(ξσnucleon )Z + (ξσnucleon )h,H

(4)

The lepton-number violating terms in the lagrangian may induce radiative contributions to the
neutrino masses 5,6 . At 1–loop, these corrections arise from self-energy diagrams involving the
sneutrino and neutralino eigenstates and are basically proportional to ∆m. We impose that
the radiative contributions do not exceed the experimental upper bound on the neutrino mass.

Figure 3: The m0 -m1/2 plane for tan β = 35, A0 = 0
and µ > 0. The dark blue area denotes the set of supersymmetric parameters where the sneutrino is the LSP in
inverse-seesaw models. The white region has the neutralino as LSP in both standard and modified mSUGRA
and the light blue region is excluded by experiments and
theoretical constraints. On the left of the black dashed
line the stau is the LSP in the standard mSUGRA.

Sneutrino dark matter phenomenology is therefore bounded by neutrino physics in a non trivial
way, due to the correlation of the direct detection cross-section and the neutrino mass through
the mass splitting ∆m. In Fig. 2 the scaled cross-section on nucleon versus the sneutrino
mass is shown, compared with the DAMA/NaI 10 annual modulation region. Either sneutrino
configurations in the WMAP range (red crosses) either cosmologically subdominant sneutrinos
(blue circles) are compatible with the experimental results.
2.2

Inverse seesaw model, mSUGRA unification and sneutrino LSP

In a minimal supergravity scheme where the smallness of neutrino masses is accounted for within
the inverse seesaw mechanism, the lightest supersymmetric particle is likely to be represented
by the sneutrino, instead of the lightest neutralino. This opens a new window for the mSUGRA
scenario. Here we consider the implications of the model for the dark matter issue. Let us add
bi and Sbi ,
to the MSSM three sequential pairs of SU(2) ⊗ U(1) singlet neutrino superfields N
11,12
with the following superpotential terms
:
1 ij b b
ij b b
baN
b bb
W = WMSSM + εab Yνij L
i j H2 + MR Ni Sj + µS Si Sj
2

(5)

1 ij
ij
b
a
2
MSSM
Vsoft = Vsoft
)ij Ñi∗ Ñj + (MS2 )ij S̃i∗ S̃j + [εab Aij
+ (MN
hν L̃i Ñj H2 + BMR Ñi S̃j + BµS S̃i S̃j + h.c.]
2
where again all the matrices are chosen diagonal in flavor space. In the limit µij
S → 0 there are
exactly conserved lepton numbers assigned as (1, −1, 1) for ν, N and S, respectively. Small neutrino masses are generated through the inverse seesaw mechanism 11,12,13 : the effective neutrino
mass matrix meff
ν is obtained by the following relation:


T
2
meff
ν = −v2 Yν MR

−1



µS MR−1 YνT = U T

−1

mdiag
U −1
µ

(6)

The smallness of the neutrino mass is ascribed to the smallness of the µS parameter, rather
than the largeness of the Majorana–type mass matrix MR , as required in the standard seesaw
mechanism 13 . In this way light (eV scale or smaller) neutrino masses allow for a sizeable magnitude for the Dirac–type mass and a TeV–scale mass for the right-handed neutrinos, features
which have been shown to produce an interesting sneutrino dark matter phenomenology in the
previous section 2.1.
In order to illustrate the mechanism we consider the simplest one-generation case, for sim-

plicity. In this case where the sneutrino mass matrix reads:
M2inv

=

M2+
0
0
M2−

!

(7)

where the two sub–matrices M± 2 are:
M± 2





m2 + 12 m2Z cos 2β + m2D ±(Aν v2 − µmD cotgβ)
mD M R
 L

µS MR ± BMR
m2N + MR2 + m2D
=  ±(Aν v2 − µmD cotgβ)

2
2
2
mD M R
µS MR ± BMR
mS + µS + MR ± BµS

(8)

in the CP eigenstates basis Φ† = (ν̃+ Ñ+ S̃+ ν̃− Ñ− S̃− ). Once diagonalized, the lightest of the
six mass eigenstates is our dark matter candidate and it is stable by R–parity conservation.
Again the ν̃ − Z coupling is reduced by the mixing with the right-handed field Ñ and is offdiagonal; moreover there is an additional fainting factor, due to the admixture with the sterile
singlet S̃.
In the absence of the singlet neutrino superfields, the mSUGRA framework predicts the
lightest supersymmetric particle to be either a stau or a neutralino, and only the latter case
represents a viable dark matter candidate. In contrast, when the singlet neutrino superfields
are added, a combination of sneutrinos emerges quite naturally as the LSP. A general analysis
in the mSUGRA parameter space is shown in Fig. 3: the light blue area is excluded either by
experimental bounds on supersymmetry and Higgs boson searches, or because it does not lead
to electroweak symmetry breaking, while the region on the left of the black dashed line refers
to stau LSP in the conventional mSUGRA case. As expected, in all of the remaining region
of the plane (white region), the neutralino is the LSP as in the standard mSUGRA case. The
new phenomenological possibility which opens up thanks to the presence of the singlet neutrino
superfields where the sneutrino is the LSP corresponds to the blue area.
The novelty of the spectrum implied by mSUGRA implemented with the inverse seesaw
mechanism is that it may lead naturally the lightest sneutrino ν̃1 as the LSP, instead of the
fermionic neutralino. The relic density of the sneutrino candidate is shown in Fig. 4: we see
that a large fraction of the sneutrino configurations are compatible with the WMAP cold dark
matter range 14 , and therefore represent viable sneutrino dark matter models. In addition Fig. 5
shows that direct detection experiments do not exclude this possibility: instead, a large fraction
of configurations are actually compatible and under exploration by current direct dark matter
detection experiments. This fact is partly possible because of the inelasticity characteristics we
have mentioned above, which reduces the direct detection cross-section to acceptable levels. The
main feature of our non minimal extension of the MSSM is that the nature of the dark matter
candidate, its mass and couplings all arise from the same sector responsible for the generation
of neutrino masses.
3

Conclusions

We have presented scenarios in which neutrino masses and dark matter arise from the same sector
of the theory. In the first section we have described the sneutrino phenomenology with a low scale
Majorana mass in non minimal MSSM models with a standard seesaw for generating neutrino
masses. The sneutrino turns out to be an interesting dark matter candidate, with the proper
relic density and compatible with the direct searches of WIMPs. In the second section we show
that an extended MSSM model within the inverse seesaw mechanism opens up new mSUGRA
scenarios. Over large portions of the parameter space the model successfully accommodates
light neutrino masses and sneutrinos dark matter with the correct relic abundance indicated by
WMAP as well as direct detection rates consistent with current dark matter searches.

Figure 4: Sneutrino relic abundance Ωh2 as a function of the sneutrino mass m1 for a scan of the supersymmetric parameter space. The yellow band delimit
the five years WMAP interval for CDM at 3σ of C.L.:
0.104 ≤ ΩCDM h2 ≤ 0.124.

(scalar)

Figure 5: Sneutrino cross-section on nucleon ξσnucleon
versus the relic density Ωh2 for a scan of the supersymmetric parameter space. The horizontal band denotes the
current sensitivity of direct detection experiments; the
vertical band delimits the 3σ C.L. WMAP CDM range.
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KamLAND: Neutrinos from the Sun, the Earth and Nuclear Reactors
L. A. Winslow for the KamLAND Collaboration
Massachusetts Institute of Technology, Laboratory for Nuclear Science, 32 Vassar St.
Cambridge, MA 02139, USA

KamLAND is a one-kiloton liquid scintillating detector located in the Kamioka Mine in
Kamioka, Japan. KamLAND measurements have shown evidence for neutrino oscillation
in reactor anti-neutrinos and indications of geological produced anti-neutrinos. The first
phase of KamLAND acquired almost 1500 days of data. An analysis of this full data set
with improvements in calibration and the understanding of backgrounds now verify the spectral distortions predicted by neutrino oscillations at greater than 5σ. The fit to the data
+0.15
−5
eV2 and
finds the neutrino oscillation parameters, ∆m221 = 7.58+0.14
−0.13 (stat.)−0.15 (syst.)×10
+0.10
+0.10
2
tan θ12 = 0.56−0.07 (stat)−0.06 (syst.), the best determination of the mass difference for the
foreseeable future. The details of this analysis is presented along with the current status and
future plans for geo-neutrino and solar neutrino measurements with KamLAND.

1

Introduction

In the last decade, we have made great strides with our understanding of the physics of the
neutrino. The results of the SNO experiment have shown that 8 B solar neutrinos change flavor
as they propagate from the sun to the earth, thus solving the long standing Solar Neutrino
Problem1, 2, 3 . The best explanation for this effect is that neutrinos have mass and therefore
oscillate. The survival probability of electron flavored neutrinosor anti-neutrinos as
 a function of
L(m)
2
2
2
distance in vacuum is given by P (ν̄e → ν̄e ) = 1 − sin 2θ12 sin 1.27∆m21 E(M eV ) . KamLAND
uses the nuclear reactors of Japan as a source of electron flavored anti-neutrinos and looks for
the predicted deficit and spectral distortion at an average distance of 200 km4, 5, 6 .
The fissions in a nuclear reactor that are used to produce electricity also produce a significant
number of ν¯e , approximately 6 per fission. The fission isotopes that contribute significantly to
the ν¯e flux are 235 U, 238 U, ,239 Pu and 241 Pu. There are currently 55 nuclear reactors in Japan.
The companies that operate these reactors provide us with the number fissions per isotope per
day. A model of the reactor cores is then used to convert this information into a predicted flux
and spectrum8 . This modeling has an uncertainty of ∼2%. It has been suggested that this
uncertainty is overestimated, and the systematic uncertainty due to the reactor prediction may
be reduced7 . On average 1 event per kiloton day is predicted at the KamLAND site. There have

Figure 1: Diagram of the KamLAND detector. One kilo-ton of liquid scintillator(LS) is instrumented using
photomultiplier tubes arranged on a stainless steel sphere.

been periods, that due to various issues with reactor operations in Japan, that this prediction
has been as low as 0.5 events per kiloton day.
In addition to reactor anti-neutrinos, anti-neutrinos should also be produced by the natural
decay of 238 U, 232 Th, and 40 K in the earth. These geologically produced anti-neutrinos, geoneutrinos, are low in energy, have energies below 2.6 MeV and a predicted flux smaller than the
reactor flux. Since the decays of 238 U, 232 Th, and 40 K produces a significant fraction of the
Earth’s heat, geo-neutrinos provide a novel tool for the study of the structure and dynamics of
the Earth.
2

Detecting Anti-Neutrinos

KamLAND is a liquid scintillating detector located in the Kamioka mine at a depth of 2700 m.w.e..
As is shown in Figure 1, the detector consists of a stainless steel sphere instrumented with a total
of 1879 photomultiplier tubes(PMTs). Of these PMTs, 1325 are Hamamatsu R7250 seventeeninch PMTs and the remainder are Hamamatsu R3602 twenty-inch PMTs. Surrounding the
sphere is a water C̆erenkov anti-coincidence detector. The target volume, 1 kiloton of liquid
scintillator(LS), is contained within a thin nylon balloon. The liquid scintillator is composed
of 80.2% dodecane and 19.8% psuedocumene with 1.36 g/L of PPO (2,5-Diphenyloxazole). The
psuedocumene produces scintillation light when charged particles move through it. The PPO
shifts this light into wavelengths where the PMTs are more sensitive, and the dodecane increases
the flashpoint of this mixture such that it conforms to the safety requirements of the mine.
Anti-Neutrinos are detected with the inverse beta decay interaction, ν̄e + p → e+ + n, which
has a threshold of 1.8 MeV. The positron annihilates immediately, depositing its kinetic energy
and the energy of the annihilation gammas into the LS. The total energy of this event is related
to the incoming anti-neutrino energy by E = Eν̄ − 0.8 MeV with an additional small recoil
correction. The neutron takes 207.5 ± 2.8 µs to thermalize and capture. More than 99% of the
time, the neutron captures producing a 2.2 MeV gamma ray. These two events, the prompt
positron annihilation and the delayed neutron capture, form a delayed coincidence signal which
is extremely effective at reducing background contamination.
There are three main backgrounds that mimic the inverse beta decay signal: accidental
coincidences, 9 Li/8 He spallation products, and 13 C(α, n)16 O reactions. Accidental coincidences
are the result of single events piling up within the coincidence time used to identify inverse beta
decay events. This background becomes large as you move away from the center of the detector

Table 1: Estimated systematic uncertainties relevant for the neutrino oscillation parameters ∆m221 and θ12 .

∆m221
Event Rate

Detector-related (%)
Energy scale
Fiducial volume
Energy threshold
Efficiency
Cross section

1.9
1.8
1.5
0.6
0.2

Reactor-related (%)
ν̄e -spectra 9
ν̄e -spectra
Reactor power
Fuel composition
Long-lived nuclei

0.6
2.4
2.1
1.0
0.3

due to the large amount of radioactive decays coming from the balloon surface. The isotopes 9 Li
and 8 He are an issue because they are beta-delayed neutron emitters, the isotope beta decays
to an excited state of the daughter nucleus that de-excites by emitting neutrons. These isotopes
are created in muons spallation so their coincidence with muons can be used to eliminate them.
The 13 C(α, n) reaction occurs when a high energy alpha hits a 13 C nucleus making a neutron.
This process can mimic an inverse beta decay signal in three ways. The neutron can be made
with enough kinetic energy that the scattering of the neutron on protons creates enough light
to trigger KamLAND. The neutron can excite a 12 C nucleus which de-excites with a 4.4 MeV
gamma ray. The 16 O nucleus can be produced in an excited state that de-excites with a 6.05 MeV
or 6.13 MeV gamma. In all three scenarios, the neutron then thermalizes and captures producing
the delayed event.
Candidate inverse beta decay events are selected with cuts on the position and energy of the
prompt and delayed events, and the time and distance between the events. The radial position
of the prompt and delayed events (Rp , Rd ) must be <6 m. The prompt energy is required to
be between 0.9 MeV< Ep < 8.5 MeV where the lower bound is the inverse beta decay threshold
and the upper bound is the endpoint of the reactor neutrino spectrum. The delayed event must
have a reconstructed energy between 1.8 MeV < Ed < 2.6 MeV or 4.0 MeV < Ed < 5.8 MeV for
capture on protons and 12 C, respectively. The coincidence requirement in time and space for
the two events is 0.5 µs< ∆T < 1000 µs and ∆R < 2 m.
To reduce the number of 9 Li/8 He events in the sample, cuts are applied on the time and
spatial separation of candidate event pairs and muons. Following muons that are well reconstructed, any candidate that occurs within 2 s and within 3m cylinder around the track will be
eliminated. Following poorly reconstructed muons or those that produce a large amount of light,
all candidates within 2s of the muon event anywhere in the detector are eliminated.
The radial position cut used in this analysis is larger than in previous analyses4, 5 . A cut on a
new variable L is constructed to mitigate the rise in the accidental background due to the proximity to the balloon. A probability distribution function(PDF) facc (Ep , Ed , ∆R, ∆T, Rp , Rd )
is constructed for the accidental background from the data in an off-time delayed coincidence
window. A PDF for the anti-neutrino signal fν e (Ep , Ed , ∆R, ∆T, Rp , Rd ) is constructed from a
Monte Carlo using the measured neutron capture time and detector response. The variable L
is then given by L = fν e /(fν e + facc ) for each candidate pair. The value of the cut, Lcut is a
function of the prompt event energy. In bins of 0.1 MeV, the value of L for which the number
of events from the Monte Carlo ν̄e is greater than the number from the accidental event sample
is used to set the Lcut in that bin for the anti-neutrino candidates.
3

Anti-Neutrino Analysis

The data for this analysis6 was acquired between March 9, 2002 and May 12, 2007. With the
fiducial volume corresponding to R <6 m, the exposure is 2.44×1032 proton-yr (2.881 kilotonyr). The systematic uncertainty on fiducial volume in the past has been the largest systematic
uncertainty4, 5 . With the deployment of the Full Volume Calibration System10 , we were able

Table 2: Estimated backgrounds after selection efficiencies.

Background
Accidentals
9 Li/8 He
Fast neutron & Atmospheric ν
13 C(α,n)16 O ,
np → np
gs
13 C(α,n)16 O , 12 C(n,n′ )12 C∗ (4.4 MeV γ)
gs
13 C(α,n)16 O 1st exc. state (6.05 MeV e+ e− )
13 C(α,n)16 O 2nd exc. state (6.13 MeV γ)
Total

Contribution
80.5 ± 0.1
13.6 ± 1.0
<9.0
157.2 ± 17.3
6.1 ± 0.7
15.2 ± 3.5
3.5 ± 0.2
276.1 ± 23.5

to constrain the uncertainty in the reconstruction of events out to R =5.5m to < 3 cm using
an array of radioactive sources. By studying the distribution of 12 B/12 N candidates in the
scintillator, we are able to extrapolate the calibration points from the Full Volume Calibration
System to R <6 m and set the systematic uncertainty on the fiducial volume to 1.8%. The
systematic uncertainties are summarized in Table 1. They are divided by their impact on
the neutrino oscillation parameters ∆m221 versus θ12 . The dominant uncertainty on the event
rate and, therefore, θ12 are reactor-related while the uncertainty in ∆m221 is dominated by our
uncertainty on the conversion of reconstructed energy to real particle energy, the energy scale.
The prompt energy of the candidates extracted from the 2.44×1032 proton-yr data set using the analysis cuts summarized in the previous section are shown in Figure 2. There are
1609 candidates. The estimated background is 276.1 ± 23.5 events including the detection efficiency of each type of background is summarized in Table 2. The predicted number of reactor
ν̄e without neutrino oscillation in this period is 2179 ± 89 events. The predicted number of
geo-neutrino events is 56.6 or 13.1 including neutrino oscillation11 . This results in a deficit
of ν̄e from neutrino oscillation with a significance of 8.5σ. The oscillation parameters are determined by an un-binned maximum likelihood fit that includes the energy and the reactor
flux at the time of the event. This fit is shown in Figure 2. The best fit oscillation parame+0.15
−5 eV2 and tan2 θ = 0.56+0.10 (stat)+0.10 (syst) for
ters are ∆m221 = 7.58+0.14
12
−0.13 (stat)−0.15 (syst) × 10
−0.07
−0.06
tan2 θ12 <1. A simple scaling of the undistorted reactor spectrum, shown in black in Figure 2, is
excluded at 5σ, making this a clear detection of spectral distortion due to neutrino oscillation.
A nice visualization of the sinusoidal behavior of neutrino oscillation as a function of baseline divided by the event energy, L/E, is shown in Figure 3. The flux averaged baseline, L0 = 180 km,
for this period is used to construct this plot.
The allowed contours for the neutrino oscillation parameters from the maximum likelihood fit
are shown in Figure 4 including ∆χ2 -profiles. Before the results of KamLAND4, 5, 6 and SNO1, 2, 3 ,
the parameter space for solar+reactor neutrino oscillation spanned several orders of magnitude
in ∆m221 and tan2 θ12 . Now, only a single island remains. Assuming CPT invariance, a two
+0.21
+0.06
neutrino combined solar+reactor fit finds ∆m221 = 7.59−0.21
× 10−5 eV2 and tan2 θ12 = 0.47−0.05
.
It is interesting to note with the improved statistics and systematic uncertainties on the event
rate, KamLAND is beginning to be as sensitive as the solar experiments to tan2 θ12 . This slight
tension between the solar and reactor measurements may be an indication of a non-zero value
of θ13 12 .
The rate of geo-neutrinos is included in the solar+reactor fit for the oscillation parameters.
The 40 K geo-neutrinos are below the inverse beta decay threshold, so are not included in the
fit. The ratio U/Th chain geo-neutrinos is fixed to 3.9, the value determined from chondritic
meteorites13 , to avoid a large anti-correlation between the fluxes from these two decay chains.
The U+Th best-fit value is (4.4 ± 1.6)×106 cm−2 s−1 (73 ± 27 events), in agreement with the
reference model11 , 4.14×106 cm−2 s−1 .
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Figure 2: Prompt event energy spectrum of ν̄e candidate events. The statistical uncertainties is shown for the
data points. The blue histogram only shows the event rate systematic uncertainty. The predicted histograms all
include the energy-dependent selection efficiency shown in the top panel.
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Figure 3: Ratio of the background and geo-neutrino-subtracted ν̄e spectrum to the expectation for no-oscillation
as a function of L0 /E where L0 is the flux averaged baseline taken as a of 180 km. The energy bins are equal
probability bins of the best-fit including all backgrounds and the error bars are statistical only.
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Figure 4: Allowed region for neutrino oscillation parameters from KamLAND and solar neutrino experiments.
The side-panels show the ∆χ2 -profiles for KamLAND (dashed) and solar experiments (dotted) individually, as
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Future

KamLAND has definitively detected the spectral distortion predicted by neutrino oscillation in
vacuum. The spectral distortion of solar neutrinos as they transition from matter to vacuum
dominated oscillation still has not been observed. This is a small effect for the high energy
8 B neutrinos, those measured by SNO. The observation of this transition requires lower energy
neutrinos, and the 7 Be neutrinos are ideally positioned to observe this this effect. Unfortunately,
the single event rate in KamLAND at these energies makes the observation of the elastic scatter
of 7 Be neutrinos impossible. A purification system14 has been built to reduce the amount of 210 Pb
and 85 Kr. A commissioning purification campaign took place in the Summer of 2007, followed
by another campaign from the Spring of 2008 through the Winter of 2009. In this most recent
campaign, 4.1 volumes of the KamLAND LS were exchanged, and the results are encouraging
for a KamLAND observation of 7 Be neutrinos. A successful purification of KamLAND would
also improve the reactor plus geo-neutrino analysis by eliminating the 13 C(α,n) and reducing
the accidental background.
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First we investigate the possibility of detecting solar antineutrinos with the KamLAND experiment. Then we analyze the first Borexino data release to constrain the neutrino magnetic
moment. Finally we investigate the resonant spin flavour conversion of solar neutrinos to
sterile ones, a mechanism which is added to the well known LMA one. In this last condition,
we show that the data from all solar neutrino experiments except Borexino exhibit a clear
preference for a sizable magnetic field. We argue that the solar neutrino experiments are
capable of tracing the possible modulation of the solar magnetic field. In this way Borexino
alone may play an essential role although experimental redundancy from other experiments
will be most important.

1

Introduction

Although the effort in solar neutrino investigation has decreased in recent years, several intriguing questions in this area remain open.1 Their clarification may lead to a better knowledge of the
neutrino intrinsic properties, the structure of the inner solar magnetic field, or possibly both.
After having determined that the solar neutrino problem is essentially a particle physics one and
neutrinos oscillate, the next step is to search for a possible new sub-dominant effects in the active
solar neutrino flux and to investigate its low energy sector (E < 1 − 2 M eV ) which accounts
for more than 99% of the total flux. These two issues in association with each other may lead
to further surprises in neutrino physics, possibly the hint of a sizable magnetic moment. In fact
it is still unclear for example whether the active solar neutrino flux varies in time 2 or why the
SuperKamiokande energy spectrum appears to be flat.3

2
2.1

Non standard neutrino interactions
KamLAND, solar antineutrinos and their magnetic moment

First we investigate the possibility to detect solar antineutrinos with the KamLAND experiment.5
These antineutrinos are, i.e., predicted by spin-flavor conversion of solar neutrinos. The recent
evidence from SNO shows that a) the neutrino oscillates, only around 34% of the initial solar
neutrinos arrive at the Earth as electron neutrinos and b) the conversion is mainly into active
neutrinos, however a non e-µ-τ component is allowed. The fraction of oscillation into non-µ − τ
neutrinos is found to be cos2 α = 0.08+0.20
−0.40 . This residual flux could include sterile neutrinos
and/or the antineutrinos of the active flavors. KamLAND is potentially sensitive to antineutrinos
derived from solar 8 B neutrinos. We report in fig. 1 the expected events at KamLAND compared
with a solar antineutrino flux 10−2 times the solar neutrino flux.
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Figure 1: The expected number of events if the solar neutrinos are converted into antineutrino with a factor 10−2 .

KamLAND put strict limits on the flux of solar antineutrinos, Φ(8 B) < 1.0×104 cm−2 s−1 , more
than one order of magnitude smaller than existing limits, and on their appearance probability
P < 0.15% (95% CL) after 3 years of operation. Assuming a concrete model for antineutrino
production by spin-flavor precession, this upper bound implies an upper limit on the product of
the intrinsic neutrino magnetic moment and the value of the solar magnetic field µB < 10−21
MeV (95% CL). For B ∼ 10 − 100 kG, we would have µ < 10−11 − 10−12 µB (95% CL).
2.2

Three neutrinos: Limit from Borexino |µν | < 0.84 × 10−10 µB

Then we analyze the first Borexino data release to constrain the neutrino magnetic moment.6
The analysis is performed analyzing the spectrum of the recoil electron energy. Since the leading
contribution to this spectrum comes from the monoenergetic solar 7 Be neutrinos, the shape of the
spectrum is almost independent from the energy dependence of the oscillation probability. The
other contribution to the spectral shape is due to the internal background of the detector. The
obtained limits are better than the one obtained for SK −I global analysis |µν | < 3.6×10−10 µB ,
and the combined analysis of the Kamiokande-Clorine experiments |µν | < 5.4 × 10−10 µB . It is
comparable with the combined analysis from other solar neutrino experiments, |µν | < 1.5 ×
10−10 µB at 90% CL (SSM-GS98), and with the Super Kamiokande total rate analysis, |µν | <
2.1 × 10−10 µB at 90% CL (SSM-AGS05). It is competitive with respect to the direct limits from
reactors (i.e. |µν | < 1.0 × 10−10 µB at 90% CL in MuNu, |µν | < 0.58 × 10−10 µB at 90% CL in
GEMMA experiment). Moreover our result is independent on the solar standard model. For
the single transition magnetic moment we get |µνµ | < 1.5 × 10−10 µB (to be compared with the
PDG value < 6.8 × 10−10 µB ), and |µντ | < 1.9 × 10−10 µB (PDG quote < 3900 × 10−10 µB ).

3

Light sterile neutrinos and spin flavor precession

As far as the solar magnetic field is concerned, solar physics provides very limited knowledge
on its magnitude and shape. Given the above mentioned uncertainties we consider the two
following plausible profiles which are approximately complementary to each other (see fig. 2)
Profile 1
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Figure 2: The two solar field profiles normalized to their peak field values as a function of the solar radius.

Profile 1 has a peak B0 at the bottom of the convection zone, for fractional solar radius x ≃ 0.71,
its physical motivation being the large gradient of angular velocity over this range. It should
not exceed 300 kG at this depth and 20 kG at 4-5% depth, hence its fast decrease along the
convection zone. Profile 2 is of the Wood-Saxon type, being maximal at the solar centre. In this
case the peak field B0 could be as large as a few MG.
The number of events in a bin with energy range [Tein , Tef in ] is
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where Q0 take into account the size of the detector, NΦφ is the normalization of the neutrino
flux φ, Eν is the neutrino energy, Ee is the electron energy, Φφ is the neutrino spectrum of the
flux φ, R̃ is the resolution function of the detector and depend on the observed electron energy
range and the detector properties ρ, P (Eν ) is the conversion/survival probability, and dσ is the
differential neutrino-electron cross section. For the statistical analysis of all solar data (except
Borexino) we used the standard χ2 definition
χ2 =

X
ii′

(Rjth − Rjexp )(

1
)ji (Rith − Riexp )
2
σ

(4)

where indices i,j run over solar neutrino experiments and the error matrix includes the cross
section, the astrophysical and the experimental uncertainties.

3.1

Two gallium data sets, spin flavour precession and KamLAND

Although a lot of effort has been devoted to examining the possible time modulation of the
neutrino flux, this question remains largely unsettled. The claim made in the early days of a
possible anticorrelation of the Homestake event rate with sunspot activity remained unproven,
as no sufficient evidence was found in its support. More recently the Stanford Group has been
claiming the existence of two peaks 2 in the Gallium data at 55-70 SNU and 105-115 SNU.
Moreover, Gallium experiments, which have been running since 1990-91 and whose event rates
are mainly due to pp and 7 Be neutrinos (55% and 25% respectively), also seem to show a flux
decrease from their start until 2003. These data are hardly consistent with a constant value
and exhibit a discrepancy of 2.4σ between the averages of the 1991-97 and 1998-03 periods (see
table I). No other experiment sees such variations and none is sensitive to low energy neutrinos
with the exception of Homestake whose rate contains only 14% of 7 Be. Hence this fact opens
the possibility that low energy neutrinos may undergo a time modulation partially hidden in
the Gallium data which may be directly connected in some non obvious way to solar activity.
Hence also the prime importance of the low energy sector investigation. To this end, in the near
future, two experiments, Borexino and KamLAND, will be monitoring the 7 Be neutrinos.

Table 1: Average rates for Ga experiments in SNU. Set (I) and (II) reefer to the period 1991-97 and 1998-03.

Period
SAGE+Ga/GNO
Ga/GNO only
SAGE only

1991-97 (I)
77.8 ± 5.0
77.5 ± 7.7
79.2 ± 8.6

1998-03 (II)
63.3 ± 3.6
62.9 ± 6.0
63.9 ± 5.0

In a situation with light sterile neutrinos and spin flavor precession, we reexamine the possibility of a time modulation of the low energy solar neutrino flux.7 We perform two separate
fits to the solar neutrino data, one corresponding to ’high’ and the other to ’low’ Ga data, associated with low and high solar activity respectively. We therefore consider an alternative to
the conventional solar+KamLAND fitting, which allows one to explore the much wider range
of the θ12 angle permitted by the KamLAND fitting alone. We find a solution with parameters
∆m221 = 8.2 × 10−5 eV 2 , tan2 θ = 0.31 in which the ’high’ and the ’low’ Ga rates lie far apart
and are close to their central values and is of comparable quality to the global best fit, where
these rates lie much closer to each other. This is an indication that the best fit in which all
solar and KamLAND data are used is not a good measure of the separation of the two Ga data
sets, as the information from the low energy neutrino modulation is dissimulated in the wealth
of data. Furthermore for the parameter set proposed one obtains an equally good fit to the
KamLAND energy spectrum and an even better fit than the ’conventional’ LMA one for the
reactor antineutrino survival probability as measured by KamLAND.

Table 2: Best fits to data sets , and LMA best fit. For data set 91-97 only Ga, Cl and Kamiokande data were
available and for set 98-03 all SK and SNO data were available but not Cl. In set 98-03 only the Ga rate contributes to χ2rates . Units are SNU for Ga and Cl and 106 cm−2 s−1 for SK and SNO. Here ∆m201 = 0.65 × 10−7 eV 2 .

Set (I)
Set (II)
LMA

Ga
71.7
69.6
64.8

Cl
2.66
2.74

K (SK)
2.29
2.18
2.30

SNONC

SNOCC

5.53
5.10

1.54
1.75

SNOES χ2rates χ2SK sp
3.09
2.16
2.28
44.6
2.28
0.95
45.7

χ2SN Ogl
45.8
43.1

χ2KL
15.3
15.3
14.5

3.2

SNO+: predictions from SSM and resonant spin flavour precession

One of the key questions that the SNO+ experiment will be able to address is the distinction
between the two classes of SSMs which are currently identified as corresponding to a high and
a low heavy element abundance. SNO+ will be able to accurately measure the pep and CNO
fluxes. The former, largely independent of solar models, will supply the survival probability
at low energies, essential to distinguish standard LMA from LMA+RSFP. Consequently SNO+
will be able to severely constrain the RSFP interpretation, thus favoring LMA or vice-versa.8 We
report in fig. 3 the expected rate reduction for the pep flux with respect to the non-oscillation
case, as a function of the peak value B0 of the solar magnetic field (profile 1) and ∆m201 .
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Figure 3: The expected rate reduction for the pep flux with respect to the non-oscillation case.

3.3

SuperKamiokande spectrum with light sterile neutrinos and spin flavour precession

Whereas the Landau Zener approximation works well in the LMA resonance, this is not so for
spin flavour precession, thus we resort to the numerical integration of the evolution equations.9
We take several values of θ13 in the allowed range for both strong and weak solar fields. The
model event rates for all solar neutrino experiments are evaluated and confronted with the data.
Special emphasis is given to the SK energy spectrum 3 and the recent 8 B energy spectrum from
the Borexino experiment.4 We considered the two classes of solar field profiles.
Table 3: Peak field values (profile 1), sin θ13 , total rates (in SNU for Ga and Cl experiments, in 106 cm−2 s−1 for
SK and SNO), and the corresponding χ2 ’s. It is seen that for a sizable field all fits improve with both profiles.

B0
0
Profile 1
140(kG)
Profile 2
0.75(M G)

sin θ13
0
0.1
0.13
0
0.1
0.13
0
0.1
0.13

Ga
67.2
66.0
65.0
66.4
65.3
64.3
64.7
63.6
62.6

Cl
2.99
2.94
2.90
2.82
2.77
2.72
2.75
2.70
2.66

SK SNONC SNOCC SNOES
2.51
5.62
1.90
2.49
2.49
5.62
1.87
2.46
2.46
5.62
1.84
2.44
2.32
5.37
1.76
2.31
2.29
5.37
1.73
2.28
2.27
5.37
1.70
2.25
2.32
5.38
1.76
2.32
2.30
5.38
1.73
2.29
2.28
5.38
1.70
2.26

χ2rates χ2SK sp
0.07
42.7
0.30
42.1
0.62
41.7
0.20
37.6
0.53
37.9
0.95
38.4
0.76
38.0
1.32
38.4
1.92
38.8

χ2SN O
57.2
55.2
53.7
46.0
44.9
44.1
46.1
45.0
44.2

χ2gl
99.9
97.6
96.0
83.8
83.3
83.4
84.8
84.7
84.9

Our numerical calculations are based on the updated central values for the best fith in the LMA
scenario for ∆m221 , θ12 , θ23 , ∆m232 and we use a neutrino transition moment between flavour
states not larger than µν = 1.4 × 10−12 µB . As for θ13 we chose to investigate three cases:
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Figure 4: The SK spectrum: theoretical predictions and data points normalized to BPS08(GS). The top three
curves refer to sin θ13 = 0, 0.1, 0.13 from top to bottom in the case of zero magnetic field, and the lower three
curves refer to the same values of sin θ13 for a sizable field (Left: profile 1, B0 = 140 kG; Right: profile 2). There
is a clear preference for a sizable field possibly related to solar activity, in comparison to a vanishing one.

θ13 = 0, 0.1 and the central value, 0.13. The fits to all data, including rates and spectra (except
for Borexino) improve once the magnetic field is introduced. As regards Borexino, the fit worsens
in this case. In contrast, solar data alone show no clear preference for a vanishing or sizable θ13 .
4

Conclusions

We studied several scenarios where non standard interactions, and in particular the neutrino
magnetic moment, as a mechanism which is added to the well known LMA one, can play a
relevant role in the solar neutrino physics. The most promising one is when, in a 4 ν scenario,
the transition magnetic moments from the νµ and ντ to νs play the dominant role in fixing the
amount of active flavor suppression via the Resonant Spin Flavor Precession of Solar neutrinos
to light sterile neutrino. The data from all solar neutrino experiments except Borexino exhibit
a clear preference for a sizable magnetic field either in the convection zone or in the core and
radiation zone. We argue that the solar neutrino experiments are capable of tracing the possible
modulation of the solar magnetic field. Those monitoring the high energy neutrinos, namely the
8 B flux, appear to be sensitive to a field modulation in the convection zone. Those monitoring
the low energy fluxes will be sensitive to the second type of solar field profiles only. In this
way Borexino alone may play an essential role, since it examines both energy sectors, although
experimental redundancy from other experiments will be most important.
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RESULTS FROM THE BOREXINO EXPERIMENT
TIMO LEWKE
on behalf of the Borexino Collaboration
Physik Department, Technische Universität München
85747 Garching, Germany

Borexino is a low threshold liquid-scintillator detector for solar neutrinos located in the LNGS
underground laboratory, Italy. Because of the ultra-high radio purity it is the first experiment able to do a real-time analysis of the low energetic solar neutrinos. A detection of the
solar 7 Be neutrinos with a rate of 49 ± 7 counts/day/100tons can be reported (192 days of
live time measurement). 8 B neutrinos are observed with a preliminary rate of 0.26 ± 0.06
counts/day/100tons after 246 live days. All detected neutrino fluxes agree with the SSM predictions in case of the MSW-LMA oscillation solution. Borexino is the first experiment with
the ablility to simultaneously measure solar neutrino oscillation in the vacuum-dominated and
the matter-enhanced energy regions.

1

Introduction

In the past years, neutrinos have been studied very intensely. Neutrino oscillations were observed,
for example via SNO 1 and Super-Kamiokande 2 , and the solar neutrino oscillation parameters
+0.21
+0.06 3
· 10−5 eV 2 and tan2 Θ12 = 0.47−0.05
could be determined. Nervertheless
∆m221 = 7.59−0.21
no experiment of the so far used water-Cherenkov experiments was able to measure neutrino
energies lower than 5 MeV due to their threshold.
With Borexino as an organic liquid scintillator detector, a new field of low energetic neutrino
physics can be entered. Because of the low threshold, 7 Be neutrinos can be observed in real-time
measurement 4,5 .
The results reported in this work present the real-time measurement of 7 Be and 8 B solar neutrinos in Borexino. Therefore the first simultaneous measurement of the neutrino survival probability Pee out of both, vacuum and matter enhanced oscillation regions, can be announced.

After a short description of the detector layout and the radioactive purity levels achieved in the
experiment, this work will present the results of the measurements in Borexino. It will conclude
with a brief outlook.

2

The Borexino Detector

The Borexino detector is placed in the underground Laboratori Nazionali del Gran Sasso (LNGS)
in Italy. The mountains provide a shielding of 1400 m of rock (∼ 3800 m.w.e). The detection mechanism for neutrinos is electric scattering on electrons in the liquid scintillator target.
The scintillator is a mixture of pseudocomene (PC, 1,2,4-trimethylbenzene) and PPO (2,5diphenyloxazole at a concentration of 1.5 g/l), a fluorescent dye. To reach the necessary low
background and trigger rate in the detector, a graded shielding is used for the detector (Fig. 1).
The described scintillator is placed in the innermost volume enclosed by a spherical, 125 µm

Figure 1: Shematic view of the Borexino detector.

thick nylon Inner Vessel (IV) with a radius of 4.25 m. The scintillation light generated by neutrino events is monitored by 2212 8” photomultiplier tubes (PMTs), type ETL9351, mounted on
a Stainless Steel Sphere (SSS) with a radius of 6.85 m. Most of the PMTs (1828) are equipped
with aluminium light concentrators focusing their field of view on the IV. To shield the scintillator of radiation emitted by the PMTs and the SSS a buffer liquid (∼ 1000 t of pure PC and 5.0
g/l DMP (dimethylphthalate) used as quencher) is contained in between them. In addition, an
Outer Vessel (OV), radius 5.50m, is included in the system. It prevents the diffiusion of radioactive 222 Rn, emanated from the PMTs, into the IV. The Inner Detector (ID) is fully enclosed
by the outermost shield, formed by ∼ 2000 t of ultra pure water. The cylindrical dome (called
Outer Detector (OD)) has a height of 16.9 m and a diameter of 18 m. 208 PMTs (same type as
used for the ID, but all without light concentrators) are mounted on the SSS pointing outward
and detect the Cherenkov Light generated by through-going muons. The OD is therefore an
active muon veto.
A more detailed description can be found in publications 6,7 .

3

Radiopurity and background levels

Because it is not possible to distinguish neutrino recoil electrons from electrons due to the natural
radioactivity and neutrino rates are low (e.g. 7 Be neutrinos ∼ 50 counts/day/100t), a very high
level of radioactive purity has to be achieved for the detector. First of all, the scintillator itself
has to be very clean. A special purification strategy removes the most dangerous contaminants 8 .
The contamination due to 238 U and 232 Th ((1.6±0.1) ·10−17 g/g and (6.8±1.3)·10−18 g/g) is one
level of magnitude lower than the foreseen goal.
The contamination of 85 Kr, that features a β-spectrum overlapping with the 7 Be recoil spectrum,
is determined to be (29 ± 14) counts/day/100tons. The rather large uncertainty arises from the
small branching ratio of the βγ-coincidence decay used to determin the 85 Kr concentration.
The α-emitter 210 Po has to be taken into account as its visible decay energy lies in the neutrino
window. In the beginning of data taking its activity was determined to 8000 counts/day/100tons.
The rate decays according to the isotope lifetime of 200 days. This means that the concentration
of its parent nuclei (210 Bi and 210 Pb) in the scintillator is much lower.
A large part of background is formed by 14 C contained in the organic scintillator. The analysis
threshold at 200 keV corresponds to its spectral endpoint at 156 keV.
Another relevant background, located in the energy region from 1-2 MeV, is cosmogenically
produced 11 C. Its rate is determined to 25 counts/day/100tons and is at the upper limit of
previous studies 9,10 . Last, after the filling a radon contamination of a few counts per week is
present. The source is emanation from the IV.
4

Data analysis

The trigger to read out the detector is formed in two different ways. Either 25 PMTs in the ID
(corresponding to ∼ 50 keV of visible energy) fire in a time window of 60 ns, or 6 PMTs in the
OD in 150ns. In any case both detectors (ID and OD) are read out.
The charge corresponding to the amount of photons collected by all PMTs is given in photo
electrons (pe). In the analysis the light yield is determined by a fit to the observed 11 C spectrum
or to the end-point of the 14 C spectrum. A value of 500 pe/MeV of deposited energy is the
consistent result of the different methods.
4.1

The 7 Be neutrino spectrum

The curves presented in Fig. 2 are the results of 192 live days of measurement. The black line
demonstrates the raw data with the 3 most basic cuts already applied. This means, that only
single clustered events are accepted in order to reject pile up or fast coincidences. Second all
muons are neglected. This tagging can be performed using the OD as an active muon veto.
The efficiency is 99.5%. In addition, muons and neutrinos can be distinguished by pulse shape
analysis using the ID. The remaining inefficiency is reduced to less than 10−3 . And third, as a
logical consequence, all events detected in a 2 ms time window after each muon, are rejected in
order to avoid muon induced secondaries. The blue curve is obtained using a fiducial volume
cut to reject external γ background: The allowed detector volume corresponds to the innermost
100 tons (∼ 3.25 m radius). Also the radon induced 214 Bi-214 Po coincidences are removed from
data.
The large 14 C peak remains at the lower energy range of the observed spectrum, which therefore
will not influence the results of the 7 Be neutrinos. Another remaining obvious part is the still
present 210 Po peak at about 190 pe. It can be rejected by α/β pulse shape discrimination (red
curve). In both cases, blue and red line, the compton like edge of the 7 Be neutrinos (300-350
pe) and the 11 C spectrum (400-800 pe) becomes visible.
In Fig. 3, as final result, the fits applied to the remaining data are presented. Two in-

Figure 2: Raw charge spectrum used for determination of 7 Be neutrinos. Different effects
of applied analysis cuts.

Figure 3: Spectrum and fits of 7 Be neutrinos.

210

Po-peak still present.

dependent methods are used for this evaluation and come to consistent results (expressed in
counts/day/100tons, statistical errors only): 49 ± 3 for 7 Be, 20 ± 2 for a sum of CNO-neutrinos
and 210 Bi, 29 ± 4 for 85 Kr, 24 ± 1 for 11 C.
With an estimation of the systematic error (8.5 %) a 7 Be neutrino rate of (49 ± 3stat ± 4sys )
counts/day/100tons can be announced. The rate expected without neutrino oscillation for the
high metallicity 11 Standard Solar Model (SSM) 12 (BS07(GS98)) is (74 ± 4) counts/day/100tons.
The flux normalization constant f , the ratio between the measured MSW-LMA scenario 13,14,15
and the predicted BS07(GS(98)) neutrino flux, is calculated to fBe = 1.02 ± 0.10. The observed
survival probability at the 7 Be energy of 862 keV is Pee = 0.56±0.10. The no oscillation hypothesis (Pee = 1) is rejected at 4σ C.L.. So Borexino confirms the MSW-LMA neutrino oscillation
scenario and provides the first direct measurement in the low-energy vacuum MSW regime 16 .
The new Borexino results can be used along with the results of radiochemical experiments 17,18,19,20
and SNO 21,1 to calculate new limits on the pp- and CNO-neutrino fluxes. The results are at
present the best experimental limits and are shown in Fig. 4 for different C.L.. Including in
addition the solar luminosity constraint we determine fpp = 1.005+0.008
−0.020 (1σ) and fCN O < 3.80

(90%C.L.), using the 1-D χ2 -profile method 22 . The results of fCN O can be transformed into a
contribution to the total solar neutrino luminosity of less than 3.3% (90%C.L.).

Figure 4: Determination of flux normalization constants for pp and CNO solar neutrinos
without luminosity constraint, fpp and fCN O (68%, 90%, and 99% C.L.).

4.2

The 8 B neutrino spectrum

After 246 live days of measurement a preliminary analysis of the 8 B neutrino rate is performed.
Due to the low threshold of the Borexino detector, it is the first real-time experiment able to
measure the flux down to an energy limit of 2.8 MeV, in comparison to the water-Cherenkov
detectors with a threshold of 5MeV.
For the analysis different cuts, similar to the ones used for the 7 Be neutrino analysis, have to be
applied. As main background for energies higher 2.8 MeV, muons and their secondaries have to
be identified. Radon emanation from the nylon vessels is reduced using the fiducial volume cut.
Applying a 5 s time and different position cuts short-lived and long-lived cosmogenic isotopes
can be rejected. Last the bulk 232 Th and the buffer 208 Tl contermination have to be excluded.
As result of this preliminary analysis, a 8 B neutrino rate of (0.26 ± 0.04stat ± 0.02sys ) counts per
day and 100 tons down to an energy of 2.8 MeV can be reported. The corresponding νe flux of
(2.65 ± 0.44stat ± 0.18sys ) · 106 cm−2 s−1 is in agreement with the MSW-LMA SSM prediction
and SNO or Super-Kamiokande results 1,2 . Assuming the BS07(GS98) SSM, the mean survival
probability is 0.35±0.10 at the effective energy of 8.6 MeV. The no-oscillation scenario can be
excluded using this preliminary analysis at a 4.2 σ C.L..
Borexino is the first experiment with the ablility to simultaneous measure solar neutrinos from
the vacuum region (7 Be) and from the matter-enhanced oscillation region (8 B). The ratio between the two different survival probabilities for 7 Be and 8 B neutrinos is 1.60±0.33, 1.8 σ different from unity. Still at relatively low significance, this result confirms the transition between
low energy vacuum dominated and high energy matter enhanced solar neutrino oscillation, as
predicted by the MSW-LMA solution.
5

Future Objectives

At present a calibration campain is performed in order to allow a measurement of the 7 Be flux
at 5% accuracy by reduction of systematic uncertaincies. In addition to gather more statistics
for the measurement of 7 Be and 8 B, the attention is turned to the direct, and unprecedented,

measurement of the low energetic pep- and CNO-neutrinos. The possibility to measure the
pp-neutrino flux is investigated. Further aims of Borexino are the observation of geo-neutrinos
and (anti)neutrinos from a galactic supernova. For instance Borexino will join the SNEWS
(supernova early warning system), foreseeably during 2009.
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√
This papers describes a search for Z boson pair production in pp̄ collisions at s= 1.96 TeV
with the D0 detector at the Fermilab Tevatron Collider. The search for ZZ → ℓ+ ℓ− ν ν̄ (where
ℓ = e or µ) is performed in a data sample corresponding to an integrated luminosity of 2.7
fb−1 . We observe ZZ production in the combination of DØ results in this channel as well as
′
′
in ZZ → ℓ+ ℓ− ℓ + ℓ − with a 5.7 standard deviations significance (4.8 expected) corresponding
to a cross section of 1.60 ± 0.63(stat.)+.16
−.17 (syst.) pb.

1

Introduction

We describe a search for Z boson pair production in pp̄ collisions in the case where one Z
boson decays into two charged leptons (either electrons or muons) and the other decays into two
neutrinos. Special attention will be given to the development of an instrumental variable used
to reduce the contribution from events with artificially inflated missing transverse momentum
/T ).
(E
Observation of the ZZ process is an essential stepping stone for Standard Model (SM) Higgs
searches. In the SM, ZZ production is the double gauge boson process with the lowest cross
section, making it an ideal testing ground for Higgs searches. Additionally, it is a background to
some of these very same searches, such as the ZH → ℓ+ ℓ− bb, ZH → ννbb and H → W + W − →
ℓ+ νℓ− ν channels. Unlike the W W and W Z processes, there are no expected SM contributions
from triple gauge boson couplings involving two Z bosons, an unexpectedly high cross section
measurement could indicate the presence of anomalous couplings.

2

Event Selection

The signal is characterized by two leptons, missing transverse energy and little jet activity. In
each of the two channels we require that there be exactly two oppositely charged leptons with
transverse momentum pT > 15 GeV and dilepton invariant mass 70 < Mℓℓ < 110 GeV.
W Z production is suppressed by vetoing events with one or more leptons (e, µ, or τ ) in
addition to those forming the Z candidate. Events with relatively large calorimeter activity
are rejected by vetoing on the presence of more than two jets in the detector with ∆R(jet,
lepton)> 0.3, where ∆R is the distance between two objects in (η, φ) space, and jet ET > 15 GeV.
This requirement significantly reduces background from tt production.
3

Instrumental Background Rejection

The primary background after the initial selection is inclusive Z/γ ∗ → ℓ+ ℓ− production in
/T value. Rather than attempt to make an
which mismeasurement results in a mistakenly large E
/T we devise a new variable (6ET′ ) in five steps which is a
unbiased or accurate estimate of the E
/T given the measurement uncertainties of the leptons
representation of the minimum feasible E
/T , but rather
and the hadronic recoil. This is not intended to be the best estimator of true E
to be variable which is robust against reconstruction mistakes. The approach is inspired by the
OPAL collaboration which used a similar variable to search in final states similar to that of this
analysis 1 .
3.1

Decomposition

First, the p~T of the lepton pair is decomposed into two components, one of which is almost insensitive to lepton pT resolution for Z candidates with moderate values of transverse momentum.
In the transverse plane a dilepton thrust axis is defined as the pT of the leading lepton minus
the pT of the second lepton. For the rest of this paper, a subscript l or t denotes the component
in the longitudinal (âl ) or transverse (aˆt ) direction.
ℓℓ
The dilepton system pT is decomposed into components parallel to âl (aℓℓ
l ) and to aˆt (at ).
ℓℓ
ℓℓ
The decomposition is performed only for events in which ∆φ > π/2, where ∆φ is the angle
between the two charged leptons in the transverse plane. For the case ∆φℓℓ ≤ π/2 the direction
of the dilepton transverse momentum p~Tℓℓ is used to define aˆt , and all components in the âl
direction are set to zero.
3.2

Calorimeter Recoil Activity

Two measures of net calorimeter transverse energy are considered: (a) a vector sum of the ET of
selected reconstructed jets in the hemisphere opposite the dilepton pair and (b) the calorimeter
/T . Along each of the two axes we use the one with the largest
missing transverse energy E
projected magnitude pointing away from the dilepton pair.
jets
/~T · aˆt , 0)
δacal
· aˆt , −E
t = 2 × min(Σp~T

jets
/~T · âl , 0)
δacal
· âl , −E
l = 2 × min(Σp~T

in which a jet is used in the âl (aˆt ) component sum only if it satisfies p~T · âl < 0 (~
pT · aˆt < 0).
3.3

Recoiling Tracks

The third step identifies events in which the recoil activity is not observed in the calorimeter as
jets. We consider tracks that are ∆R > 0.5 away from all calorimeter jets, ∆R > 0.5 from the
candidate leptons, have a fit satisfying χ2 /NDF < 4.0, and pT > 0.5 GeV and use these to build

track jets using a cone algorithm. The track jet transverse momentum pT tjet is the vector sum
of the pT values of all tracks forming the track jet.
δatrk
= (Σ~
pTtjet ) · aˆt
t

δatrk
= (Σ~
pTtjet ) · âl .
l

As with the calorimeter jets, a track jet is included in the correction for the âl (aˆt ) direction only
if it satisfies ~
pTtjet · âl < 0 (~
pTtjet · aˆt < 0).
3.4

Lepton pT Uncertainty

The fourth step accounts for the resolution of the lepton pT measurement. The lepton transverse momenta are fluctuated by one standard deviation of their uncertainty so as to minimize,
separately, the âl and aˆt components of the dilepton pT ℓℓ . The transverse component, aℓℓ
t , is
minimized by decreasing the transverse momenta of both leptons to give the modified quantity:
′

′

atℓℓ = p~Tℓℓ · aˆt ′ .
′

(1)

Here ~
pTℓℓ and aˆt ′ correspond, respectively, to p~Tℓℓ and aˆt , redefined using p~T × (1 − σ1 ) and
(2)
p~T ×(1−σ2 ) in place of the unscaled quantities. The longitudinal component, aℓℓ
l , is minimized
(1)
(2)
by decreasing p~T and increasing p~T using their fractional uncertainties σ1 and σ2 :
′

(1)

ℓℓ
ℓℓ
δaℓℓ
t = at − at .

~T
δaℓℓ
l = (−σ1 p

(2)

+ σ2 ~
pT ) · âl

If the fractional uncertainty on either of the lepton transverse momenta is larger than unity,
ℓℓ
then the fractional uncertainties on both aℓℓ
t and al are set to unity. Electrons falling at the
calorimeter module boundaries risk being significantly under measured. If the lower pT electron
is within this region, the fractional uncertainty on aℓℓ
l is set to unity.
3.5

Combination

In the fifth and final step, the variable E
6 T′ is computed from the quantities calculated in the
previous steps. We compute components:
cal
′
trk
ℓℓ
at = aℓℓ
t + δat + k × δat + k × δat

cal
′
trk
al = aℓℓ
+ k × δaℓℓ
l + δal + k × δal
l ,

√
The values of k and k′ were optimized by maximizing S/ B in a background dominated sample.
Recall that by construction the δai (where i = t or l) terms are always zero or negative while aℓℓ
i is
positive. For events with significant transverse energy from neutrinos and no mismeasurements,
the ai variables are large and positive. If ai ≤ 0, then there is no significant missing transverse
momentum along direction i and that component is ignored in the subsequent analysis. The final
discriminating variable is then calculated as a weighted quadrature sum of the two components:
a′t = max(at , 0)

a′l = max(al , 0).
E
6 T′ =

q

′ 2
a′2
l + (1.5at ) .

/T cut is shown
The rejection of instrumental background events using this method and a simple E
in Figure 1.
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Figure 1: The efficiency of W W , W Z, and ZZ events vs instrumental background events using the E
as MET in the figure) and E
6 T′ variables in the dielectron (a) and dimuon (b) channels.
Sample
Z → ℓ+ ℓ−
Z → τ +τ −
W +Jets
tt̄
Diboson
Wγ
Predicted Background
ZZ → ℓ+ ℓ− ℓ′+ ℓ′−
ZZ → ℓ+ ℓ− ν ν̄
Predicted Total
Data

dielectron
′
dilepton selection
E
6 T
requirement
5
1.18 × 10
0.5 ± 0.2
48.3
0.35
18.2
2.7 ± 0.4
16.4
0.34
47.2
11.68 ± 0.1
2.0
0.03
5
1.19 × 10
15.6 ±0.4
2.9
0.02
8.9
4.03
1.19 × 105
19.6 ±0.4
118,850
28

dimuon
′
dilepton selection
E
6 T
requirement
5
1.30 × 10
0.1 ± 0.1
53.3
0.09
–
< 0.01
16.0
0.21
50.3
10.52 ± 0.1
–
–
5
1.30 × 10
10.9 ± 0.3
2.89
0.00
9.48
3.39
5
1.30 × 10
14.3 ± 0.3
127,960
15

Table 1: Predicted events and data yield after the dilepton selection and after the requirement on E
6 T′ . The
uncertainties in the final column are statistical only. If not present, the statistical uncertainty is negligible.

4

Final Selection, Likelihood and Yields

The events come from two data taking periods. The E
6 T′ cut is optimized for each of these in
′
the two dilepton channels. After cutting on E
6 T , we observe 28 events (19.6 expected) in the
dielectron channel and 15 events (14.3 expected) in the dimuon. The yields are listed in Table 4.
The ZZ signal is separated from the remaining backgrounds using a likelihood with the
following input variables: the dilepton invariant mass (for the dielectron channel), the χ2 probability from a refit of the measured lepton momenta under the constraint that their dilepton
mass gives the Z mass (for the dimuon channel), the pT of the leading lepton, the opening
angle between the dilepton pair and the leading lepton, and the cosine of the negative lepton
scattering angle in the dilepton rest frame.
5

Results

After considering the systematic uncertainties associated with our various object reconstructions
and analysis methods, the search yields an observed significance of 2.6 standard deviations (2.0
′
′
expected) 2 . This result is combined with an independent DØ search for ZZ → ℓ+ ℓ− ℓ + ℓ − 3 .
After the combination we observe a significance of 5.7 standard deviations (4.8 expected). The
√
SM cross section for pp̄ → ZZ + X is 1.4 ± 0.1 pb 4 at s = 1.96 TeV, we find:
σ(ZZ) = 1.6 ± 0.64(stat.)+0.16
−0.17 (sys.) pb.
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FIRST EVIDENCE OF W W/W Z → ℓνq q̄ AT THE TEVATRON
JOSEPH HALEY
(For the D0 Collaboration)
Princeton University Department of Physics
Princeton, NJ, USA

We present the first evidence from a hadron collider of W W + W Z production with semileptonic decays. The data were recorded by the D0 detector at the Fermilab Tevatron and
correspond to 1.07 fb−1 of integrated luminosity obtained in proton-antiproton collisions at
√
s =1.96 TeV. The cross section observed for W W + W Z production is 20.2 ± 4.5 pb with a
significance of 4.4 standard deviations.

1

Introduction

There are many reasons for studying W W/W Z → ℓνq q̄ at the Tevatron. From the electroweak
prospective, diboson production provides a probe of self-interactions of vector bosons. Deviations
from the Standard Model (SM) of these trilinear gauge boson coupling would affect the cross
sections and event kinematics of diboson production 1 . The cross sections for diboson production
at the Tevatron had previously only been measured for the fully leptonic final states 2,3 , so this
analysis provides a compliment to the previous measurements.
Reconstruction of W W and W Z events in semi-leptonic final states represents a challenge
in separating signal from the dominant background of a W boson produced in association with
jets. This is a challenge shared by many Higgs boson searches, e.g. W H → ℓνbb̄, making this
measurement a benchmark for these similar Higgs boson searches. Furthermore, this analysis
provides a proving ground for the multivariate event-classification schemes and the accompanying
statistical techniques 4 that are used for the Tevatron Higgs boson searches in the entire mass
range allowed by the SM.
2

Event Selection

To select candidate events for pp̄ → W W/W Z → ℓνq q̄, we required a single reconstructed lepton
(electron or muon) 6 with transverse momentum pT > 20 GeV and |η| < 1.1 (for electrons) or

|η| < 2 (for muons), an imbalance in transverse momentum E
/T > 20 GeV, and at least two jets 7
with pT > 20 GeV and |η| < 2.5. The leading jet (i.e. highest pT ) was also required to have
W → ℓν, we required
pT > 30 GeV. To reduce background from processes that
p do not contain
a transverse W mass of MTW > 35 GeV, where MT ≡ (ET )2 − (~
pT )2 8 . The electron or muon
trajectories were required to be isolated from other objects in the calorimeter, and had to match
a track reconstructed in the central tracking system that originated from the primary vertex.
Also, the muon had to be reconstructed as an isolated track in the central tracking system.
3

Event Samples

The data were collected with the D0 detector 5 at the Fermilab Tevatron Collider at a center√
of-mass energy of s = 1.96 TeV. The events studied in this analysis correspond to 1.07 fb−1
of integrated luminosity collected during Run IIa (2002-2006). To be considered for analysis,
events in the eνq q̄ channel were required to pass at least one single electron or electron+jet(s)
trigger. The resulting trigger efficiency was 98+2
−3 %. A suite of triggers was used for the µνq q̄
channel resulting in a trigger efficiency of nearly 100%.
Monte Carlo generators were used to simulate the signal and background samples that
contained a charged lepton in the final state. With the exception of W +jets, all background
MC samples were normalized to next-to-leading-order (NLO) or next-to-next-to-leading-order
SM predictions. The W +jets normalization was determined simultaneously with the signal cross
section by a fit to data, as discussed later.
The background from multijet events was estimated using an orthogonal selection of data
in each channel. In both case, the contribution from events that were already modeling via MC
was corrected for.
4

Multivariate Classification

Improved separation between the signal and the backgrounds was achieved using a multivariate
classification technique to combine information from several kinematic variables. The technique
used was a random forest (RF) classifier 15,16 from the StatPatternRecognition 16 software
package. The RF algorithm creates many decision tree classifiers, which are basically a series of
optimized binary splits to separate signal from background. The RF is then formed by taking
the average of all of the decision trees. The key to the RF is that each decision tree uses only
a subset of the input variables (selected randomly for each tree) and is trained on a bootstrap
replica 15 of the full training set. This results in each of the trees generalizing differently to
unseen data because each tree was trained with differently. The net effect of then averaging all
the trees is an accurate and stable classifier.
The inputs to the RF were thirteen well-modeled kinematic variables that demonstrated a
difference in probability density between signal and at least one of the backgrounds. A RF for
each channel was trained using one half of each MC sample. The other halves, along with the
multijet background samples, were used to evaluate the RF output distributions for comparison
to the data. These RF output distributions were then used to measure the excess of events in
the data consistent with the kinematics of W W and W Z production (over that expected from
multijet and other SM processes).
5

Cross Section Measurement

The cross section for W W + W Z production was determined from a fit of signal and background
RF templates to the data by minimizing a Poisson χ2 function within variations of the systematic
uncertainties 4 . The systematic uncertainties were treated as Gaussian-distributed uncertainties

on the expected numbers of signal and background events in each bin of the RF distribution.
Each individual uncertainty was treated as 100% correlated between channels, samples, and
from bin to bin. Different sources of uncertainty were assumed to be independent.
The normalizations of the RF templates for the signal and the W +jets background were
unconstrained in the fit; allowing the fit to simultaneously measured the signal cross section and
determine the normalization of the dominant background. This approach eliminated the need
to use the W +jets cross section predicted by alpgen and provided an unbiased uncertainty
for the normalization of the dominant background. As a check of the procedure, the fit yielded
an effective k-factor of 1.53 ± 0.13 that needed to be applied to the alpgen cross section to
best match the data, which is close to what one would expected from the ratio of NLO to LO
predictions for the W +jets cross section.
Table 1 contains the results of the fit in the eνq q̄, µνq q̄, and the combined channels. The RF
output distribution after the combined fit and the same plot with the background subtracted are
shown in Fig. 1. Also in Fig. 1 is the background-subtracted plot for the dijet mass distribution
showing the resonant dijet signal peak observed in data. The common behavior of each fit
indicates a W W +W Z cross section consistent with, though somewhat larger than, the expected
SM value of σ(W W + W Z) = 16.1 pb 17 . The combined lepton channel cross section fit yielded a
total value of 20.2 ± 2.5(stat) ± 3.6(sys) ± 1.2(lum) pb, which is slightly less that one standard
deviation from expectation.
Table 1 also provides the result from preforming the measurement using only the dijet mass
distribution. As expected, the measurement from the dijet mass distribution was less precise
than from the RF because the RF was better at discriminating signal from background.
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Figure 1: The distributions after cross section fit of the RF distribution: (a) RF output; (b) RF output with
background subtracted; (c) dijet mass with background subtracted.

Table 1: The signal cross section determined from a simultaneous fit to the data of the W W + W Z cross section
and the normalization factor for W +jets.

Channel
eνq q̄ RF Output
µνq q̄ RF Output
Combined RF Output
Combined Dijet Mass

6

Fitted signal σ (pb)
18.0±3.7(stat)±5.2(sys)±1.1(lum)
22.8±3.3(stat)±4.9(sys)±1.4(lum)
20.2±2.5(stat)±3.6(sys)±1.2(lum)
18.5±2.8(stat)±4.9(sys)±1.1(lum)

Significance

Arguably just as important as the cross sections measurement is the significance of the measurement. The expected and observed significances were obtained via fits of the signal plus background hypothesis to MC events drawn from the background-only hypothesis 18 . The pseudodata samples were generated from random Poisson trials seeded by the predicted number of

background events smeared within the systematic uncertainties. A measurement of the signal
cross section was performed on each of the background-only pseudo-data distributions just as
for the data. The expected significance corresponds to the fraction of outcomes that yielded a
cross section at least as large as the SM prediction for W W + W Z production. The observed
significance was determined by the fraction of outcomes above the measured cross section.
Table 2 gives the probability (p-value) and Gaussian significance (number of standard deviations for the corresponding Gaussian confidence level) for expected and observed outcomes
corresponding to the measurements in Table 1. Again one can see the merit of the multivariate
classifier. While the observed significance using the dijet mass was found to be 3.3 standard
deviation, the RF had an observed significance of 4.4 standard deviations.
Table 2: Expected and observed p-values obtained by comparing the measurement with background-only pseudoexperiments and the corresponding significance in number of standard deviations (s.d.) for a one-sided Gaussian
integral.

Channel
eνq q̄ RF Output
µνq q̄ RF Output
Combined RF Output
Combined Dijet Mass

7

Expected p-value (significance)
6.8 × 10−3 (2.5 s.d.)
1.8 × 10−3 (2.9 s.d.)
1.5 × 10−4 (3.6 s.d.)
1.7 × 10−3 (2.9 s.d.)

Observed p-value (significance)
3.2 × 10−3 (2.7 s.d.)
5.2 × 10−5 (3.9 s.d.)
5.4 × 10−6 (4.4 s.d.)
4.4 × 10−4 (3.3 s.d.)

Conclusions

Using semi-leptonic decay channels, we measured σ(W W + W Z) = 20.2 ± 4.5 pb in proton√
antiproton collisions s = 1.96 TeV. This is consistent with the SM prediction of σ(W W +
W Z) = 16.1 ± 0.9 pb as well as with previous measurements of W W and W Z in the fully
leptonic final states 2,3 . The significance of the measurement is 4.4 standard deviations about
the background, indicating the first direct evidence for W W +W Z production with semi-leptonic
decays at a hadron collider. Finally, this analysis demonstrates the ability to measure a small
signal in a large background for a final state of direct relevance to searches for a low mass Higgs
boson and provides a validation of the analytical methods used in searches for Higgs bosons at
the Tevatron 19 .
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Measurement of the relative fraction of the gluon-gluon fusion in top-antitop
production process at 1.96 TeV proton-antiproton collisions using CDF
N.Kimura
Department of High Energy Exprimental Physics,
University of Tsukuba, Japan

We present the measurement of the relative fraction of the subprocess where the initial states
are gluon-gluon pairs or quark-antiquark pairs in top-antitop production at 1.96 TeV protonantiproton collisions. We identify and reconstruct the signal using events which include two
high-momentum leptons, and we distinguish the two subproceses by utilizing the correlated
spin states of top and antitop quarks. The analysis is based on 2.0 fb−1 of data collected with
the Collider Detector at Fermilab (CDF) at the Fermilab Tevatron between March 2002 and
May 2007. We find the fraction of the gluon-gluon fusion subprocess to be Fgg=0.53+0.36
−0.38 .
That is in agreement with the next-to-leading order calculations of Fgg=0.15 ± 0.05.

1

Introduction

√
In pp̄ collisions at s = 1.96 TeV, tt̄ pairs are produced dominantly through q q̄ annihilation,
while about 15% of tt̄ pairs are predicted to be produced via gluon-fusion 1 . Because of uncertainties in the large-x gluon luminosity, the prediction of this fraction has a large ambiguity and
will change by up to a factor of 2 (from 10% to 20%). Hence, measurement of the gluon fusion
fraction will give the knowledge of the gluon content of the proton at large values of x as well
as test for the perturbative QCD calculation of gluon fusion.
tt̄ pair produced via gluon fusion has a diﬀerent spin state from one via q q̄ annihilation.
This diﬀerence manifests itself eﬃciently as an azimuthal correlation of charged leptons in the
tt̄ dilepton channel 2 . If we assume tt̄ pair production close to threshold, tt̄ pair produced via
gluon fusion and q q̄ annihilation is in the following spin state 3 :
gg : J = 0, Jz = 0
q q̄ : J = 1, Jz = ±1 ,
where z denotes the initial parton direction (i.e. nearly the beam direction).

Therefore, in the case of gluon fusion, the top quark and the anti-top quark tend to have
the opposite spin on any quantize axis, while the aligned spin on the beam axis in the case of
q q̄ annihilation.
We utilize the diﬀerence in azimuthal correlation of charged leptons in the tt̄ dilepton channel
to distinguish tt̄ pair produced via gluon fusion from q q̄ annihilation.
2

Data Sample & Event Selection & Background Table

This analysis is based on an integrated luminosity of 2.0 fb−1 collected with the CDFII detector 5
between March 2002 and March 2007. The data are collected with an inclusive high PT lepton
trigger. The event signature of tt̄ dilepton events is that the event has two high pT leptons
from W decay, large missing ET due to two missing neutrinos, and two jets originating from
b-quarks. We require more then 20 GeV two lepton, more than 25 GeV Missing ET and some
background reduction cut like a Z mass region veto. We observe 145 tt̄ candidate events with
an expected background of 49.5 events. The dominant background processes remained by DIL
selection are diboson production (W W /W Z/ZZ), Drell-Yan (q q̄ → Z ∗ /γ → ee, µµ, τ τ ), and
W +jets production where one jet is misidentiﬁed as a lepton.
3

Signal and Background templates

The strategy of the gluon fusion measurement is that we ﬁt composition of expected ∆φ distribution of gg, q q̄, and background with one of data supposing gg fraction as a free ﬁt parameter.
Therefore, we introduce the expected ∆φ distributions (templates) of gg, q q̄, and each background process in this section.
3.1

Gluon fusion and q q̄ annihilation

To obtain ∆phi in the gluon fusion and q q̄ annihilation, we use tt̄ pair production Monte Carlo
simulation sample which is generated by HERWIG 7 event generator and CDF detector simulator
with top quark mass Mt = 175 GeV . In this simulation sample, CTEQ5L set is used as the
parton distribution function of proton and anti-proton, and we ﬁnd about 5% of the sample
comes from gluon fusion and the rest comes from q q̄ annihilation according to initial state
partons.
We separate tt̄ events via gluon fusion from q q̄ annihilation, and obtain ∆φ distributions of
gg and q q̄ events after DIL selection, separately. Figure 1 shows the distributions of gg (right)
and q q̄ (left). The histograms are ﬁtted with the following function:
Fi = (3 − Pi0 cos(∆φ) + Pi1 cos(2∆φ) + Pi2 cos(3∆φ))/3π,

(1)

(n)

where Pi s indicate ﬁtting parameters and the suﬃx i represent the process, i.e. i = gg, q q̄
here. We adopt the function composed with cosine since ∆φ distribution should be periodic.
The solid curve in the ﬁgure indicate the best ﬁt results.
3.2

Background

We make ∆φ distribution of each background process separately. For diboson (W W , W Z, and
ZZ) events and Z → τ τ events, we rely on MC simulation samples which are generated with
PYTHIA 6 event generator. For Drell-Yan (Z → ee, µµ) events, we also rely on MC simulation
samples, but which are generated with Alpgen event generator. For W γ events, we ignore the
background from this process, since the contribution from W γ to background are negligibly
small. For fake events, i.e. one lepton with jets events where one of jets is misidentiﬁed as
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Figure 1: The distributions of ∆φ of gluon fusion (left), q q̄ annihilation (center) and background(right). The total
number in each histogram is normalized to expectation assuming 6.7 pb tt̄ cross section. The error bars originate
from Monte Carlo statistics. The solid curves in the figure indicate the fit results.

another lepton, we use a real event which contains a lepton and at least one “fakeable” jet and
make one of the jets in an events forcibly to be mis-reconstructed as an electron or a muon. In
this case, the event weight is not unit, but is adopted to be their fake rate. We ﬁt the distribution
to Eqn. (1).
4

Determination of gg Fraction

We deﬁne an unbinned likelihood as follows:
L(Fgg , ns ) ≡
ftt̄ (∆φi ; Fgg ) ≡

Y ns ftt̄ (∆φi ; Fgg ) + nb fb (∆φi )
i

ns + nb

Fgg fgg (∆φi ) + (1 − Fgg )fqq̄ (∆φi )
,
Fgg + (1 − Fgg )

where Fgg and ns are assumed gg fraction and number of tt̄ events, respectively. ∆φi denotes ∆φ
observed in the i-th candidate event. N is the total number of candidate events, and nb indicates
the expected number of background events. The functions fgg , fqq̄ , and fb are probability density
of ∆φ for gg, q q̄, and background events, which are obtained in Sec.3, respectively. We take
measured
Fgg which maximizes this likelihood as the observed gg fraction, and describe this as Fgg
hereafter.
5

Systematic Uncertainties

We discuss here about possible systematic uncertainties and integrate them into F-C conﬁdence
belt. We consider the systematics source of Shapes of ∆φ templates and Expected number
of background, Acceptance ratio of gg to q q̄, Estimation method of systematic uncertainty,
Theoretical calculation of tt̄ pair production matrix element, Initial/Final state radiation and
Parton distribution function.
6

Result

Finally, we reveal ∆φ distribution of the data sample after we ﬁxed the analysis method and
studies of systematic uncertainties.
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Figure 2: The distribution of ∆φ in 2.0 fb−1 data (left). The solid curve on the histogram means the best fit.
measured
The solid line on the confidence belt (right) indicates Fgg
and its cross section with the confidence belt
true
.
corresponds to the confidence interval on Fgg

Figure 2 indicates the distribution of ∆φ in 2.0 fb−1 data (left). The solid curve on the
measured
histogram means the best ﬁt. The solid line on the conﬁdence belt (right) indicates Fgg
true .
and its cross section with the conﬁdence belt corresponds to the conﬁdence interval on Fgg
From this, we retrieve the following results:

Fgg = 0.53

+0.36
−0.38

+0.07
(+0.35
−0.37 (stat.)−0.08 (+syst.))

(2)
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Top Quark Mass Measurement Using a Matrix Element Method with
Quasi–Monte Carlo Integration
Paul Lujan
Lawrence Berkeley National Labratory, 1 Cyclotron Road MS 50B-5239,
Berkeley, CA 94720, USA

We report an updated measurement of the top quark mass obtained from pp̄ collisions at
√
s = 1.96 TeV at the Fermilab Tevatron using the CDF II detector. Our measurement uses
a matrix element integration method to obtain a signal likelihood, with a neural network
used to identify background events and a likelihood cut applied to reduce the effect of badly
reconstructed events. We use a 3.2 fb−1 sample and observe 497 events passing all of our cuts.
We find mt = 172.1 ± 0.9 (stat.) ± 0.7 (JES) ± 1.1 (syst.) GeV/c2 , or mt = 172.1 ± 1.6
(total) GeV/c2 .

1

Introduction

The top quark is the heaviest known particle in the Standard Model. Its mass is an important
parameter to be determined, both for its intrinsic interest, and because precision measurements
of the top quark mass, in conjunction with the W boson mass, allow us to set constraints on the
mass of the Higgs boson within the Standard Model. In this letter we describe a precision measurement of the top quark mass using a matrix element integration method. This measurement
uses 3.2 fb−1 of data collected by the CDF II detector.
We obtain a top mass measurement by integrating over unmeasured quantities in the matrix
element using a quasi–Monte Carlo integration. This allows us to minimize assumptions made
about the kinematics of an event, resulting in improved precision. The integration method yields
a likelihood curve as a function of the top pole mass.
The largest source of systematic uncertainty in our measurement is the jet energy scale
(JES). To reduce our uncertainty due to this source, we introduce an additional parameter to
our likelihood, ∆JES , which allows us to use the information in the W decay to determine the
JES. ∆JES parameterizes the shift in JES in units of the systematic error for a given jet. Our

Table 1: Expected backgrounds for the W +4 tight jet sample used.

Background
non-W QCD
W +light mistag, diboson, or Z
W+heavy (bb̄, cc̄, c
Single top
Total background
Predicted top signal
Events observed

1 tag
23.4 ± 20.4
31.2 ± 5.8
62.1 ± 21.8
5.1 ± 0.4
121.8 ± 31.7
307.8 ± 55.7
459

≥ 2 tags
1.6 ± 2.3
1.2 ± 0.2
8.0 ± 2.6
1.6 ± 0.1
12.3 ± 4.4
117.2 ± 19.0
119

likelihood is thus constructed as a 2D function of mt and ∆JES ; we then combine the likelihoods
for all events and eliminate ∆JES as a nuisance parameter to find a final top mass value.
2

Event Selection

At the Fermilab Tevatron, top quarks are predominantly produced in tt̄ pairs, where the t decays
into a W boson and a b quark ∼ 100% of the time. The W can then decay into a charged lepton
and a neutrino (“leptonic” decay) or a quark-antiquark pair (“hadronic” decay). We search for
events in the “lepton + jets” channel, where one W decays hadronically and one leptonically.
Thus, we analyze events with four high-energy jets (two from the b quarks and two from the
hadronic W decay), at least one of which is required to be b-tagged using a secondary vertex
algorithm which identifies secondary vertices consistent with B-hadron decays; exactly one high
energy electron or muon (from the leptonic W decay); and large missing transverse energy (from
the neutrino).
The principal backgrounds to our signal are events where a W boson is produced in conjunction with heavy flavor jets (bb̄, cc̄, or c), a W boson is produced with light jets which are
mistagged as b-jets, and QCD events not containing a W where the W signature is faked. Overall we expect 134.1 ± 32.0 background events in our observed 578 candidate events. Table 1
shows our expected backgrounds.
3

Matrix Element Method

We calculate a two-dimensional likelihood as a function of mt and ∆JES by integrating the matrix
element for tt̄ production and decay over the unknown parton-level quantities, using transfer
functions to connect these with the measured jets. Our overall likelihood formula is:
24

L(~y | mt , ∆JES ) =
with
Li (~y | mt , ∆JES ) =

Z

X
1
1
wi Li (~y | mt , ∆JES )
N (mt ) A(mt , ∆JES )

(1)

i =1

f (z1 )f (z2 )
TF(~y | ~x, ∆JES ) |M (mt , ~x)|2 dΦ(~x),
FF

(2)

where ~x denotes the parton-level quantities, ~y denotes the quantities measured in our detector,
M is the matrix element for tt̄ production and decay, f (z) is the parton distribution function
(PDF) for the momenta of the two incoming particles, FF is the flux factor normalizing the
PDFs, N (mt ) is a normalization factor, A(mt , ∆JES ) is an acceptance factor to correct for the
effect of the event selection criteria, and Φ is the parton-level phase space integrated over.
The integral is evaluated for each of the 24 possible jet-parton assignments and then summed
with appropriate weights corresponding to the probability that a given jet-parton assignment

corresponds with the observed b-tags. We integrate over a total of 19 variables. In order to
perform this integral in a practical amount of time, we employ quasi–Monte Carlo integration, 1
which uses quasi-random sequences. These sequences provide more uniform coverage of the
phase space, resulting in faster integral convergence than with normal Monte Carlo techniques.
We use a neural network to identify events likely to be background, and subtract out their
contribution to the total likelihood by estimating the average contribution for background events
from Monte Carlo. We also consider the effect of events which we call “bad signal”. These are
events which contain an actual tt̄ decay, but where the final observed objects in our detector do
not come directly from tt̄ decay (due to extra jets from initial or final state radiation, W → τ
decay, or other causes). To reduce the effect of these poorly-modeled events, we apply a cut of
10 to the peak of the log-likelihood curve. In Monte Carlo simulation, this cut eliminates 20%
of “bad signal” events and 27% of background while retaining 97% of our good signal events.
Figure 1 shows the neural network discriminant used as well as the likelihood cut used for a
sample of Monte Carlo events.
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Figure 1: Left: The neural network discriminant used to distinguish between signal events (solid lines) and
background events (dashed lines). Right: Value of the log-likelihood curve at its peak for good signal, bad signal,
and background events in Monte Carlo. The dashed line shows the cut at 10 used.
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We test and calibrate our measurement using pythia Monte Carlo events over a variety of
input mt and ∆JES values by performing pseudo-experiments. Using the results of the pseudoexperiments, we obtain a final set of calibration constants for our measured top mass and
statistical uncertainty. Figure 2 shows the results of our Monte Carlo testing.
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Figure 2: Results using Monte Carlo events to test and calibrate our method. Left: measured mass vs. input
mass. Right: pull width vs. input mass.

4

Result

We have 578 events passing our initial selection cuts, of which 497 events pass the likelihood cut
as well. With these 497 events, we measure:
mt = 172.1 ± 0.9 (stat.) ± 0.7 (JES) ± 1.1 (syst.) GeV/c2 = 172.1 ± 1.6 (total) GeV/c2
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Figure 3: Left: Contours of the 2D likelihood distributions obtained with our final data sample. The contours
shown correspond to a statistical uncertainty of 1, 2, and 3 σ. Right: Likelihood peaks for the data (points)
compared to Monte Carlo events (solid).

Figure 3 shows the final contours of 1-σ, 2-σ, and 3-σ statistical uncertainty around the
measured value. The total result attains a precision of better than 1% in mt . Figure 3 also
shows a comparison of the likelihood peaks for the data and the Monte Carlo events. The two
histograms agree well (K-S confidence level of 0.73), indicating that the likelihood information
is well-modeled by Monte Carlo events.
Our main sources of systematic uncertainty are from the Monte Carlo generator used for
our calibration and testing (0.5 GeV/c2 ), the residual JES uncertainty resulting from variation of the individual sources of our total JES uncertainty (0.5 GeV/c2 ), uncertainty in the
background model (0.5 GeV/c2 ), color reconnection effects in the Monte Carlo modeling of tt̄
interactions (0.4 GeV/c2 ), and uncertainty from the modeling of the jet energy scale for b-jets
(0.4 GeV/c2 ). We also have smaller uncertainties from initial-state and final-state radiation,
lepton PT measurement, calibration, PDFs, and multiple hadron interactions (0.3, 0.2, 0.2, 0.2,
and 0.1 GeV/c2 , respectively), for a total of 1.1 GeV/c2 .
In conclusion, we have measured the top mass with a total uncertainty of 0.9%. More details
on our measurement can be found in our public note. 2
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PREPARATIONS FOR MEASUREMENT OF THE W AND Z PRODUCTION
CROSS-SECTIONS WITH EARLY CMS DATA
D. R. WARDROPE
Department of Physics, Blackett Laboratory, Imperial College London,
Prince Consort Road, London, SW7 2BW, UK

The CMS analysis strategy for the early data measurement of the inclusive W and Z production
cross-sections using their electron decay modes is presented. This measurement is expected
to be among the first from the LHC and so appropriately robust selections and data-driven
methods are used. A significant measurement is possible with an integrated luminosity of
10 pb−1 .

1

Introduction

The Compact Muon Solenoid1 was designed to make discoveries at the TeV scale : to elucidate
the nature of electroweak symmetry breaking and to search for physics beyond the Standard
Model. For any such discovery to be credible, it must first be demonstrated that the CMS
detector and how it reconstructs events is understood; that the LHC environment is understood;
and that backgrounds can be characterised and controlled. One mechanism to make these
demonstrations is to measure well understood ‘standard candles’, such as W and Z production.
The measurement of the inclusive W and Z production cross-sections using the electron
decay mode2 is particularly suitable for the early data. W and Z bosons are predicted to
have large production cross-sections at the LHC, approximately 190 nb and 60 nb respectively3 .
Their experimental signature of well-isolated leptons with high transverse momenta (pT ) is very
distinctive in hadron collisions and should be readily triggered and selected. Thus, an integrated
luminosity of only 10 pb−1 is sufficient for significant analyses of W and Z production.
A cross-section measurement made with 10 pb−1 will be one of the first results from CMS
and the LHC. For this early data, the ultimate calibration and alignment of the detector will
not be available and Monte Carlo simulations may not yet accurately describe the detector

and the LHC environment. Thus the strategy for making the measurements place emphasis
on mitigating any effects consequent to this : simple and robust selections are employed and
data-driven methods are used to measure efficiencies and estimate signal and background yields.
2

Reconstruction and Selection of W and Z Bosons

The design of the CMS detector is based around a 4 T large radius solenoid, containing the
silicon-based inner tracking; the homogeneous, fully active, crystal electromagnetic calorimeter
(ECAL); and the sampling hadronic calorimeter. Outside the solenoid are four layers of muon
detectors, installed in the solenoid return yoke.
W → eν and γ ∗ /Z → ee events must pass the single isolated electron High Level Trigger
requirements5 . Further offline selection of W → eν requires one offline reconstructed electron
within these events and γ ∗ /Z → ee requires two. An offline reconstructed electron4 consists of
a supercluster in the ECAL, matched to a track from the interaction vertex. The supercluster
is a collection of clusters of crystals, extended in the azimuthal direction to gather the energy
radiated by an electron traversing the tracker.
The reconstructed electrons in both event types must satisfy some robust identification
criteria based on cluster shape and track-supercluster matching, which are designed to be efficient
and effective at start-up. In order to select electrons characteristic of W and Z decay, the
electrons must have high pT superclusters, with low activity around the electron is demanded
in both the tracker and the calorimeters.
In W → eν events, the presence of the neutrino is inferred by an imbalance in the transverse
energy vector sum of the event, E/T . This missing transverse energy, calculated from calorimeter
energy deposits, is used as a further discriminating variable for the estimation of signal and
background event yields.
3

Efficiency Determination from Data

The efficiency to reconstruct objects and to trigger and select events can be measured using the
data-driven “Tag and Probe” method6 . An unbiased and pure sample of leptons is obtained
from Z → e+ e− for measuring the efficiency of a particular selection or reconstruction step. One
electron, the ‘tag’, meets stringent identification criteria to ensure it is an electron. The other,
‘probe’, electron need satisfy only loose criteria and so is left unbiased. The purity of the probe
sample is ensured by restricting the invariant mass of the electron pair to be about the Z mass.
The efficiencies measured using the Tag and Probe method have been validated against the
true efficiencies from Monte Carlo simulations (Figure 3).
4

Background Estimation

Electroweak backgrounds in the W and Z samples are small and sufficiently well understood theoretically, so can be reliably estimated from simulation. However, the QCD di-jet background in
W → eν is much larger and intrinsically difficult to simulate. As a result background subtraction
methods which do not rely on simulation will be used.
These methods require accurate descriptions, derived from data, of the properties of both
signal and background events. For the background, such a description can be obtained by
inverting one of the electron identification criteria applied in the analysis (Fig. 5). This has
the effect of rejecting the signal and also the electroweak backgrounds, leaving a pure di-jet
sample. For the signal, Z → e+ e− events (background free after selection) are made to represent
W → eν by removing the energy deposits of one electron from the E/T sum. After corrections
for neutrino acceptance and different boson masses, a good representation is obtained (Fig. 4).
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Figure 1: E/T distribution of W → eν and its backgrounds, after selection, for 10 pb−1 of integrated luminosity. The largest background contributions are
from QCD di-jet events.

5

100

120

140

Me+e- (GeV/c2)

Figure 2: Invariant mass distribution of Z → ee and
its backgrounds, after selection for 10 pb−1 of integrated luminosity. The requirement of two identified
electrons heavily suppresses the backgrounds.

Cross-section Measurement

The W → eν cross section is calculated using the following formula (similarly for γ ∗ /Z → e+ e− ):
σW × BR(W → lν) =

sig
bkgd
NW
− NW
R
AW × ǫW × Ldt

(1)

sig
bkgd
and NW
are the number of signal and background events passing the selection. ǫW
NW
is the efficiency of the triggering, reconstruction and selection of the W → lν events. All
are measured from data using the methods described. AW is the geometric
and kinematic
R
acceptance, which is determined from simulation. The integrated luminosity, Ldt, is measured
externally to this analysis.

6

Conclusions

Analysis strategies for measuring the inclusive production cross-sections of the W and Z bosons
have been formulated and tested for the early data-taking period of CMS. These strategies
use robust selections and data-driven methods to extract efficiencies and background-corrected
signal yields. This mitigates the effects of imprecise knowledge of the alignment and calibration
of the detector and the impact of possibly inaccurate detector simulations.
Significant results can be obtained with only 10 pb−1 of data.

Figure 3: Efficiency for an electron to have a track reconstructed and matched to its supercluster, as a function
of the supercluster transverse energy. The efficiency determined with Tag and Probe (triangles) is compared to
the true efficiency in W → eν events (circles).

Figure 4: The E/T distribution of the selected W →
eν sample (solid line) is well represented by the
Z → e+ e− analogue (dashed line).

Figure 5: The E/T distribution obtained by inverting
one of the electron identification criteria represents
that of the QCD di-jet background well.

References
1. CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3:S08004, 2008
2. CMS Collaboration, Towards a Measurement of the Inclusive W → eν and γ ∗ /Z → e+ e−
√
Cross Sections in pp Collisions at s =14 TeV, CMS PAS EWK-2008/005.
3. CERN, Standard Model Physics (and more) at the LHC, CERN-2000-004
4. CMS Collaboration, Physics TDR Vol I. Detector Performance and Software,
CERN/LHCC 2006-001.
5. CMS Collaboration, Data Acquisition & High-Level Trigger TDR, CERN/LHCC 2002-26.
6. CMS Collaboration, Measuring Electron Efficiencies at CMS with Early Data, CMS PAS
EGM-2007/001

MEASUREMENT OF THE pp→ Z→ µµ + X CROSS SECTION AT LHC
R. DI NARDO
for the ATLAS Collaboration
Dipartimento di Fisica dell’ Universitá di Roma “Tor Vergata” & sezione INFN “Roma Tor Vergata”
Via della Ricerca Scientifica 1, 00133 Rome
One of the first measurements in the ATLAS experiment at the Large Hadron Collider will
be the Z boson cross section in proton proton collisions, due to its high production rate. The
different decay channels of the Z boson will also be used in the initial data taking period as
benchmark processes for the calibration of the detectors and performance measurements. In
this paper we discuss the measurement of the cross section of pp→Z→ µ+ µ− + X process
with first data in ATLAS experiment.

1

Introduction

In the first stage of data taking at the Large Hadron Collider (LHC), Standard Model processes
will have a crucial role in the physics programme of the ATLAS 1 experiment, in particular for
understanding and calibration of the subdetectors. In fact, starting from a few pb−1 , various
Standard Model processes can be studied, in particular the heavy quark resonances like J/ψ or Υ
that will be well visible over the background in the low mass region of the dilepton invariant mass
distribution. Due to large production rates, the physics of W and Z bosons is also accessible in the
early data taking phase at the LHC and will be used as standard candles for many measurements.
In particular, their lepton channel decays can be used, depending on integrated luminosity,
for the commissioning of detectors and analysis tools or the improvement in measurement of
electroweak variables. Before any new-physics discovery, LHC will offer the possibility to check
the consistency of the Standard Model at its high energies.
One of the first measurement that will be possible with the ATLAS experiment is the production
cross section of the Z boson
σZ =

N −B
R
A × ε × Ldt

(1)

where N is the number of selected candidate events, B refers to the number of background
events, A is the detector acceptance computed from MC studies, L is the luminosity and ε
includes the reconstruction and trigger efficiency and the signal selection cut efficiency. In the
following sections, the measurement of σ (pp → Z) × BR (Z → µµ) is discussed, starting with
event selection (section 2) and describing also techniques for the determination of the detector
performance from data, like the measurement of muon reconstruction and trigger efficiency
(section 3) and the muon momentum scale and resolution (section 4).
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Figure 1: Isolation variables for signal and backgrounds after all selection cuts. Left: Distribution of the track
multiplicity within ∆R = 0.5 around the muon. Right: total transverse momentum of tracks within the same
cone around the selected muon.

2

Event Selection

In order to select the Z → µ+ µ− signal, at least a muon track candidate that passes the 10
GeV single muon trigger at the end of the ATLAS trigger chain is required. The events are
further selected by requiring that they contain at least two reconstructed muon tracks. These
tracks also have to satisfy a cut on the transverse momentum pT > 20 GeV and |η| < 2.5. The
selected candidate muons must have an opposite charge, and the invariant mass of the muon
pair Mµµ should fulfill |91.2GeV − Mµµ | < 20 GeV. An isolation cut is also applied to exclude
non-isolated muons coming from jet events that are often produced in association with a shower
cascade. In particular, the number of theptracks N ID in the Inner Detector within a cone around
the candidate muon with a size ∆R = ∆φ2 + ∆η 2 < 0.5 must satisfy the relation N ID ≤ 5
and the sum of the transverse momentum of the tracks inside the same cone must not exceed
5 GeV. The muon track itself is excluded from the isolation calculation. Figure 1 shows the
distribution of the isolation variables, normalized to respective cross sections, for signal and
backgrounds after all the other cuts.
The cuts discussed above are able to select about (2.57 ± 0.02(stat)) × 104 signal events for an
√
integrated luminosity of 50 pb−1 , considering collisions at s = 14 TeV. This corresponds to
about the 70% of the Z → µ+ µ− events generated in the ATLAS detector acceptance.
The background of this Z boson decay channel originates from
• tt̄ events where muons come from the t/t̄ quaks decay in t → W b with W → µν;
• W → µν, where one muon come from W decay and the other one is a fake muon;
• Z → τ τ due to possibility to have muons from τ decays;
• jet background (in particular muons coming from b-hadron decay).
After all cuts discussed above, the residual background fraction is 0.004 ± 0.001. The dominant
Table 1: Expected results for the overall cross-section measurement with an integrated luminosity of 50 pb−1 at
√
s = 14TeV.

Z → µµ

N (×104 )
2.57 ± 0.02

B (×104 )
0.010 ± 0.002

A×ǫ
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δA/A
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δǫ/ǫ
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σ(pb) ± (stat) ± (sys)
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Figure 2: Di-muon invariant mass distribution in the Z → µ+ µ− channel, for signal and background, for 50 pb− 1,
after all cuts, except the isolation and Mµµ cuts.

component comes form tt̄ with a theoretical uncertainty of about 20% on the rate. The jet
background is expected to have a smaller impact, but it’s teoretycally not well known, so an
uncertainty of 100% on the rate of this kind of events is assumed.
In Table 1 the expected precision on the σ (pp → Z) × BR (Z → µµ) measurement for an inte√
grated luminosity of 50 pb−1 at s = 14 TeV is shown. The overall measurement uncertainty
gets contribution from different terms as follows
δN ⊕ δB δL
δA δǫ
δσ
=
⊕
⊕
⊕
σ
N −B
L
A
ǫ

(2)

The term δN has a pure statistic origin and the relative error
√ will decrease with increasing
integrated luminosity L , following the relation δN/N ∼ 1/ L . The other terms δB, δA,
δǫ are systematic uncertainties in the cross section measurement but they can be constrained
with auxiliary measurements. They combine effects due to background contribution, limited
detector response knowledge and theoretical uncertainties on the acceptance. In particular, the
impact on the acceptance of theoretical uncertainties related to PDFs, the parton shower model
and the initial state radiation (ISR) have been studied. An overall luminosity uncertainty of
δL /L = 10% should be taken into account for the measurement with ∼ 50pb−1 , but it is
expected to decrease in time thanks to improved understanding of the LHC beam parameters
and of the ATLAS luminosity detector response.
3

Muon Trigger and Reconstruction Efficiency

One of the ways chosen by the ATLAS experiment to evaluate the trigger and reconstruction
efficiency for muons is the data driven method called tag and probe which exploit the two
independent traking systems (Inner Detector and Muon Spectrometer) to cross-check their performances. The tag and probe method is based on the definition of an object (probe) that is
used to make the performance measurement over a certain sample of events properly chosen
(tagged). In particular, the Z → µ+ µ− decay provides two muons with an high pT that can give
two tracks in the Muon Spectrometer and in the Inner Detector and two combined objects. To
apply this method in the Z → µ+ µ− decay, two reconstructed tracks in the Inner detector are
required together with at least one associated track in the muon spectrometer. The invariant
mass of the two inner-detector tracks have to be close to the mass of the Z boson, in order to
ensure that the tracks are the ones associated to the decay muons of the Z boson. The efficiency
estimation with this method is exact in the limit of a zero-background sample which can be
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Figure 3: Left: Schematic illustration of the tag and probe method. Right: Muon detection efficiency vs. η, as
measured from the tag-and-probe method and compared to the truth, for 50 pb− 1. The 20 GeV single muon
trigger efficiency and the combined muon reconstruction efficiency are represented.

obtained using a tight trigger and quality cut for the tag. Figure 3 illustrate the 20 GeV single
muon trigger efficiency and combined muon reconstruction efficiency using the tag and probe
method compared to the MC truth.
4

Muon Momentum Scale and Resolution

In order to determine the pT scale and resolution one can study the Z resonance shape. In fact
the pT scale has a direct impact on the measured mean value, while the pT resolution has a direct
impact on the measured Z width. To extract the value of muon resolution and momentum scale,
the pT resolution function predicted by Monte Carlo simulations is iteratively adjusted in its
width and scale and the corresponding Z boson mass distribution is calculated. The procedure
stops if the resulting distribution agrees within its statistical error to the distribution measured
from data. We expect to determine the momentum scale for muons with a precision better than
1%, while the uncertainty on the resolution is smaller than 10%, for an integrated luminosity of
50 pb−1 .
5

Conclusion

The signal and background acceptance uncertainties contribute to the cross section measurement
error at the level of 2.3% with 50 pb−1 of data, neglecting the uncertainty on the integrated
luminosity. All uncertainties are expected to scale with statistics, except the acceptance contribution which is theoretically limited.
Further studies of the differential Z → µ+ µ− cross section will also be useful to improve the
theoretical understanding, thus allowing to measure the cross-section with a precision better
than 2% that can be obtained with the studies described above. However, they will require
higher statistics. A detailed description of these studies can be found in ref. 2 .
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Dilepton mass edge measurement in SUSY events with CMS
N. Mohr
I. Physikalisches Institut B, RWTH Aachen University, Otto-Blumenthal-Strasse,
D-52074 Aachen, Germany

Within the mSUGRA model, the observability of the decay of the next to lightest neutralino
χ̃02 into leptons and the lightest neutralino χ̃01 has been studied using a full simulation of the
CMS detector. The final state signature consists of two opposite sign leptons, several hard jets
and missing transverse energy. The expected precision of the measurement of the dilepton
mass edge is reported for 1 fb−1 of data, including systematic and statistic uncertainties,
comparing two benchmark points with different signatures.

1

Introduction

The standard model of particle physics (SM) provides no solution for pressing questions arising
from astrophysical observations such as dark matter. In Supersymmetry (SUSY) a natural
candidate for dark matter can be found if R-parity conservation is assumed. Supersymmetric
particles (sparticles) have not been observed up to now what implies that they have to be heavy.
On the other hand to provide a solution for the hierarchy problem their masses have to be in
the TeV range.
The long anticipated start of the Large Hadron Collider (LHC) in 2009 will allow to explore
this new TeV range. With its center of mass energy of 10 TeV in 2010 it will allow to probe
supersymmetric models very early on. A key point after discovery will be the determination of
the sparticle properties. Because the lightest neutralino escapes detection, no mass peaks can
be observed in SUSY decay chains. Of special interest are robust signatures such as mass edges
in leptonic final states which can be probed with the CMS experiment 1 .
2

Leptonic decay of the next to lightest neutralino

The leptonic decay of the next to lightest neutralino provides a clear signature of two opposite
sign same flavour leptons which allows to trigger and identify the events in the hadron collider

Table 1: mSUGRA benchmark points LM1 and LM9.
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Figure 1: Invariant mass distribution of leptons from the decay of the next to lightest neutralino are shown at
generator level. The 3-body decay occurs at LM9 (a) and the 2-body decay at LM1 (b).

environment at LHC. In the framework of minimal Supergravity (mSUGRA) two leptonic decay
modes of the next to lightest neutralino are possible a 2-body or 3-body decay. Two benchmark
points (called LM1 and LM9) have been studied which correspond to these decay modes. The
mSUGRA parameters and the endpoint in the dilepton invariant mass of both points are listed
in Tab. 1. The low energy mass spectra of the two benchmark points have been calculated using
the Softsusy code 2 . Depending on the mass spectrum different decay modes are possible.
A mass difference of the neutralinos smaller than the Z-boson mass and any slepton mass
leads to a three body decay. In that case the endpoint represents directly the mass difference of
the two lightest neutralinos
(1)
mll,max = mχ̃0 − mχ̃0 .
2

1

The shape of the distribution depends on the mSUGRA parameters and is shown in Fig. 1 (a)
for the LM9 benchmark point.
A two body decay occurs via a real slepton and is allowed if one slepton is lighter than the
mass difference of the neutralinos. In that case the endpoint can be expressed by
(mmax
)2 =
ll



m2l̃ − m2χ̃0
2



m2χ̃0 − m2χ̃0

m2l̃

2

2



(2)

The shape of the mass edge results only from kinematics and is triangular as shown in Fig. 1 (b).
3

Event selection

In order to select the signal events a single leptonic trigger has been used. Because of the long
cascade decays the final state consist of a high number of hard jets. The escaping neutralino
leads to missing transverse energy in the detector. The selection requires three jets with ETj1 >
120 GeV, ETj2 > 100 GeV and ETj3 > 80 GeV which are corrected for response. Additionally
a missing transverse energy measured in the calorimeter (corrected for muons and jet energy)
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Figure 2: The invariant mass distribution for same flavour opposite sign electron and muon pairs is shown (a). The
opposite flavour opposite sign flavour background (b) consists mainly of top pair events and is used to measure
the flavour symmetric background. The points in (a) represent the background extrapolation from (b).

of at least 125 GeV is required. Finally two well identified and isolated ( pT < 1.5 GeV for
tracks within a cone of ∆R < 0.3) leptons with plT > 10 GeV are required.
As main Standard Model backgrounds events with real isolated leptons are considered. To
simulate these events the full CMS detector simulation has been used. The processes tt̄+jets,
Z+jets and W +jets have been simulated using the Alpgen MC 3 . The QCD background, which
does not contain isolated high pT leptons has been simulated with the Pythia code 4 . The SUSY
sample is simulated using the Softsusy, SUSYHit 5 and Pythia codes.
If one applies the full selection on the simulated set of events the main remaining background
consists of tt̄+jets events Fig. 2 (a). Every background where the two leptons are produced
uncorrelated, e.g. tt̄ events, can be measured directly from data by selection of opposite sign
opposite flavour lepton pairs as shown in Fig. 2 (b). Using these wrong pairings one can predict
the background distribution in the opposite sign same flavour lepton distribution. The method
relies only on the knowledge of the lepton reconstruction efficiency which can be measured from
data using events with a Z-bosons decaying leptonically 6 .
P

4

Measurement of the mass edge

A combined fit consisting of three parts has been used to measure the mass edge. In case of a
3-body decay the signal model consists of a quadratic term convoluted with a gaussian
1
f (x) = √
2πσ

m
Zcut
0

dy · y 2 e

−(x−y)2
2σ 2

.

(3)

As background model a Landau curve has been fitted to the flavour symmetric background
distribution Fig. 2 (b). The Z-peak is modelled by a Breit-Wigner function convoluted with a
gaussian. The estimator of the mass difference (mcut ) has been calibrated using MC templates
with different values of the neutralino mass difference. The final fit for LM9 is shown in Fig. 3 (a)
and yields a value of
(4)
mll,max = (63.4 ± 1.1stat. ± 0.8syst. ) GeV.

Similarly the endpoint in case of a two body decay has been studied 7 . In that case the
theoretical shape is known and a triangle, which is not calibrated using MC templates, is used
to fit the distribution. The final fit shown in Fig. 3 (b) for LM1 yields a value of
mll,max = (78.0 ± 0.6stat. ± 0.4syst. ) GeV.

(5)
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Figure 3: Fit of the invariant mass distributions at LM9 (a) and LM1 (b). The dashed green line in (a) is the
background landau function, the dark green curve a Breit-Wigner function (Z contribution) and dashed red line
the SUSY model. The dashed green curve in (b) is the background model and the red dashed line the SUSY
model (triangle). The points represent the monte carlo events and the blue line is the final fit.

The systematic error is calculated taking into account a misalignment and miscalibration
of the CMS detector as expected after 100 pb−1 of data. Additionally the uncertainties on the
jet energy scale (10%), the lepton energy scale and the acceptance have been included as well
as uncertainties due to the fit model. It is found that this measurement is still dominated by
statistical uncertainties at an integrated luminosity of 1 fb−1 . The difference in the shape of
both distributions can be used to identify the type of decay mode on a goodness of fit basis.
5

Conclusion

The leptonic endpoint can be reconstructed within the first LHC data (1 fb−1 ) if a low mass
SUSY scenario is realised in nature. At both studied benchmark points the expected endpoint
can be reproduced. The total error on the measurement is expected to be less than 3%.
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SEARCH FOR THE STANDARD MODEL H → γγ DECAYS WITH THE
ATLAS DETECTOR AT THE LHC
Jean-François MARCHAND on behalf of the ATLAS Collaboration
Laboratoire d’Annecy-le-Vieux de Physique des Particules LAPP,
IN2P3/CNRS, Université de Savoie, France

A light Standard Model Higgs boson, with mass between 114.4 and ≈150 GeV, is favored
by electroweak fits and direct searches. One of the most important channels to search for
this particle in this mass region is the decay H → γγ. We investigate the ATLAS discovery
potential for a light Higgs boson in the two photon decay mode. In addition to the inclusive
analysis we consider also the reconstruction of diphoton systems produced in association with
jets, missing ET or missing ET plus leptons. The studies are based on a realistic detector
simulation of Monte Carlo signal and background events.

Recent 95% Confidence Level exclusion limits from the CDF and D0 experiments 1 (mH ∈
/
[160, 170] GeV) together with the LEP limit 2 mH > 114.4 GeV and theory predictions emphasize the importance of the low mass region for the Higgs searches. The H → γγ decay
mode is one of the most promising discovery channels for the Standard Model Higgs boson in
low mass region, between 114.4 and 150 GeV. Despite the small branching ratio (2.2 × 10−3
for mH = 120 GeV) this channel has a simple signature and the invariant mass can be reconstructed with a very good mass resolution (≈1.5 GeV). With respect to previous studies several
new aspects are considered: QCD high order corrections (for inclusive analysis), contributions
of reducible background fragmentation from hard partons to photons and the reconstruction of
diphoton systems produced in association with jets in addition to the inclusive analysis. Finally,
significance results computed with a maximum likelihood fit are compared to results obtained
by event counting. The detector performance issues relevant to the search have been evaluated
using a realistic detector simulation.
The Higgs boson is mainly produced by the gluon fusion process via a top quark loop and by
Vector Boson Fusion (VBF). The peculiarity of the VBF process is the appearance of forward

0.9

Total conversions

0.8

Double track

0.7

Single track

0.6

Arbitrary units

Efficiency

jets, with a large rapidity gap and no activity in the central rapidity region, which can be used
to enhance the sensitivity. Production in association with W , Z or tt̄ pair is also considered;
dedicated analyses allow us to increase the signal to background ratio, despite limited statistics.
The decay to two photons proceeds through loops with W bosons or top quarks. The
background processes can be split into two categories: the irreducible background, coming from
the QCD production of two isolated photons, and the reducible background, coming from events
with at least one fake photon (for instance jets faking photons).
Photons are reconstructed from electromagnetic clusters whose size depends on where the
cluster is located and whether the photon is converted or not. The cluster position is corrected for
known systematic biases and the energy is reconstructed using calibration constants to correct
for energy loss in front of the calorimeter, longitudinal leakage and energy loss outside the
cluster. A good photon identification is mandatory to reduce the background from jets faking
photons (reducible background) below the irreducible background. A cut-based method using
shower shape parameters is applied: the middle layer of the electromagnetic calorimeter and
the hadronic calorimeter are used to reject jets with high energy pions and wide showers and
the fine segmentation of the first compartment of the electromagnetic calorimeter is used to
separate photons from neutral pions. A track based isolation is also used to remove some jets
faking photons. Details on the electromagnetic calorimeter calibration, photon reconstruction,
including the conversions and the rejection are presented and discussed in 3,4 .
Monte Carlo studies have shown that 57% of H → γγ events have at least one conversion
with a radius below 800 mm (corresponding to the last position where we can reconstruct
a track in the detector) therefore it is really important to recover converted photons. Two
kinds of converted photons are used; double track conversions which are reconstructed by a
vertexing algorithm using two tracks with opposite charges as input and single track conversions:
conversions for which only one of the two tracks has been reconstructed. The separation between
a primary electron and a conversion electron is done using the first pixel layer. The conversion
reconstruction efficiency is almost 66.4% for conversions with radius below 400 mm and with
the reconstruction software used for this analysis (Fig. 1).
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Figure 1: Conversion reconstruction efficiency as a
function of the conversion radius.
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Figure 2: Invariant diphoton mass distribution for a
Higgs boson with mH = 120 GeV.

A precise measurement of the photon direction is very important for the accurate Higgs
mass reconstruction. The photon direction is measured by an iterative method using a linear fit
and exploiting the multi-layer structure of the electromagnetic calorimeter, the position of the
conversion vertex and the position of the primary vertex reconstructed by the inner detector
when possible. The addition of the primary vertex gives the best photon angle determination
accuracy, with a Gaussian width of 0.07 mm (the distribution exhibits large tails with RMS of
8 mm when reconstructed primary vertex is not used) but its identification is not always possible
at high luminosity.
The invariant mass of photon pairs is determined from an asymmetric Gaussian fit (in the
[−2σ, +3σ] range, Fig.2). The relative mass resolution σm /m is close to 1.2% degrading by a few

percent when additional soft proton-proton collisions corresponding to 1033 cm−2 s−1 luminosity
are added.
The inclusive analysis refers to the search for a resonance in events with at least two photon
candidates in the η region 0 < |η| < 1.37 and 1.52 < |η| < 2.37, which excludes the transition
region between barrel and end cap. Leading and sub-leading photons candidates are required
to have a transverse momentum above 40 and 25 GeV, respectively.
For the Higgs boson plus one jet analysis, at least two photons in the same fiducial region
are required with transverse momenta greater than 45 and 25 GeV and at least one hadronic
jet with a transverse momentum higher than 20 GeV in |η| < 5 is also required. Finally a cut
on the invariant mass of the diphoton and the leading jet is applied (mγγ jet > 350 GeV).
For the Higgs boson plus two jets analysis (optimized for VBF processes), the two photons
are asked to have transverse momenta higher than 50 and 25 GeV and have to be in the same
fiducial region. At least two hadronic jets are required with transverse momenta higher than 40
and 20 GeV and in |η| < 5. As the pseudorapidity gap and invariant mass of signal jets tend to
be significantly larger than those expected for background processes, we also apply the following
cuts: ∆ηjj > 3.6 and mjj > 500 GeV. The photons are required to be between the tagging jets
and a central jet veto is applied: pT > 20 GeV, |η| < 3.2.
The Higgs boson plus missing ET (plus lepton) requires at least two photons with transverse
momenta higher than 60 and 30 GeV in the same detector region. The missing ET must be
greater than 80 GeV for the H + ETmiss analysis and 30 GeV for the H + ETmiss + ℓ analysis. For
the latter analysis, the transverse momentum of the most energetic isolated lepton (electron or
muon) must be higher than 30 GeV. When an electron is reconstructed, events are rejected if
the invariant mass of the electron and each of the photons is close to the Z mass ([80, 100] GeV).
The expected cross-sections after event selection are presented in the Table 1 and the diphoton invariant mass spectra are shown on Fig. 3. Details on the event selection and the results
found with these analyses are reported in 4 .

σsig
σbkg

Inclusive

H+1jet

H+2jets

H+ETmiss +1 lepton

H+ETmiss

25.4 fb
947 fb

4.0 fb
49 fb

0.97 fb
1.95 fb

0.126 fb
0.075 fb

0.073 fb
0.036 fb

Table 1: Expected cross-sections after event selection for mH = 120 GeV within a mass window of mγγ of 1.4σ
around 120 GeV.

Three η categories and three Higgs production categories (H+0, 1 or 2 jets) are combined using an unbinned extended multivariate maximum likelihood fit. Additional discriminating power
is gained considering the difference in the kinematics and topological properties between signal
and background events. The transverse momentum of the Higgs boson and the photon decay
angle in the Higgs boson rest frame with respect to the Higgs boson lab flight direction, |cosθ∗ |,
are used in addition to the invariant diphoton mass. Data are split into different categories in
order to separate sub-populations of events with different properties. This categorization gives
a finer grained description of the data, increases the significance and reduces the biases from the
correlation: therefore it improves the accuracy of the likelihood model.
The expected signal significances for 10 fb−1 of integrated luminosity are summarized in
Table 2 using an event counting method. The combined significance (sum in quadrature of H+0
exclusive, H+1jet exclusive and H+2jets) is almost 25% higher than the significance obtained
only with the inclusive analysis while the significance increases by 40% with respect to the in-
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Figure 3: Diphoton invariant mass spectrum as obtained after the event selection from the inclusive analysis,
miss
miss
+lepton and H+ET
(from top to bottom and from left to right).
H+1jet, H+2jets, H+ET

mH (GeV)
120
130
140

Event counting
Inclusive Combined
2.6
2.8
2.5

3.3
3.5
3.0

Using combined fit
Floating mass Fixed mass
2.8
3.4
3.2

3.6
4.2
4.0

Table 2: Expected signal significances for 10 fb−1 of integrated luminosity.

clusive analysis using the combined likelihood fit with fixed Higgs mass (see Table 2).
To conclude, the impact of the detector performance on H → γγ reconstruction has been
evaluated using a full detector simulation and the feasibility of the search for a Standard Model
Higgs boson via the H → γγ channel has been confirmed. The inclusive analysis as well as
analyses of diphotons events produced in association with jets have been studied. A combined
analysis has been done, improving the significance by ≈25% with respect to inclusive analysis.
The use of an unbinned maximum-likelihood fit with additional discriminating variables and
categories has been studied to enhance the sensitivity and the gain is about 40% with respect
to inclusive analysis. Finally, a 5σ discovery should be possible with integrated luminosity of
20-30 fb−1 but some work will still be needed to understand the detector performance with early
data.
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STUDY OF THE W Z PRODUCTION AT CMS
K. KAADZE
Department of Physics, Kansas State University, 116 Cardwell Hall,
Manhattan, 66506, KS, USA

In this article we describe the methods of observing W Z signal at CMS experiment at Large
Hadron Collider. To reduce the dependence on Monte Carlo simulation we use data-driven
techniques and estimate that 5σ significance of W Z signal can be reached with less than
√
350 pb−1 at 95 % C.L. for s = 14 TeV. We also overview several models that would yield
anomalous production of the W Z final state, sensitivity to which can be achieved with less
data.

1

Introduction

The study of multiple gauge boson production at the TeV scale constitutes a unique opportunity
to test the Standard Model (SM) of electroweak interactions at the highest possible energies. The
production of W Z events via s-channel allows to probe triple gauge-boson couplings in modelindependent manner at the energies never attained before and improve our understanding of the
gauge theory. Any deviation of the strength of these couplings from their SM expectations will
manifest the new physics. Study of W Z production is also important for new physics searches
such as Techicolor, Higgsless models, fermiophobic higgs production, etc.. We briefly describe
some of the these models below.
2
2.1

New Phenomena with W Z Production
Technicolor

Technicolor (TC) is a strongly interacting gauge theory and one of the models explaining electroweak symmetry breaking 1 . Its recent version has slowly-running, “walking”, couplings which
result in reducing the technicolor scale down to 250 GeV. Thus, a low scale TC is more accessible
at LHC and the lightest techni-particles ρ T C and aT C can have masses below 500 GeV. These

particles decay into electroweak bosons, for example, ρ T C /aT C → W ± Z. Another decay channel
of ρT C /aT C is through a production of technipion, ρ T C /aT C → W ± πT C → W ± bq which has
higher branching fraction but experimentally difficult to observe due to severe t t̄ background at
LHC. A detailed study to search for techni-hadrons, ρ T C and aT C , when W Z decay into purely
leptoninc final state 2 shows that 2-10 fb 1 of integrated luminosity is needed for 5σ discovery
at CMS for different mass values of ρT C /aT C .
2.2

Minimal Higgsless Model

One of the possible explanations of the electroweak symmetry breaking is extra dimension-based
minimal Higgsless model 3 . This model predicts the existence of new heavy gauge bosons W ′
and Z ′ which decay into electroweak bosons while decays into fermions are highly suppressed.
E.g., W ′ decays into W Z and shares the same final state as the SM W Z production.
3

Study of the process pp → W Z → ℓ± νℓ+ ℓ

The tools and methods developed in order to identify W Z events once the data will be available
at CMS 4 are described below. We consider fully leptonic decays of W and Z bosons with
3e, 2e1µ, 2µ1e, and 3µ charged lepton final state configuration. These final states have small
branching fraction but they have distinct experimental signatures which allow to separate signal
from copious backgrounds at LHC. The following processes are dominant backgrounds to W Z
production: Z + jets (the largest), Zγ, ZZ, W + jets, and t t̄ + jets. The strategy of the
analysis is to develop a reliable and efficient lepton identification to select W Z events as well as
well-controlled data-driven background estimation methods 5 not to rely much on Monte Carlo
simulation of the detector.
3.1

Lepton Identification and Event Selection

The goal for the lepton identification is to identify electrons and muons from heavy boson decay
and to reject events with misidentified jets and converted photons, which we refer below as fake
leptons.
Electron and muon candidates are identified by matching of the track reconstructed by
the CMS tracking system to the energy deposition in the electromagnetic calorimeter and to
the muon track from the muon chambers, respectively. Electrons are required to be isolated
from activity in the tracker and satisfy constraint on the shape of energy deposition in the
electromagnetic calorimeter. Muons must be isolated both in the tracker and the calorimeter
and are required to be prompt as well to reject the background from semileptonic heavy quark
decays.
W Z events are selected by electron and/or muon triggers and are accepted if they contain
at least three charged leptons, either electrons or muons, within the detector acceptance having
a high transverse momentum. The leptons must satisfy selection described above. A spatial
separation between leptons is also required. Z boson candidate is formed from all possible
same-flavor, opposite-charge lepton pairs, and an event is kept if the mass of the candidate is
between 50 and 120 GeV. The event is rejected if a second independent Z boson candidate is
found. After Z boson candidate leptons are identified a lepton from W boson decay is selected
from the list of remaining leptons that has the highest transverse momentum. To suppress
Z + jets background when jet is misidentified as an electron from W boson decay this electron
in addition must be isolated from activity in the calorimeters.
In order to further reject background from Z + jets processes we require transverse mass of

the W boson candidate to be large
MT (W ) =

q

2 M ET ET ℓ (1 ! cos∆φM ET,ℓ ) > 50 GeV

(1)

Here, MET is the missing transverse energy, E T ℓ is the transverse energy of the lepton from
the W boson decay, and ∆φM ET,ℓ is the azimuthal separation between the MET and the lepton
from W boson decay.
3.2

Background Estimation and Signal Extraction

Backgrounds to W Z production are separated into three categories: 1) physics background from
Zγ and ZZ production which are estimated from Monte Carlo simulation, 2) processes without
a genuine Z boson from tt̄ + jets and W + jets production which are 6% of the W Z signal and
are also estimated from Monte Carlo, and 3) processes with a genuine Z boson from Z + jets
production which is the major background due to jet being misidentified as a lepton from the W
boson decay. So-called “matrix method” 6 is used to estimate the contribution of these processes.
We use data to obtain two sets of samples: the first sample where the electron from the W
boson decay satisfies track matching, energy deposition constraint, and isolation in the tracker,
while the muon from the W boson decay satisfies track matching between the tracker and muon
spectrometer is referred to as a “loose” sample; the second sample where the electron from the
W boson decay must satisfy additional isolation in the calorimeters, while the muon – the full
selection for muon identification, described in Section 3.1, is referred to as a “tight” sample.
Number of events in the former sample, N loose , consists of events with real isolated leptons N ℓ
and events with fake leptons Nj :
Nloose = Nℓ + Nj .

(2)

Number of events in tight sample is given by
Ntight = ǫtight Nℓ + pf ake Nj ,

(3)

where ǫtight is an efficiency of “tight” criteria with respect to “loose” requirements for true
isolated leptons and pf ake is the same for misidentified jets.
We estimate ǫtight from “tag-and-probe” method 7 using Z → e+ e or Z → µ+ µ events.
We obtain an efficiency ǫetight = 0.98 ± 0.01 for electrons and ǫµtight = 0.98 ± 0.01 for muons. To
determine pf ake we use W + jets data sample which has the same jet composition as Z + jets.
We obtain pf ake = 0.32 ± 0.04 and pµfake = 0.08 ± 0.01 for electrons and muons, respectively.
Plugging the values of ǫtight and pf ake in Eqs. 2 and 3 we obtain the number of background
events Nj from Z + jet processes. The results of this method is shown in Table 1. The results
agree well with the expected background events from Monte Carlo truth information.
Table 1: Expected number of events for an integrated luminosity of 300 pb−1 for the signal and estimated
background for 81 GeV < MZ < 101 GeV using data-driven methods. Uncertainty is systematic associated with
the background subtraction method only.

N - ZZ -Zγ - W+jets - tt̄
N genuine Z (matrix method)
NWZ
W Z from MC

3e
11.1 ± 1.3
3.2 ± 1.7
7.9 ± 2.1
7.9

2e1µ
8.2 ± 0.9
0.6 ± 0.8
7.6 ± 1.2
8.1

2µ1e
12.1 ± 1.2
4.6 ± 2.0
7.5 ± 2.3
9.0

3µ
10.5±0.8
0.6 ± 0.9
10.0 ± 1.2
10.1
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Figure 1: Z boson candidate invariant mass for all four channels combined, normalized to integrated luminosity
of 300 pb−1 (left), Expected signal significance for W Z production as a function of integrated luminosity. We
use a frequentist approach to estimate variation of expected signal and background events. The corresponding
68% and 95% C.L. regions are displayed as red and green bands, respectively (right).

3.3

Signal Significance

The distribution of the Z boson candidate invariant mass for all four channels combined after
applying the final selection is shown in Fig. 1(left).
We estimate the expected signal significance S L of W Z production as a function of integrated
luminosity for all four categories combined using a frequentist approach. The final selection
criteria and requirement of the Z boson invariant mass to be within 10 GeV from the nominal
Z boson mass is applied taking into account full systematic and statistical uncertainties. Result
is shown in Fig. 1 (right).
4

Conclusion

We have studied the methods to establish pp → W Z → ℓ ± νℓ+ ℓ (ℓ = e, µ) signal in early data
taking at CMS experiment and obtain the sensitivity for observing the production at 95% C.L.
as a function of integrated luminosity. It is shown that with less than 500 pb 1 of integrated
luminosity we can achieve 5σ significance of the signal. We plan to extend this study for
measurement of the W W Z coupling and search for resonant W Z production in the future.
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In this work, we briefly describe how the characteristics of gauge, Yukawa and quartic coupling
evolution change in the presence of universal extra dimensions. The gauge coupling unification
scale depends on compactification radius R, and is much lower in comparison to the fourdimensional case. Later, we mention that the supersymmetric extension of this scenario
requires a much larger value of R−1 , in order that the gauge couplings remain perturbative
up to the unification scale.

1

Introduction

In the standard model (SM), the gauge, Yukawa and quartic scalar couplings run logarithmically
with the energy scale. Although the gauge couplings do not all meet at a point, they tend to unify
near 1015 GeV. Such a high scale is beyond the reach of any present or future experiments. Extra
dimensions accessible to SM ﬁelds have the virtue, thanks to the couplings’ power law running,
of bringing the uniﬁcation scale down to an explorable range. Higher dimensional theories, with
radii of compactiﬁcation around an inverse TeV, have been investigated from the perspective
of high energy experiments, phenomenology, string theory, cosmology, and astrophysics. Our
concern here is a speciﬁc framework, called the Universal Extra Dimension (UED) scenario,
where there is a single ﬂat extra dimension, which is accessed by all the SM particles 1 . The
extra dimension is compactiﬁed on an S1 /Z2 orbifold i.e a circle of radius R with a Z2 orbifolding
identifying y → −y, where y denotes the ﬁfth compactiﬁed coordinate. The orbifolding is crucial
in generating chiral zero modes for fermions. After integrating out the compactiﬁed dimension,
the 4-dimensional Lagrangian can be written involving the zero mode and the KK modes.
Constraints on the UED scenario from g−2 of the muon 2 , ﬂavour changing neutral currents 3 ,
Z → bb̄ decay 4 , the ρ parameter 1,5 , several other electroweak precision tests and implications
from hadron collider studies, all conclude that R−1 >
∼ 300 GeV.
2

Renormalisation Group Equations

We now come to the technical meaning of RG running in a higher dimensional context. Like all
other extra-dimensional models, from a 4-dimensional point of view, the UED scenario too is
non-renormalisable due to the inﬁnite multiplicity of the KK states. So ‘running’ of couplings as
a function of the energy scale µ ceases to make sense. What we should say is that the couplings
receive ﬁnite quantum corrections whose size depend on some explicit cutoﬀ b Λ. The corrections
originate from the ΛR number of KK states which lie between the scale R−1 where the ﬁrst KK
states are excited and the cutoﬀ scale Λ. The couplings will have a power law dependence on
Λ as a result of the KK summation. This cutoﬀ is interpreted as the scale where a paradigm
shift occurs when some new renormalisable physics underlying our eﬀective non-renormalisable
framework surfaces.
a

Talk presented by Swarup Kumar Majee.
The beta functions are coefficients of the divergence 1/ǫ in a 4-dimensional theory. Here, a second kind of
divergence appears when the finite beta functions get corrections from each layer of KK states which are summed
over. This summation is truncated at a scale Λ.
b

We now lay out the strategy followed to compute the RG correction to the gauge couplings
from the KK modes. The ﬁrst step is obviously the calculation of the contribution from a given
KK level which has both Z2 -even and -odd states. The ﬁrst step KK excitation occurs at the
scale R−1 (modulo the zero mode mass). Up to this scale the RG evolution is logarithmic,
controlled by the SM beta functions with coeﬃcients 41/10, −19/6, −7 for U (1), SU (2) and
SU (3) gauge groups respectively. Between R−1 and 2R−1 , the running is still logarithmic but
with beta functions modiﬁed due to the ﬁrst KK level excitations, and so on. Every time a KK
threshold is crossed, new resonances are sparked into life, and new sets of beta functions rule
till the next threshold arrives. This is what, for the gauge couplings, depicted in the left panel
of Fig. 1 for R−1 = 1 TeV. The beta function contributions are the same, for each of the ΛR
KK levels, which, in eﬀect, can be summed. After this, the scale dependence is not logarithmic
any more, it shows power law behaviour. This illustration shows that if ΛR ≫ 1, then to a very
good accuracy the calculation basically boils down to computing the number of KK states up
to the cutoﬀ scale. For one extra dimension up to the energy scale E this number is S = ER,
and E max = Λ. Then if β SM is a generic SM beta function valid during the logarithmic running
up to R−1 , beyond that scale one should replace it as
β SM → β SM + (S − 1)β̃,

(1)

where β̃ is a generic contribution from a single KK level while diﬀerent co-eﬃcients corresponding
7
5
to the U (1), SU (2) and SU (3) gauge group are b̃1 = 81
10 , b̃2 = 6 , b̃3 = − 2 .
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Figure 1: Left panel: Standard model gauge coupling evolution and it’s modification due to first and second

KK-mode contribution. Right panel: power law evolution of the gauge couplings in UED are shown.

Irrespective of whether we deal with the ‘running’ of gauge, Yukawa, or quartic scalar couplings,
the structure of Eq. (1) would continue to hold. Clearly, the S dependence reﬂects power law
running. Evolution of gauge couplings in UED for R−1 = 1, 5, and 20 TeV are shown in the right
panel of Fig. 1. The running is fast, as expected, and the couplings nearly meet around 30, 138
and 525 TeV, respectively. It is not hard to provide an intuitive argument for such low uniﬁcation
scales and how they vary with R: roughly speaking, ΛR is order ln(MGUT /MW ) ∼ ln(1015 ),
where MGUT is the 4-dimensional GUT scale, i.e. the eﬀect of a slow logarithmic running over
a large scale is roughly reproduced by a fast power law sprint over a short track.
3

Quartic couplings and bounds on Higgs mass

The Feynman diagrams that contribute to the power law evolution of quartic coupling (in Landau
gauge) are shown in the left panel of Fig 2. More explicitly, consider the Figs. 2d from the left

panel. This graph proceeds through the exchange of adjoint A5 scalars and yield non-vanishing
contributions. This is a new diagram, and there is no analogous diagram in the standard model.
As we examine contributions from individual KK states, we see that due to the argument of
fermion chirality, not in all diagrams do the cosine and sine mode states both simultaneously
contribute. This accounts for a relative factor of 2 between the two types of diagrams. For
example, Fig. 2a has a multiplicating factor (S − 1), while for Fig. 2e the factor is 2(S − 1).
(S − 1)

1200

(S − 1)

2(S − 1)

1000

(a)
(S − 1)

(c)
(S − 1)

mH

800

(e)

600
Triviality
400

2(S − 1)

20 TeV
200

1 TeV

5 TeV

Vacuum stability

(d)

(b)

0

(f )

100

1000

Λ (GeV)

10000

100000

Figure 2: Left-panel: Diagrams contributing to quartic coupling evolution in the Landau gauge. Solid (broken)
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The quartic coupling c evolution equation can, thus, be written as
dλ
(2)
= βλSM + βλUED
16π 2
dt
The expressions for βλSM can be found e.g. in Ref 7 . The UED beta functions are given by
βλUED

= (S − 1)



3g24

6
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+ g22 g12 + g14 − 3λ(3g22 + g12 ) + 12λ2
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25
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+ 2(S − 1) 4 (Yl + 3Yu + 3Yd ) λ − 4

X

l,u,d






yl4 + 3yu4 + 3yd4  .

(3)

The evolution of λ has interesting bearings on the Higgs mass and put some bounds on
the Higgs mass on the grounds of ‘triviality’ and ‘vacuum stability’ 8 . The ‘triviality’ argument
requires that λ stays away from the Landau pole, i.e. remains ﬁnite, all the way to the cutoﬀ
scale Λ. The condition that 1/λ(Λ) > 0 can be translated to an upper bound on the Higgs
mass (mH ) at the electroweak scale when the cutoﬀ of the theory is Λ. This has been plotted
in the right panel of Fig. 2 (the upper curves) for three diﬀerent values of R. A given point
on that curve (for a given R) corresponds to a maximum allowed mH at the weak scale; for a
larger mH the coupling λ becomes inﬁnite at some scale less than Λ and the theory ceases to
be perturbative. Clearly, this mmax
varies as we vary the cutoﬀ Λ . The argument of ‘vacuum
H
stability’ relies on the requirement that the scalar potential be always bounded from below, i.e.
λ(Λ) > 0. This can be translated to a lower bound mmin
H at the weak scale. The lower set of
curves in right panel of Fig. 2 (for three values of R−1 ) represent the ‘vacuum stability’ limits,
the region below the curve for a given R being ruled out. Recalling that the cutoﬀ is where the
gauge couplings tend to unify, we observe that the Higgs mass is limited in the narrow zone
c

148 <
∼ 186 GeV
∼ mH <

The Yukawa RG equations can be found in Ref 6 .

(4)

in all the three cases, for a zero mode top quark mass of 174.2 GeV. Admittedly, our limits are
based on one-loop corrections only. That the upper and lower limits are insensitive to the choice
of R is not diﬃcult to understand, as what really counts is the number of KK states, given by
the product ΛR, which, as mentioned before, is nearly constant, order ln(1015 ).
4

Supersymmetric UED

What happens if we take the supersymmetric (SUSY) version of UED? A 5-dimensional N = 1
supersymmetry when perceived from a 4-dimensional context contains two diﬀerent N = 1
multiplets forming one N = 2 supermultiplet. In the RG evolution, in this case, two energy
scales will come into play. The ﬁrst of these is the supersymmetry scale, called MS , which we
take to be 1 TeV. Beyond MS , supersymmetric particles get excited and their contributions must
be included in the RG evolution. The second scale is that of the compactiﬁed extra dimension
1/R, which we take to be larger than MS .
The gauge coupling evolution must now be speciﬁed for three diﬀerent regions and can be
written as
1
) (S − 1) b̃i ,
(5)
btot
i = bio + Θ(E − MS ) (bis − bi0 ) + Θ(E −
R
The ﬁrst of these is when E < MS where the SM with the additional scalar doublet d beta
10
functions are in control. In this region b1o = 21
5 , b2o = − 3 , b3o = − 7. Once MS is
crossed and up until 1/R, we also have the superpartners of the SM particles pitching in with
their eﬀects. The contributions of the SM particles and their superpartners together are given
by b1s = 33
5 , b2s = 1, b3s = −3 . Finally, when the KK-modes are excited (E > 1/R) one has
further contributions from the individual modes b̃1 = 66
5 , b̃2 = 10, b̃3 = 6.
Not unexpectedly, for the SUSY UED case, gauge uniﬁcation is possible. We observe that
the introduction of this plethora of KK excitations of the SM particles and their superpartners
radically changes the beta functions; so much so, that the gauge couplings tend to become
non-perturbative before uniﬁcation is achieved. In order that all of them remain perturbative
during the entire RG evolution, the onset of the KK dynamics has to be suﬃciently delayed.
10
This requirement imposes R−1 >
∼ 5.0 × 10 GeV. In eﬀect, this implies that the twin requirements of a SUSY-UED framework as well as perturbative gauge coupling uniﬁcation pushes the
detectability of the KK excitations well beyond the realm of the LHC.
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Abstract
Naturalness arguments do not forbid the possibility that the first two families of squarks
and sleptons are heavier than the rest of the supersymmetric spectrum. In this framework,
we study the phenomenology related to the flavor physics and we give bounds on the flavor
violating parameters that we compare with the case of nearly degenerate squarks. The
peculiar structure of the hierarchical scheme allows us to make definite predictions and
suggests also a natural size for the flavor violating parameters.

1

Framework of Hierarchical Sfermions

The presence of the softly broken sector in the MSSM introduces a large number of new physical
parameters. In particular, compared to the Standard Model (SM), we have additional 36 mixing
angles and 40 phases that give rise to flavor and CP violation.
The requirement that the supersymmetric and the SM contributions to physical observables
agree with the experimental data, gives strong constraints on the flavor-breaking structure of
the soft terms in the MSSM. In particular at least one of the following conditions is needed in
order to suppress large supersymmetric contribution to a generic FCNC process:
• Degeneracy. The masses of the sfermions present in the loop have almost the same values
• Alignment. The assumption is that quark and squark mass matrices are nearly simultaneously diagonalized by a supersymmetric field rotation, either in the down or in the up
sector 1 .
• Irrelevancy. The suppressions is obtained if the particles in the loop are very heavy.
We study flavor physics in the framework of hierarchical soft terms, in which the first two
generations of squarks and sleptons are heavier than the rest of the supersymmetric spectrum.
The flavor structure of the first and second generation squarks is tightly constrained by K
physics. On the other hand, the upper bounds on the masses of the first two generations of
squarks are much looser than for the other supersymmetric particles. Therefore one can relax
the flavor constraints, without compromising naturalness, by taking the first two generations of
squarks much heavier than the third 2,3 . This procedure alleviates, but does not completely solve,
the flavor problem and a further suppression mechanism for the first two generations must be
present. However, it is not difficult to conceive the existence of such a mechanism which operates
if, for instance, the soft terms respect an approximate U(2) symmetry acting on the first two
generations 4,5 . In the case of hierarchy 6 , the small expansion parameter describing the flavor

violation is the mismatch between the third-generation quarks identified by the Yukawa coupling
and the third-generation squarks identified by the light eigenstates of the soft-term mass matrix.
This small mismatch can be related to the hierarchy of scales present in the squark mass matrix
and to CKM angles. However, for the phenomenological implications we are interested in, we
do not have to specify any such relation and we can work in an effective theory where the first
two generations of squarks have been integrated out. Their only remnant in the effective theory
is the small mismatch between third-generation quarks and squarks.
2

Hierarchy vs Degeneracy in Flavor Violating Amplitudes

Let us consider the gluino contribution to a ∆F = 1 process in the left-handed down quark
L
sector, dL
i → dj , neglecting for simplicity chirality changes. The amplitude of such a process is
proportional to
!
 2 
m2D̃
MD
I
A(∆F = 1) ≡ f
Wd∗L D̃ .
(1)
= WdL D̃I f
I
i
j
M32 dL dL
M32
i

j

Here f is a loop function, M3 is the gluino mass and W is the unitary matrix diagonalizing the
6×6 down squark squared mass matrix M2D in a basis in which the down quark mass matrix is
diagonal. We can simplify eq. (1) by using a perturbative expansion in the small off-diagonal
entries of the squark mass matrix. The “degenerate” case is obtained in the limit in which the
squark masses in the loop function coincide:
 2 
MD
LL
f
= xf (1) (x) δij
,
(degenerate case)
(2)
M32 dL dL
i

m̃2 /M32

j

f (n)

where x =
and
is the n-th derivative of the function. The δ parameters are in this
case normalized to the universal scalar mass m̃2 .
In the “hierarchical” limit, the contribution to the loop function in eq. (1) from the heavy
squarks is negligible. Therefore eq. (1) becomes
 2 
MD
LL
f
= f (x) δ̂ij
.
(hierarchical case)
(3)
M32 dL dL
i

j

as before, where now m̃2 is interpreted as the third-generation squark mass.
Here x =
LL
LL ≈ −(M2 )
LL
2
We have defined δ̂ij ≡ WdL b̃L Wd∗L b̃ . Note that δ̂a3
L /m̃a , so that δ̂a3 is again a
D dL
ad
m̃2 /M32

i

j

3

L

LL
δ̂12

LL (δ̂ LL )∗ .
δ̂13
23

normalized mass insertion. Also,
=
For δ = δ̂ the difference between the two schemes, the degenerate and the hierarchical one, is
given by the order one difference between a function and its derivative. However, this difference
becomes larger when we consider ∆F = 2:
 2

 x g (3) (x)(δ LL )2 (degenerate case)
ij
A(∆F = 2) = 3!
(4)

g (1) (x)(δ̂ LL )2
(hierarchical case).
ij

Therefore, if m̃2 is the same in the two cases we find that the amplitudes for ∆F = 1 and
∆F = 2 processes satisfy the relation


g (3)
f 2 A(∆F = 2)
A(∆F = 2)
=
.
(5)
[A(∆F = 1)]2 degenerate 6g (1) f (1)
[A(∆F = 1)]2 hierarchical

In general the ratio (g (3) /6g (1) )(f /f (1) )2 is typically small. As a consequence, the bounds on
the ∆F = 2 processes inferred from ∆F = 1, or viceversa, may be significantly different in the
two frameworks.

D0 − D̄0
B → Xs γ

∆mBs

Bd0 –B̄d0

∆mK
ǫK

" m 
LL δ̂ LL∗ < 8.0 × 10−3
t̃
δ̂ut
ct
350 GeV
" m 2  10 
" LL 
b̃
< 2.2 × 10−2 350 GeV
Re δ̂sb
tan β
" m 2  10 
" LL 
−2
b̃
< 6.7 × 10
Im δ̂sb
350 GeV
tan β
" LL 
" mb̃ 
−2
Re δ̂sb
< 9.4 × 10
350 GeV
" m 
" LL 
−2
b̃
< 7.2 × 10
Im δ̂sb
350 GeV
" LL 
" m 
b̃
Re δ̂db
< 4.3 × 10−3 350 GeV
" m 
" LL 
b̃
< 7.3 × 10−3 350 GeV
Im δ̂db
r
" mb̃ 
" LL LL∗ 2
< 1.0 × 10−2 350 GeV
Re δ̂db
δ̂sb
r
" mb̃ 
" LL LL∗ 2
< 4.4 × 10−4 350 GeV
Im δ̂db
δ̂sb

" mq̃ 
LL < 3.4 × 10−2
δuc
350 GeV
"
" LL 
2  10 
mq̃
< 3.8 × 10−2 350 GeV
Re δsb
tan β
" mq̃ 2  10 
" LL 
−1
< 1.1 × 10
Im δsb
350 GeV
tan β
" LL 
" mq̃ 
−1
Re δsb
< 4.0 × 10
350 GeV
" mq̃ 
" LL 
−1
< 3.1 × 10
Im δsb
350 GeV
" LL 
" mq̃ 
−2
Re δdb < 1.8 × 10
350 GeV
" mq̃ 
" LL 
−2
Im δdb < 3.1 × 10
350 GeV
r
" mq̃ 
" LL 2
< 4.2 × 10−2 350 GeV
Re δds
r
" mq̃ 
" LL 2
< 1.8 × 10−3 350 GeV
Im δds

Table 1: Bounds on the LL insertions in the hierarchical and degenerate cases. The limits on the RR insertions
are the same, except the one from BR(B → Xs γ), which is much weaker.

3

Phenomenology of Hierarchical Sfermions

The bounds on the flavor-violating parameters δ̂ are summarized in Table 1 and compared with
the bounds obtained in the case of degeneracy. An early analysis of the hierarchical case was
LL , δ̂ LL cannot be
presented in ref. 7 . It is plausible to expect that the size of the parameters δ̂sb
db
6
smaller than the corresponding CKM angles, |Vtd |, |Vts | respectively . Thus, it is particularly
LL | ≈ 8 × 10−3 , |δ̂ LL | ≈
interesting to probe experimentally flavor processes up to the level of |δ̂db
sb
−2
LL
LL
LL∗
−4
4 × 10 and |δ̂ds | = |δ̂db δ̂sb | ≈ 3 × 10 . The present constraints on the b ↔ d transitions
and on ǫK are at the edge of probing this region. An interesting conclusion is that hierarchical
soft terms predict that new-physics effects in b ↔ s transitions can be expected just beyond the
present experimental sensitivity.
Another interesting point regarding the phenomenology of the hierarchical framework is the
fact that the new-physics effects in b ↔ s transitions are particularly promising. For example
recent measurements from the CDF 8 and D0 9 collaborations have shown a mild tension between
the experimental value and the SM prediction for the φBs mixing phase, at the 2.5 σ level 10 . The
hierarchical case allows values of the phase φBs about three times larger than in the degenerate
case, in agreement with the generic expectation from eq. (5). The range of φBs presently favored
by the experiment is shown in Fig. 1.
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SU(5) & A(4)
ALFREDO URBANO
Dipartimento di Fisica, Università del Salento & INFN, sez. di Lecce
via per Arnesano I, 73100 Lecce, Italia

The introduction of a Flavour Symmetry can represent an interesting way in which one can try
to find an answer to some intriguing problems in Flavour Physics, like the hierarchy between
the fermion masses or the particular values of mixing angles. In the meantime the necessity
to set this symmetry in a realistic context grows up; this context should be able to enlarge
our incomplete knowledge of fundamental interactions as described in the framework of
the Standard Model. Following this direction a merging between A4 and SU(5) can be possible.

1

Introduction

The SU(5) gauge group represents the minimal playground in which one can try to enlarge
the SU(3)C ⊗ SU(2)L ⊗ U(1)Y symmetry group of the Standard Model (SM), searching for an
high energy uniﬁed description of strong and electroweak fundamental interactions. The correct
realization of this picture, as suggested by the apparent convergence of SM couplings, could
lead to important consequences both from a theoretical as well as a phenomenological point
of view as, e.g., the explanation of electric charge quantization or the prediction of the proton
decay. On the other side the existence of neutrino masses and oscillations, the experimental
bounds on proton lifetime and the necessity to obtain a phenomenologically valid description for
masses and mixings are able to rule out a large number of models. Presently in literature there
are just two viable models, in the context of SU(5), that can take into account proprieties of
renormalizability as well as a realistic description of high energy phenomenology in a “minimal”
way; in the ﬁrst one 1 , called Supersymmetric Adjoint SU(5) (SA), it’s possible to obtain a
consistent and predictive description of neutrino masses through the presence of both the Type
I 2 and the Type III 3 SeeSaw. In the second one 4 , instead, the neutrino phenomenology is
obtained through the implementation of the so called Type II 5 SeeSaw mechanism.
In the following I take into account both these models trying to analyze the possible role that
could play the introduction of a Flavour Symmetry (FS) represented by the discrete group of the

regular tetrahedron, A4 . In section 2 I take into account brieﬂy the main proprieties of the two
renormalizable supersymmetric SU(5) framework that I consider as background for the analysis
accomplished in section 3 with the introduction of the A4 group as an exact ﬂavour symmetry
at GUT scale. Section 4 is left to conclusions.

2

Renormalizable SUSY SU(5) GUT models

Following ref. 6,7 it’s well known that the chiral superﬁelds of the Minimal Supersymmetric SM
(MSSM) ﬁnd their correct embedding inside the SU(5) structure considering four diﬀerent irreducible representations: 5T = (DC , L), 10T = (U C , Q, E C ), 5H = (T5 , H5 ) and 5H = (T5 , H5 ),
where the tiny subindex T refers to matter (for a single family) while H to Higgs chiral superﬁelds,
and where I have identiﬁed in the left hand side the superﬁeld name with the corresponding SU(5)
representation number. In addiction we need also an extra Higgs chiral superﬁeld in the adjoint
representation 24H in order to break SU(5) in the SM gauge group. Unfortunately this beautiful
and minimal uniﬁcation picture is destroyed by our knowledge of the low energy phenomenology
because there’s no renormalizable way to obtain a neutrino mass matrix Mν and because with this
ﬁeld content a wrong relation between charged lepton and down-type quark mass matrices, i.e.
MTE = MD , appears at GUT scale. In order to ﬁx this last problem keeping untouched the renormalizability of the theory, it’s possible to consider in the Higgs sector 8 two extra chiral superﬁelds
transforming under SU(5) according to the 45H and the 45H representations. The relevant superpotential for the Yukawa couplings is, introducing i, j as ﬂavour indices and considering R-parity:
W ∋ 10T,i Y5,ij 5T,j 5H + 10T,i Y45,ij 5T,j 45H + 10T,i Y5,ij 10T,j 5H + 10T,i Y45,ij 10T,j 45H . AfT , M =
ter electroweak symmetry breaking we have the following relations: ME = Y5T − 6Y45
D
T
T
Y5 +2Y45 and MU = 4(Y5 +Y5 )−8(Y45 −Y45 ), that allow a correct description of fermion masses
(here, e.g., Y5 = Y5 h5H i). Until this point, however, neutrinos are still massless. In order to
realize the Type I and the Type III SeeSaw, there must be both a fermionic singlet as well as a
fermionic triplet. Inside the context of SU(5) it’s natural 1 to introduce an extra chiral superﬁeld
of matter in the adjoint representation 24T that contains both; the new terms in the superpoten5
tial are: W ∋ 5T,i Y45
ν,i 24T 45H +5T,i Yν,i 24T 5H +M24 24T 24T +λ24 24T 24T 24H . The neutrino
mass matrix is obtained integrating out the heavy singlet ρ0 and the neutral component of the
triplet ρ3 in 24T ; in this way it’s possible to obtain both the normal hierarchy as well as the inverted one, predicting also one massless neutrino. In the context of the Type II SeeSaw, instead,
the neutrinos acquires a mass through the coupling of the leptonic doublet L with an heavy
scalar triplet T . In a SU(5) framework it’s natural 4 to introduce two extra chiral superﬁeld in
the Higgs sector transforming according to 15H (that contains T ) and 15H representations. The
15 15 5
extra terms in the superpotential of the theory are: W ∋ 5T,i Yν,ij
H T,j + M15 15H 15H +
h24 15H 24H 15H + h5 15H 5H 5H + h5 15H 5H 5H + h45 15H 45H 45H + h45 15H 45H 45H ; integrating out the heavy scalar triplet it’s possible to obtain a neutrino Majorana mass matrix
Λ2
15 , with Λ of the order of the electroweak scale.
Mν,ij = M
Yν,ij
15

3

The SU(5) ⊗ A4 Renormalizable SUSY GUT theory

A4 is the group of even permutations of 4 objects and it’s also isomorphic to the tetrahedral
group; for a deeper understanding of A4 as a FS group I redirect the interested reader to the
milestone 9 . Here I remember just that A4 has three non equivalent one dimensional representations 1, 1′ and 1′′ and a three dimensional one 3. As a FS, A4 have to be imposed as a symmetry
of the entire superpotential W at GUT scale.
In 10 we have tried to set the A4 FS in the SA context; the only viable situation is the one in

which all the chiral superﬁeld of the theory are A4 triplets except for 24H that is a singlet a .
Moreover the most important point concerns the alignments of the Vacuum Expectation Values
(VEVs) in the ﬂavour space; it’s possible to verify that, in order to have the possibility to ﬁt correctly masses and mixings, the only choice is b : h5H i ∝ h5H i = v5 (1, 0, 0)T , h45H i = v45 (1, 1, 1)T
and h45H i = (v45 , δv45 , δv45 )T ; with these assumptions, in fact, we are able to ﬁt the eigenvalues
of the mass matrices for E = (e, µ, τ ), D = (d, s, b) and U = (u, c, t) with the running quark and
lepton masses of 12 . The ﬁt is acceptable (χ2 /n.dof ∼ 1.5) and it’s also possible at this stage to
estimate numerically the Cabibbo-Kobayashi-Maskawa (CKM) matrix, in good agreement with
its perturbative structure. In the leptonic sector the situation of mixing is more complicated.
Considering 24T as an A4 triplet, in fact, it’s possible to have a structure dictated by the presence of the FS just for those Dirac matrices that follow directly from the Lagrangian, namely
45
5
5
Y45
ν and Yν in the interactions: 5T Yν 24T 45H + 5T Yν 24T 5H ; this structure, however, gets
completely lost performing the SeeSaw mechanism. Roughly speaking, in fact, it requires the
T
combination MDirac M−1
M ajorana MDirac for both the Type I as well as the Type III case, leaving
us with an almost generical Majorana mass matrix Mν which possesses however the remarkable
property to ﬁt the tri-bimaximal (TBM) hypothesis 11 (see eq. 3).
Considering the SU(5) framework with the Type II SeeSaw, instead, both chiral matter supermultiplets 5T,i and 10T,i transform under the A4 group according to its three dimensional
representation, obtaining again an original approach if compared with the one in 13 ; with this assumption, therefore, the only way in which to obtain a realistic description requires the presence
of reducible four dimensional representations of A4 . Considering the usual irreducible ones, in
fact, it’s not possible to ﬁt correctly the quark and lepton running masses. Speciﬁcally we must
have: 5H , 5H , 45H , 45H ∼ 4, 15H ∼ 4′′ and 15H ∼ 4′ . Obviously such an Higgs sector might
sound cumbersome; here I want to stress that it’s the only way in which try to preserve the
beautiful features of A4 group as a FS without losing the renormalizability of the entire theory in
a 4-dim background. Another point to discuss concerns the minimization of the scalar potential;
leaving a deeper analysis to a forthcoming paper 14 , it’s possible to prove that under certain
assumptions the VEVs of the triplets in 5H and 45H as well as the ones in 5H and 45H have to
be aligned among each other in the ﬂavour space, with the natural choice: h5H i3 = v5 (1, 1, 1)T
(analogous relations holds for the other triplets; here the subindex 3 refers to the triplet in
4 = 3 ⊕ 1). As a consequence the quark and lepton mass matrices acquire the form:


h0
 F
MF =  BF
AF

AF
h0F
BF







ω ω2 1
BF
1  2


∆ †
ω 1  , ω 3 = 1,
AF  = Uω MF Uω , with: Uω = √  ω
3
0
1
1 1
hF

(1)

where F = E, D, U and where h0F , AF and BF are functions of the VEVs and of the parameters
in the superpotential, independent among each other for diﬀerent values of F . The matrices
in (1) cannot explain the hierarchy but allow a ﬁt of the running lepton and quark masses for
each value of F , as shown in 15 . At this step the CKM matrix is just the identity but it’s
straightforward to generate the Cabibbo’s angle considering small perturbations in the vacuum
alignments. The mixing in the leptonic sector depends on the neutrino mass matrix. Supposing
that h15H i3 = v15 (0, 0, 1)T it’s possible to verify that the Majorana mass matrix has the form:




 ω

√
a b
0

 √ω2

∗ ∆ †
Mν =  b aω
0  = V Mν V , with: V =  2
0 0 aω 2
0

a=1,2,3

iω
0 −√
2

iω
0 √
;
2
1
0



(2)

There’s also another realistic A4 scenario, that is the one in which 5T
∼ 1, 1′ , 1′′ ; this situation is
13
considered also in even if into a 5-dim background.
b
Obviously in order to have a realistic situation it’s necessary to show that the considered alignments are in
agreement with the minimization of the scalar potential.
a

the mixing matrix for leptons reproduces exactly the TBM hypothesis:



U†ω V = 


√2
6
− √16
− √16

√1
3
√1
3
√1
3



0

− √12 
 ≡ UT BM .

(3)

√1
2

The eigenvalues of Mν in (2) are 16 : m1 = c + b, m2 = c, m3 = −c + b, with c ≡ ω 2 a. The model
predicts a normal hierarchy and, if cos θcb = −1: |m3 | ≈ 0.053 eV, |m1 | ≈ |m2 | ≈ 0.017 eV.
4

Conclusions

We have analyzed the possibility to consider the role of the A4 FS inside a SUSY GUT based
on SU(5) gauge group. Contrarily to how done in 13 we have considered as guideline for this
discussion the necessity to preserve the renormalizability of the entire model inside a 4-dim spacetime framework, taking into account two diﬀerent possibilities in order to obtain the neutrino
masses: in the ﬁrst case an extra chiral supermultiplet in the matter sector allows to have an
hybrid Type I + Type III SeeSaw while in the second case an extra chiral supermultiplet in the
Higgs sector allows the Type II SeeSaw. Conclusions are very diﬀerent. In the ﬁrst scenario
the masses and the mixings are obtained through a ﬁt of the parameters, losing in this way
the main raison d’être of the A4 FS but obtaining an almost degenerate spectrum for neutrinos
with an absolute scale mass closer to the present experimental bounds 17 . In the second scenario,
however, the situation is completely diﬀerent and the TBM mixing arises clearly.
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SUSY Gauge Singlets and Dualities
James Barnard
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Abstract
We discuss how, by including gauge singlets in supersymmetric gauge theories, one can construct and test new types of duality. This may help in finding dual theories of supersymmetric
GUTs. This talk is based on the recent article Ref.[1].
1

Introduction and motivation

Seiberg duality in N = 1 supersymmetry (see Ref.[2] for a review) gives us a different perspective on supersymmetric (SUSY) gauge theories. It is a pure field theory duality between
two SUSY gauge theories. The original incarnation was supersymmetric QCD (SQCD) with
FQ flavours of quark/antiquark and N colours. The would-be dual theory is also SQCD,
with FQ flavours of quark/antiquark, but with n = FQ − N colours and an extra, elementary
meson field M . Various powerful tests such as ‘t Hooft anomaly matching established that
the two theories are really different descriptions of the same infra-red physics. This kind of
duality has great potential to shed light on many aspects of BSM physics such as gauge unification, proton decay and dynamical SUSY breaking. Unfortunately Seiberg dualities only
currently exist for theories with highly constrained matter content and unrealistic superpotentials (see Refs.[3–8] for some examples). If we ever want to access these phenomenological
applications we will therefore need to extend the idea of Seiberg duality to a more realistic
model. Ideally we would like to be able to find a duality involving a SUSY grand unified
theory (GUT), like one of the SU(5) models.
1.1

An example: “dualification”

To illustrate what Seiberg duality might do for us, consider a recent example from Ref.[9];
“dualification”. Suppose we have some SUSY breaking GUT where the SUSY breaking is
mediated directly. The set-up for direct mediation is as follows. The theory contains two
sectors; the visible sector and the hidden sector. SUSY is broken somehow in the hidden
sector then communicated to the visible sector by messenger particles. For direct mediation,
these messenger particles are charged under the visible sector gauge group.
Now consider the renormalisation group (RG) flow of the visible sector gauge couplings
in this theory. They are sketched in Figure 1 (where we show the inverse coupling 1/α).
Starting at the weak scale MW it looks initially as though the couplings in the theory are
going to unify at a physical value of 1/α at the scale MGUT . However, once we reach the
messenger scale Mm we have to include the effects of the messenger particles, and thus the
RG flows of the couplings are deflected. This only occurs because the messenger particles
are charged under the visible sector gauge group. If the messenger sector comes in complete
SU (5) multiplets, all the beta functions are deflected by the same amount so the theory

still unifies at the scale MGUT . However, if the RG flows are deflected too much the theory
encounters a Landau pole; the couplings become arbitrarily strong and hit 1/α = 0 below
the unification scale, where our description of the physics breaks down. An interesting point
to note is that the theory continues to look as though it unifies at the GUT scale, but at a
negative (unphysical) value of 1/α.
Instead, we consider the original theory as one half of a duality. When we reach the strong
coupling regime 1/α ≈ 0 we can no longer describe the physics with the original theory but
it may be that a dual description exists. In the dual theory, the RG flow proceeds in the
opposite direction so we move away from the Landau pole. Remarkably, the unification is
not affected by the duality. All gauge couplings still flow to a single value and this occurs
at the same scale as the original theory, MGUT . It was therefore proposed in Ref.[9] that
unphysical, negative gauge coupling unification in a SUSY gauge theory is actually a remnant
from physical unification in a dual theory.

Original theory

1
Α

MW

Mm

Dual theory

MGUT

Figure 1: “Dualification”. Deflection of the RG flows by messenger particles at the scale Mm
appears to cause unphysical unification at 1/α < 0 in the original theory. In the dual theory,
unification occurs much more naturally.

2

Extending the duality

Ref.[9] showed that this happens in simple vector-like GUT theories based on so-called Kutasov dual theories (of which more in a moment): alas no similar dual theories are known for
the Georgi-Glashow model or Flipped SU(5). If one could be found however, the same arguments should apply. In order to do this various extensions of Seiberg duality are required,
including chirality, more generations and so on. The present work constitutes a step in this
direction.
The difficulty in extending Seiberg duality stems from the meson sector. One of the
standard tests for dualities is that the classical moduli spaces of the two theories match up.
This means that all gauge invariant degrees of freedom in the original theory must have a
counterpart in the dual theory, with exactly the same properties under all global symmetries.
In particular, there must be a one to one correspondence between mesons in the two theories.
As an example, consider regular Seiberg duality [2].
The mesons in the original theory are the usual SQCD composite mesons Q̃Q, where
Q and Q̃ are the quarks/antiquarks respectively. The flavour indices have been suppressed
and the colour indices summed over. In the dual theory there are the composite mesons q̃q,
where q and q̃ are the dual quarks/antiquarks, but also the elementary mesons M . We can
see that there are twice as many mesons in the dual theory than in the original theory. To
remedy this we add a superpotential Wdual = M q̃q to the dual theory which projects out
the composite mesons via the F -term equation
∂Wdual
= q̃q = 0.
∂M

(1)

We are now able to construct the map Q̃Q ↔ M between mesons in the original theory and
the dual theory. This map respects all global symmetries.

For phenomenological purposes we often need to include more complicated matter than
quarks and antiquarks (which live in the fundamental and antifundamental representations
of the gauge group respectively). For example, suppose we want to include an adjoint
representation of the gauge group X. The most general meson we can construct is now
Q̃X j Q for any positive integer j. There are thus an arbitrary number of mesons in the
original theory so the dual theory is not well defined (in particular, we would require infinitely
many elementary degrees of freedom and an infinite number of colours in the dual theory to
match the two theories).
The solution to this problem was discovered in Refs.[6–8]. The idea is to add a superpotential to the original theory which truncates the chiral ring, in effect limiting the
number of mesons

in the original theory. This can be accomplished with the superpotential
Worig = Tr X k+1 for some integer k, where the trace is taken over colour indices. The
F -term equations in the original theory set
∂Worig
∼ Xk = 0
∂X

(2)

so we can only build k mesons: Q̃X j Q for j = 0, . . . , k − 1. Having done this, a duality can
be found in a similar way to the original Seiberg duality, but with n = kFQ − N colours and
a more complicated dual superpotential.
Unfortunately this technique comes with its own problems. By adding a superpotential
to the original theory we reduce the number of global symmetries. Non-trivial global symmetries are crucial for testing the duality at a quantum mechanical level via highly non-trivial
’t Hooft anomaly matching conditions. If we add too many terms to the original theory’s
superpotential we will therefore be unable to rigourously test the duality. Priority in this
regard is given to R-symmetries; symmetries which do not commute with SUSY transformations (i.e. fermions have different charges to their scalar superpartners). It turns out that
R-symmetries generally give the most stringent test of the duality, so we must aim to choose
a superpotential which allows one.
To address this problem we proposed the following in Ref.[1]. If we add gauge singlets
to the theory we can use them to restore the global symmetries broken by the original
theory’s superpotential. Alternatively this process can be viewed as elevating the coupling
constants in the superpotential to fields. In particular, gauge singlets allow the preservation
of an R-symmetry. This allows us much more freedom in choosing the superpotential while
preserving access to all of the standard tests of duality. Now we have more freedom in
choosing the superpotential we are able to add more matter to the theory and still have well
behaved mesons. We used this technique to extend Seiberg duality to theories with matter
content closer to that of a SUSY GUT; multiple generations of adjoint or antisymmetric
representations of the gauge group.
2.1

Example: SQCD with three generations of antisymmetric tensor

Suppose we want to extend SQCD (with FQ flavours of quark/antiquark and N colours)
to include three generations of antisymmetric tensor A, B and C (plus their conjugates).
Models with a single generation of antisymmetric were first discussed in Ref.[3] but for a
realistic SU(5) GUT we need at least three. To do this we include a singlet φ and give the
original theory the superpotential


Worig = φρA (AÃ)kA +1 + φρB (B B̃)kB +1 + φρC (C C̃)kC +1 + φσ AB̃ + ÃB + B C̃ + B̃C . (3)

The k’s are positive integers and the ρ’s are to be determined. The addition of a singlet
is necessary for the theory to possess an R-symmetry. For non-zero φ, the F -terms of this
superpotential result in truncation equations


∗
∗
Ã(AÃ)k ∼ O Ã(AÃ)k −2kA kB −kA −kB


∗
∗
(4)
(AÃ)k A ∼ O (AÃ)k −2kA kB −kA −kB A .

for the chiral ring, where
k∗ =

1
[(2kA + 1) (2kB + 1) (2kC + 1) − 1] .
2

(5)

The other antisymmetrics can be expressed entirely in terms of A and Ã so the truncation
is complete. The mesons are then schematically
Mj
Pj
P̃j

∼ Q̃(ÃA)j Q,
∼ Q(ÃA)j ÃQ,
∼ Q̃A(ÃA)j Q̃,

j = 0, . . . , k∗
j = 0, . . . , k∗ − 1
j = 0, . . . , k∗ − 1.

(6)

In Ref.[1] we show that a dual theory with
n = (2k ∗ + 1) FQ − 4k ∗ − N

(7)

colours can then be found. A key feature of our technique is that the gauge singlet appears
in the definition of the mesons in the original theory. We determine unambiguously how this
should be done and find that our approach is totally consistent with all global symmetries
as well as ’t Hooft anomaly matching.
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Direct determination of neutrino mass parameters at future colliders
M. Kadastik, M. Raidal and L. Rebane
National Institute of Chemical Physics and Biophysics, Ravala 10, Tallinn 10143, Estonia

If the observed light neutrino masses are induced by their Yukawa couplings to singlet righthanded neutrinos, natural smallness of those renders direct collider tests of the electroweak
scale neutrino mass mechanisms almost impossible both in the case of Dirac and Majorana
(seesaw of type I) neutrinos. However, in the triplet Higgs seesaw scenario the smallness of light
neutrino masses may come from the smallness of B − L breaking parameters, allowing sizable
Yukawa couplings even for a TeV scale triplet. We show that, in this scenario, measuring
the branching fractions of doubly charged Higgs to different same-charged lepton flavours at
LHC and/or ILC experiments will allow one to measure the neutrino mass parameters, which
neutrino oscillation experiments are insensitive to, including the neutrino mass hierarchy,
lightest neutrino mass and Majorana phases.

1

Introduction

Neutrino oscillation experiments have shown convincingly that at least two light neutrinos have
non-zero masses and their mixing is characterized by two large mixing angles: θ12 and θ23 .
Those facts are clear evidence of physics beyond the Standard Model 1 . However, despite intense
experimental and theoretical efforts, the origin of neutrino masses is not yet understood. Also,
our knowledge about neutrino masses and mixing angles is still quite limited – in particular
current neutrino oscillation experiments are not sensitive to: Dirac or Majorana nature of light
neutrinos, absolute values of neutrino masses and possible CP-violating Majorana phases.
One of the best motivated and best studied neutrino mass scenario is the triplet Higgs
mechanism. 2,3,4,5,6 The SU (2)L triplet multiplet contains a doubly charged scalar that can be
pair produced at colliders independently of their Yukawa couplings. Thus tests of this mechanism
are limited only by the collision energy. The smallness of neutrino masses does not imply the
smallness of triplet Yukawa couplings. As neutrino masses in this scenario are necessarily of
Majorana type, they may be different from the Dirac fermion masses because of the smallness
of B − L breaking. This is natural by the ’t Hooft criterion as B − L is a conserved quantum

number in the SM. Thus the neutrino Yukawa couplings to triplet may be sizable, constrained
by unobserved lepton flavour violating interactions, and dominate over the triplet coupling to
two gauge bosons. The triplet Yukawa couplings directly induce the neutrino mass matrix up
to the small B − L breaking triplet vacuum expectation value (VEV) which appears in neutrino
masses as a common proportionality factor. Altogether those arguments imply that one can
study the neutrino mass parameters at Large Hadron Collides (LHC) by just counting flavours
of the same-charged lepton pairs originating from the doubly charged Higgs boson decays.
2

Phenomenological setup

In see-saw II model the SM particle spectrum is extended by a scalar multiplet Φ with the
SU (2)L × U (1)Y quantum numbers Φ ∼ (3, 2). We also assume that its mass is below O(1) TeV
and the pair production processes at colliders,
pp → Φ++ Φ−−

and e+ e− → Φ++ Φ−− ,

(1)

are kinematically allowed. Such a scenario is realized, for example, in the little Higgs models
7,8,9,10 .

The triplet couples to leptons via the Lagrangian
L = iℓ̄cLi τ2 YΦij (τ · Φ)ℓLj + h.c.,

(2)

where (YΦ )ij are the Majorana Yukawa couplings of the triplet to the lepton generations i, j =
e, µ, τ . If the neutral component of triplet acquires a VEV vΦ , the non-zero neutrino mass
matrix is generated via
(mν )ij = 2(YΦ )ij vΦ .
(3)
The smallness of neutrino masses is explained by be smallness of vΦ and the Yukawa couplings
(YΦ )ij can be of order SM Yukawa couplings. However, the precise values of (YΦ )ij are not
relevant for the collider physics we consider in this work. The relationship between neutrino parameters and doubly charged Higgs boson decays comes from the fact that the Yukawa coupling
matrix of doubly charged Higgs to leptons is proportional to the Majorana mass matrix. Thus,
to establish this connection experimentally, observable rates of the leptonic branching fractions
must exist.
Starting from Eq. 3, we an find a direct relationship between the neutrino mixing matrix
and a single leptonic decay channel:

Brij =


2
P |(mν )ij | 2



|(m
)
ν
ij |

i≥j

2


 P2|(mν )ij |
i≥j

|(mν )ij |2

i = j,
(4)
i 6= j,

where (mν )ij is the neutrino mass matrix in flavor basis. The mass matrix contains six independent mixing parameters: three mixing angles (θ13 , θ23 and θ12 ) and three phases (α1 , α2 and δ),
and three light neutrino masses. We expect all possible combinations of four leptons to occur
in the final state.
3

Measuring the neutrino parameters

Doubly charged Higgs boson has 6 different leptonic decay channels. Branching ratios to these
channels are directly related to (mν )ij . We can write an equation system that relates branching
ratios of six different Φ±± leptonic decay channels with unknown neutrino parameters,
BRij = fk (m, sgn(∆m23 ), θ13 , θ23 , θ12 , δ, α1 , α2 ),

(5)

where m represents the mass of the lowest neutrino mass eigenstate (m1 or m3 for normal or
inverted mass spectrum, respectively), sgn(∆m23 ) is the sign of the atmospheric mass splitting,
that determines the neutrino mass hierarchy, k = 1, ..., 6 and i, j = e, µ, τ .
Now we fix the values of mixing angles to their tri-bimaximal values and concentrate on
determining Majorana phases and absolute values of neutrino masses. The equation system can
be solved analytically.
4
4.1

Results
Determination of mass hierarchy

Analytically a simple parameter C1 can be found to uniquely determine the mass hierarchy:
C1 ≡

2BRµµ + BRµτ − BRee
BRee + BReµ

(6)

• C1 > 1 – normal mass hierarchy,
• C1 < 1 – inverted mass hierarchy,
• C1 ≈ 1 – degenerate masses.
Figure 1 presents the dependency of doubly charged Higgs branching ratios on the lightest
neutrino mass for the normal and inverted mass hierarchies. We have assumed a real mixing
matrix i.e. fixed Majorana phases to zero. The eµ and eτ channels have only vanishingly small
contributions for α1 = α2 = 0, but are increased for non-zero values of the Majorana phases. The
branching ratio to ee channel is a especially good characteristic for mass hierarchy determination
that varies greatly depending on the hierarchy and the neutrino mass. This branching ratio is
negligible for the normal mass hierarchy with very small mass while it is the dominant decay
channel for the inverted mass hierarchy. If the mass of the lightest state increases, both the
normal and inverted hierarchies have almost the same distribution of branching ratios, Φ±±
decay to ee, µµ and τ τ with nearly equal probabilities while the decays to other channels are
negligible. This indicates the degenerate masses.
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Figure 1: Distribution of the Φ++ leptonic branching ratios as a function of the lightest neutrino mass. The left
(right) panel corresponds to the normal (inverted) mass hierarchy.

4.2

Majorana phases

Determination of Majorana phases depends on the previously measured neutrino mass values.
Both for inverted spectrum or degenerate neutrino masses, Majorana phases strongly influence
the decay rates, especially to eµ and eτ channels.
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Figure 2: Distribution of the Φ±± leptonic branching ratios for normal (left) and inverted hierarchy (right).

4.3

Measuring Higgs triplet VEV

In theory, Higgs triplet VEV can also be determined using the data of Φ±± leptonic decays.
However, an additional experimental measurement is needed for that, e.g. probing Φ++ →
W + W + decays or measuring |(mν )ee | from the 0νββ experiments.
5

Conclusions

We have shown that the neutrino mass ordering, the lightest neutrino mass and the Majorana
phases can be measured at colliders by just counting the lepton flavours. We emphasize that
those are exactly these neutrino parameters which present neutrino oscillation experiments are
not sensitive to. Therefore collider tests of neutrino mass mechanism may provide a major
breakthrough in neutrino physics. One can actually fully determine the light neutrino mass
matrix from collider experiments and/or from the measurement of neutrinoless double beta
decay parameters. If the triplet Higgs turns out to be light enough to be produced at colliders,
neutrino physics may get an unexpected contribution from collider experiments.
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REHEATING IN AN EARLY SUPERSYMMETRIC UNIVERSE
ANNA KAMIŃSKA AND PAWEL PACHOLEK
Institute of Theoretical Physics, Faculty of Physics,
University of Warsaw, Hoża 69, Warsaw, Poland
Motivated by a recent discussion about the role of flat directions, a typical feature of supersymmetric models, in the process of particle production in the early universe a consistent
model of inflation and preheating in supergravity with MSSM fields has been built. It is based
on a model proposed by M. Kawasaki, M. Yamaguchi and T. Yanagida. In the inflationary
stage, the flat directions acquire large vacuum expectation values (VEVs) without spoiling the
background of slow-roll, high-scale inflation consistent with the latest WMAP5 observational
data. In the stage of particle production, naturally following inflation, the role of flat direction
large VEVs depends strongly on effects connected with the supergravity framework and nonrenormalizable terms in the superpotential, which have been neglected so far in the literature.
Such effects turn out to be very important, changing the previous picture of preheating in the
presence of large flat direction VEVs by allowing for efficient preheating from the inflaton.

1

Introduction

In order to properly describe inﬂation and particle production one has to consider the underlying
theory of particles and interactions. Supersymmetry is one of the most promising extensions of
the Standard Model (SM). One of the typical features of supersymmetric extensions of the SM
is the presence of ﬂat directions 1 - directions in ﬁeld space, along which the scalar potential
identically vanishes in the limit of unbroken global supersymmetry. Due to large quantum
ﬂuctuations or the classical evolution of ﬁelds during inﬂation ﬂat directions can easily acquire
large VEVs. Therefore, there is a natural question about the role of such large VEVs in the
process of particle production.
It was postulated 2 that large ﬂat direction VEVs inﬂuence the process of particle production
by blocking preheating from the inﬂaton - the phase of rapid, non-perturbative inﬂaton decay.
A simple toy model was proposed
V ⊃ Aϕ2 χ2 + Bmϕχ2 + Cα2 χ2 ,

(1)

where ϕ is the inﬂaton ﬁeld, α parameterizes the ﬂat direction and χ represents the inﬂaton
decay products (in this model a direction in Higgs ﬁelds has been considered). Then, after mode
decomposition of the ﬁeld χ, the energy of the mode with momentum k is given by:
ωk2 = k 2 + 2A hϕi2 + 2Bm hϕi + 2C hαi2 .

(2)

In general, non-adiabatic production of particles χk is eﬃcient only when ωk changes nonadiabatically
ω̇
(3)
|τ | ≡ 2 > 1 ↔ preheating,
ω

where the adiabaticity parameter τ is introduced. In the simplest model of inﬂation the epoch of
slow-roll of the inﬂaton VEV usually ends with oscillations of the inﬂaton VEV around the minimum of its potential which is connected with particle production. During classical preheating
ωk is dominated by the inﬂaton VEV and changes non-adiabatically due to inﬂaton oscillations.
In the presence of ﬂat directions however, ωk could be dominated by the large VEV of the ﬂat
direction. If this VEV changes very slowly in comparison with the evolution of the inﬂaton
VEV, non-perturbative production of χ particles is eﬀectively blocked.
However blocking of preheating from the inﬂaton does not occur when non-perturbative production of particles from the ﬂat direction itself is possible 3 . Then the initially large VEV of the
ﬂat direction decreases rapidly, unblocking preheating from the inﬂaton. This led to a discussion
4 5 6 7 about whether non-perturbative decay of ﬂat directions and preheating from the inﬂaton
is possible. The discussion did not consider any speciﬁc model of inﬂation and did not propose
any model of acquiring large VEVs by ﬂat directions.
The goal of our work 8 is to construct a consistent model of inﬂation and particle production in
a realistic supersymmetric extension of the SM, and consider in this speciﬁc model the behavior
of MSSM ﬂat directions. Therefore a realistic chaotic inﬂation model with two representative
ﬂat directions is constructed. In this speciﬁc model the process of acquiring large VEVs by ﬂat
directions and the impact of such VEVs on particle production is studied, including supergravity
eﬀects which have been neglected so far in literature. We ﬁnd that these eﬀects strongly inﬂuence
the process of particle production by introducing eﬃcient channels of non-perturbative particle
production both from the ﬂat direction and the inﬂaton. As a result the originally large ﬂat
direction VEVs are diminished, preheating from the inﬂaton is allowed and the energy density
of the Universe is dominated by the inﬂaton decay products.
2

The model

The inﬂaton sector 9 consists of two chiral superﬁelds
√
X = xeiβ ,
Φ = (η + iϕ)/ 2,

(4)

where ﬁeld ϕ is the inﬂaton ﬁeld. The choice of the Kähler potential and the superpotential
1
K ⊃ (Φ + Φ† )2 + XX † ,
2

W ⊃ mXΦ

(5)

solves the eta-problem and provides the chaotic-type inﬂaton potential V = 1/2 m2 ϕ2 during
inﬂaton domination. Two MSSM-ﬂat directions Hu Hd and udd parameterized by
1
Hd = √
2

χ
0

!

1
, Hu = √
2

0
χ

!

1
, χ = ceiκ , uβi = dγj = dδk = √ α, α = ρeiσ
3

(6)

are introduced in the model in the following way
!



a
K ⊃ 1 + 2 XX † Hu Hu† + Hd Hd† + ui u†i + dj d†j + dk d†k
(7)
MP l
√
λχ
3 3λα
2
(Hu Hd ) +
(ui dj dk νR ) .
(8)
W ⊃ 2hXHu Hd + WM SSM +
MP l
MP l
The non-minimal Kähler coupling scaled by a creates a potential for the ﬂat direction which
has a minimum at large ﬂat direction VEVs. This allows acquiring large ﬂat directions VEVs
by classical evolution during inﬂation. Parameter h scales the only renormalizable coupling
between the inﬂaton sector and the observable sector while λχ and λα scale non-renormalizable
terms for ﬂat directions in the superpotential and are used to control the position of the minima
of the scalar potential.

3

Classical evolution of fields

The classical evolution of ﬁelds during inﬂation is obtained numerically and shows that acquiring
large ﬂat directions VEVs during inﬂation is possible even starting with small initial values
δρ, δc ∼ H ∼ 10−5 MP l corresponding to the average size of quantum ﬂuctuations during
inﬂation. For a single ﬂat direction values ∼ 0.8MP l can be acquired during inﬂation, as can be
seen in Fig. 1. Both Hu Hd and udd cannot acquire simultaneously such large VEVs as in the
previous case because they are non-independent due to Yukawa couplings. With our choice of
couplings they can acquire simultaneously VEVs ∼ 10−3 MP l (Fig. 2), which are still large in
comparison with the Hubble parameter.
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Figure 1: Evolution of the field ρ during inflation for
λα = 10−7 and λχ = 1. Values on vertical axes are
expressed in Planck masses and time on horizontal
axes is expressed in the approximate number of efolds of inflation.
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Figure 2: Evolution of the field ρ during inflation for
λα = 1 and λχ = 1. Values on vertical axes are
expressed in Planck masses and time on horizontal
axes is expressed in the approximate number of efolds of inflation. Evolution of the field c is similar.

Excitations around VEVs and particle production

In order to study particle production excitations around classically evolving VEVs are considered
during inﬂaton oscillations. In particular the possibility of preheating into excitations of ﬁelds
belonging to multiplets related to both Hu Hd and udd directions is studied. For ﬁelds with
non-zero VEVs a non-linear parameterization of excitations is adopted
f ield =



 

i
ξ1
|V EV |
√
+√ e
n
2

ξ2
2|V EV |

arg(V EV )+ √



.

(9)

where n = 2 for Higgs doublets and n = 3 for squark triplets. After going to the unitary
gauge the evolution of the mass matrix eigenvalues and eigenvectors is considered in order to
check the possibility of non-perturbative particle production. As expected several channels of
preheating are initially blocked due to the large, slowly evolving ﬂat direction VEVs which induce heavy, adiabatically evolving mass matrix eigenvalues (Fig. 3). However also light mass
matrix eigenvalues appear. It can be understood remembering that in global SUSY without nonrenormalizable terms each complex ﬁeld parameterizing a ﬂat direction is connected with two
mass matrix eigenvalues which are equal zero, hence they do not contribute to non-perturbative
particle production. Introducing a scalar potential dependent on the ﬂat directions by supergravity eﬀects makes these eigenvalues naturally light and strongly dependent on the quickly
evolving inﬂaton VEV, which leads to the existence of very eﬃcient channels of preheating from
the inﬂaton (Fig. 4). Non-perturbative particle production from ﬂat directions into these channels is also allowed which leads to the rapid decrease of the ﬂat direction VEVs and unblocks
all other channels of preheating.
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Figure 3: Evolution of the adiabaticity parameter related to a heavy eigenvalue dominated by the flat direction VEV.
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Figure 4: Evolution of the adiabaticity parameter related to a light eigenvalue related to the flat direction
VEV.

Conclusions

Achieving large ﬂat direction VEVs through classical evolution during inﬂation is natural in a supergravity framework with non-minimal Kähler potential. Such large VEVs can block preheating
from the inﬂaton into certain channels. However supergravity eﬀects and non-renormalizable
terms, which create a potential for the ﬂat direction, are a source of light, rapidly changing
eigenvalues of the mass matrix. They allow the non-perturbative production of particles from
the ﬂat direction and preheating from the inﬂaton. Thus non-perturbative particle production
from the inﬂaton is likely to remain the source of preheating even in the initial presence of large
ﬂat direction VEVs.
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SCALAR DARK MATTER AND DAMA
S. ANDREAS
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A light scalar WIMP is studied in view of the recent results of the DAMA collaboration.
In a scenario where both the WIMP’s annihilation and its elastic scattering on nuclei occur
dominantly through Higgs exchange, a one-to-one relation between the WIMP’s relic density
and its spin-independent direct detection rate is established. The ratio of the relevant cross
sections depends only on the dark matter mass if the range allowed by the DAMA results
(m < 10 GeV) is considered. We show that if such a light scalar WIMP possesses a direct
detection rate compatible with DAMA, it naturally obtains a relic abundance in agreement
with WMAP. Indirect detection both with gammas from the Galactic centre and neutrinos
from the Sun opens possibilities to test this light dark matter scenario.

1

Introduction

The recent observation of an annual modulation in the nuclear recoil rate by the DAMA collaboration 1 can be reconciled with null results of other direct detection searches 2 for a spinindependent (SI) scattering cross section and dark matter (DM) mass in the ranges
3 × 10−41 cm2 . σpSI . 5 × 10−39 cm2

and

3 GeV . mDM . 8 GeV

(1)

when taking into account the channeling effect 3 . These results have already been studied in
various specific models 4,5,6,7 and are discussed in the following in view of a light scalar WIMP a .
For this DM candidate we also present the signature in indirect detection through gammas from
the Galactic centre (GC) 7 and neutrinos from the Sun 8 .
a

The WIMP relic density is determined by thermal freeze-out assuming a mundane, radiation dominated
expansion of the universe. We use general assumptions on abundance and velocity of the DM distribution in our
neighbourhood.

2

Light scalar Dark Matter

Assuming only one Higgs boson, such a scenario is of interest since for a light scalar DM candidate, a natural one-to-one relation between the annihilation cross section and the one for SI
scattering on a nucleon N arises as both processes occur in a Higgs-channel and connects the
DM abundance to the direct detection rate. The sole possible tree level annihilation process
(figure 1a) is through a Higgs boson in a s-channel into a pair of fermions, among which only
bb̄, cc̄ and τ τ̄ are relevant, since all other SM fermions have small Yukawa couplings b . The SI
elastic scattering occurs exclusively through a Higgs in the t-channel (figure 1b) and is induced
by the same DM-Higgs coupling.
The scalar DM candidate is introduced in the simplest way as a real scalar singlet S, odd
under a Z2 symmetry, by adding the four following renormalizable terms to the SM lagrangian:
λS 4
1
1
S − λL H † H S 2
(2)
L ∋ ∂ µ S∂µ S − µ2S S 2 −
2
2
4
√
with the Higgs doublet H = (h+ (h+iG0 )/ 2)T . The mass of S is thus given by m2S = µ2S +λL v2
where v = 246 GeV. In this model, the sole coupling which allows S to annihilate into SM
particles and to interact with nucleons is λL . For the annihilation and the elastic scattering
cross section (normalized to one nucleon), we obtain
2
λ2L mf
¯
(m2 − m2f )3/2
σ(SS → f f )vrel = nc
π m4h m3S S

σ(SN → SN ) =

m4N
λ2L
f 2,
π m4h (mS + mN )2

(3)
(4)

where nc = 3(1) for quarks (leptons) and vrel = (s − 4m2S )1/2 /mS is the centre of mass relative
velocity between both S. The
P factor f parametrizes the Higgs to nucleons coupling from the
trace anomaly, f mN ≡ hN | q mq q̄q|N i = ghN N v. Reflecting the uncertainty in f we consider
the range
0.14 < f < 0.66 with f = 0.30 as central value 6 . As for the Yukawa couplings c ,
√
Yi = 2mi /v, we consider the pole masses mb = 4.23 GeV, mc = 1.2 GeV and mτ = 1.77 GeV.
f = 0.14
f = 0.30
f = 0.66

f

S

f

S
S

S

b)

λL

h

a)

h
N

N
.

mS [ GeV ]

Figure 1: left: Higgs exchange diagrams for the DM annihilation (a) and scattering with a nucleon N (b).
right: The abundance is in agreement with WMAP (0.094 < ΩDM h2 < 0.129) between the black solid lines. Direct
detection constraints are met in the regions surrounded by the red lines for f = 0.14 (dotted lines), f = 0.30
(solid lines) and f = 0.66 (dash-dotted lines). (mh = 120 GeV)

b
c

Annihilation through the SM Z boson is excluded because the DM would contribute to the Z invisible width 9 .
We neglect the effects of the running of the Yukawa couplings which are expected to be quite moderate.

3

DAMA and WMAP

In function of the two free parameters mS and λL and for a Higgs mass mh = 120 GeV, we
check whether or not agreement with both experiments can be obtained. For the parameter space
between the two black lines (figure 1), the relic density, computed with micrOMEGAs 11 , with
respect to the critical density lies within the WMAP density range 0.094 < ΩDM h2 < 0.129 10 . In
the red regions σpSI and mS are in agreement with DAMA and allowed by other direct detection
experiments 3 (taking into account the channeling effect d ). We find that the regions of mS and
λL which are consistent with WMAP and direct detection constraints nicely overlap e . For the
central value f = 0.30, the overlap ranges over mS ≈ 6 − 8 GeV while for 0.14 < f < 0.66
regions overlap for 3.5 GeV < mS < 8.4 GeV. For f smaller than 0.20 no overlap exists.
Those results are shown for mh = 120 GeV but agreement may be obtained for other Higgs
masses provided the ratio λL /m2h is kept fixed, typically at a value λL /m2h ≃ 10−5 GeV−2 . To
keep the result perturbative (λL . 2π) we need that mh . 800 GeV.
4

Indirect Detection and LHC

For the parameter range of interest, we make predictions regarding possible indirect detection
from DM annihilation through gamma rays from the GC and neutrinos from the Sun.
The gamma fluxes from the GC for a NFW profile are shown in figure 2 for three parameter
sets consistent with DAMA and WMAP and mh = 120 GeV. Since those gammas have an energy
in the range of the EGRET (and the forthcoming FERMI/GLAST) data we give for comparison
the flux seen by EGRET 15 . The predicted flux is of the same order of magnitude and may even
be larger than the one observed. We have however refrained from putting constraints on model
parameters, given the large uncertainties on the DM density at the GC.
Dark matter which has been captured in the Sun 12 annihilates and produces neutrinos that
can be observed at the Earth after converting into muons close to the detector volume. The
expected flux of neutrino induced muons from the Sun for mh = 120 GeV is presented in figure 2
together with the WMAP and DAMA regions from figure 1 as well as the CDMS and XENON
limits. With our horizontally from higher 14 to lower DM masses conservatively extrapolated
Super-Kamiokande sensitivity f (blue line) it can be seen that Super-Kamiokande is potentially
able to test the light scalar DM and a part of the DAMA allowed region (3 − 4.8 GeV) 8 .
Additionally, in this framework, the Higgs boson is predicted to be basically invisible at
LHC for mh = 120 GeV. The large coupling to the Higgs leads to its large decay rate into a
pair of scalar WIMPs, e.g. for mS = 7 GeV, BRh→SS = 99.5 % for λL = −0.2, mh = 120 GeV
and BRh→SS ≃ 70 % for λL = −0.55, mh = 200 GeV 7 .
5

Conclusions

Light scalar DM has a one-to-one relation between SI direct detection rate and relic abundance
since both processes occur in a Higgs channel. We show that this model can at the same time
give the correct WMAP abundance and account for the DAMA results without contradicting
other direct searches. The presented signatures in indirect detection show potential to further
test this model. Gamma rays from the GC might be in reach of the upcoming FERMI/GLAST
d

There is no region allowed by all experiments if no channeling effect is assumed.
A DM mass in the relevant range demands some fine tuning, which is in our opinion not unbearable nor
surprising, given the minimal number of parameters of the model. To obtain the quite large SI cross section
needed to fit the DAMA data a large, albeit still perturbative coupling is required.
f
The low energetic neutrinos from light DM might be observed with Super-Kamiokande if its sensitivity is
extended down to 2 GeV by including stopped, partially contained or fully contained muons 13 .
e
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E2 dφγ /dE [ cm−2 s−1 GeV ]

10

8

10

9

10

mS = 5.75 GeV; λL = −0.28
mS = 6.95 GeV; λL = −0.21
mS = 8.15 GeV; λL = −0.17
1

10

0

10

Eγ [ GeV ]

1

10

mS [ GeV ]

Figure 2: left: Flux of gammas from DM-annihilation at the GC for three examples of mS , λL consistent with
DAMA, compared to EGRET data (red crosses). right: Expected neutrino induced muon flux (log 10 φµ ) from the
Sun, for 2 GeV neutrino energy threshold, together with estimated Super-Kamiokande sensitivity conservatively
extrapolated to light WIMPs (blue line, sensitive below), XENON and CDMS exclusion limits (white lines, from
left to right), DAMA (magenta dashed lines) and WMAP (black lines) regions.

satellite and Super-Kamiokande might set constraints through neutrinos from the Sun. A striking consequence for LHC Higgs searches is the severe reduction of the visible branching ratio.g
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The results discussed here apply for any scalar DM model (like the inert doublet or Higgs portal models) for
which annihilation and SI scattering would be dominated by the diagrams of figure 1a,b. For a fermionic DM
candidate we find that other channels must be present in order to match the WMAP and DAMA observations 7 .

Anti-gravity and/or dark matter contributions from massive gravity
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CP225, boulevard du Triomphe, B-1050 Bruxelles, Belgium

Recently, the static spherically symmetric solution of the gravitational field equations have
been found in theories describing massive graviton with spontaneous breaking of the Lorentz
invariance 1 . These solutions, which show off two integration constants instead of one in
General Relativity, are discussed. They are candidates for modified black holes provided they
are stable against small perturbations. These solutions may have both attractive or repulsive
behavior at large distances. Therefore, these modified black holes may mimics the presence
of dark matter or be a source of anti-gravity.

1

Introduction

General Relativity describes the gravitational interaction through the exchange of massless particles, the gravitons. But could Einstein’s theory be generalized as to describe massive graviton?
Since the original work of W. Pauli and M. Fierz 2 in 1939, the attempts to answer this question
have spark off lots of attention, and still the debate is far from being closed (for a review on
the subject, see Rubakov et al. 3 ). Apart from the theoretical challenge in modifying Einstein’s
theory, recent advances in observational cosmology 4 has revived interest in large scale modifications of General Relativity. Theories of massive gravity, describing massive gravitons, belong
to this category.
Interestingly, on galactic and cosmological scales, the predictions of General Relativity theory
actually do not agree with observations; the agreement is only achieved after the introduction of
the otherwise undetected dark matter and dark energy. Yet, another explanation to these dark
paradigms may be possible: the law governing gravity on large scale could be different from
expected a . Hence, in parallel with the direct searches for the dark components, alternatives to
General Relativity should be explored.
a

A combination of both explanations might also be needed.

From a phenomenological point of view, it is legitimate to study massive gravity since the
constraints on an hypothetical graviton mass are much weaker than those on massive photon 5 .
Indeed, up to now gravitational waves have not been directly observed, although the secular
decrease of orbital period of binary pulsars has been shown to be compatible with the emission
of gravitational wave as predicted by General Relativity 6 . The constraints on the graviton mass
are even lower for theories 7 in which the Lorentz invariance is spontaneously broken. These
models are motivated by the consistency problems that arise when trying to define a Lorentz
invariant theory of massive gravity 8 . In the context of Lorentz breaking massive gravity, the
coherence between General Relativity and the observations requires the graviton mass to be
smaller than the inverse period of orbital motion of binary pulsars 9
m . 10−19 eV ∼ 1015 cm

−1

.

Indeed, because of the absence of Lorentz invariance, Newton’s potential remains unmodified in
the linear approximation despite the non-vanishing graviton mass. The Solar System constraints
are therefore satisfied for rather large graviton mass.
2

The model

The model under consideration is given by the following action 10
S=

Z

i
√ h
d4 x −g −M2pl R + Lm + Λ4 F X, W ij .

The first two terms comprise the usual General Relativity action; they are the curvature and
the Lagrangian of the minimally coupled ordinary matter. The third term is a new contribution
describing four scalar fields φ0 and φi (with i = 1, 2, 3), through the following variables
g µν ∂µ φ0 ∂ν φ0
X=
Λ4

, W

ij



∂ µ φ0 ∂ ν φ0 ∂µ φi ∂ν φj
µν
= g −
,
Λ4 X
Λ4

where Λ is a UV cutoff. The four scalar fields are known as Goldstone fields since their spacetime dependent vacuum expectation values break spontaneously the Lorentz invariance of the
model. It has the form
gµν = ηµν , φ0 = Λ2 t, φ0 = Λ2 xi ,
while keeping the invariance under three dimensional rotations intact. It is worth noting that
the way these four scalar fields break the Lorentz invariance is not fundamentally different from
the way the CMB actually breaks it. Indeed, any observer could determine his motion with
respect to the CMB by studying the CMB dipole, and there is only one reference frame which
is at rest with respect to the CMB.
Models of massive gravity described by the previous action are free of the usual pathologies
that plague Lorentz invariant massive gravity. Despite the fact that they have massive gravitons,
these theories have a very interesting phenomenology. For example, the prediction of these
models concerning the growth of perturbations in the post-inflationary Universe are compatible
with General Relativity’s predictions 11 . Moreover, the density perturbations could even grow
faster in these models than in the Einstein’s theory. Another interesting feature is the presence
of an instantaneous interaction 12 . Finally, contrary to what General Relativity predicts, black
holes seems to posses hairs in Lorentz breaking massive gravity 13 .

3

Exact spherically symmetric solutions

The exact spherically symmetric solution, or Schwarzschild solution, plays a central role in
General Relativity. First, it describe the metric outside of spherical non-rotating bodies. In
its weak field limit, this solution reduce to Newton’s potential. Second, this solution describe
black holes. Interestingly, the Schwarzschild solution is modified in Lorentz-violating massive
gravity 1 . Indeed, consider a toy model characterized by the following function




λ
1
3
F = c0
, wi = Tr W i ,
w1 − 3w1 w2 − 6w1 + 2w3 − 12
+ w1 −
X
12

where c0 and λ are dimensionless constants. This function has been chosen in such a way that
the resulting equations are solvable analytically b . Then, the metric part of the solution reads c


MG
dr2
S
ds2 = (1 + 2Φ) dt2 −
− r2 dΩ2 , Φ = −
+ λ .
1 + 2Φ
r
2r

This solution depend on two integration constants, M and S, instead of one in Einstein’s theory.
For S = 0 this solution reduce to the usual Schwarzschild solution describing a black hole of
mass M. Therefore, the “scalar charge” S is responsible for a modification of the geometry as
compared to General Relativity. The behavior of this solution is determined by the value of the
two integration constants and by the value of λ. Taking λ > 1 will guarantee that the new term,
proportional to S, dominates at small distances while the usual Schwarzschild term dominates
at infinity. Then, the mass measured by an observer who believes in General Relativity will
converge to M at infinity.
Both terms in the potential are singular at the origin. Therefore, the physical solutions are
those with an horizon to hid the singularity. The presence of an horizon depends on the relative
value of M and S. If |S| ≡ s−λ , the existence of an horizon requires that
λ
sM ≥
2GN



1
λ−1

 λ−1
λ

.

(1)

The two charges M and S are determined by matching the exterior solution to the interior one,
which depends of the object under consideration. For a static star made of usual matter, it is
possible to show that M is actually the mass of the star while S = 0. It remains an open question
how objects (e.g., black holes) with S 6= 0 can be created. But it is conceivable that a non-zero
scalar charge may be acquired during the gravitational collapse.
Still, there are two interesting different types of solutions depending on the value of these
charges. The first type is characterized by M > 0 and S < 0. These solutions, shown in Fig.1-(a),
are attractive all the way to the horizon. Since the gravitational potential deduced from them
increases slower than in the Einstein’s theory, they induce a gravitational force which decreases
slower than in General Relativity. Therefore, these solutions may mimic the presence of dark
matter.
The second type of solutions, shown in Fig.1-(b), are those which show an anti-gravitating
behavior. They are characterized by M < 0 and S > 0. These solutions are attractive below
a certain distance, and become repelling at larger distances since their potential is decreasing
b
c

Another example is discussed in Bebronne et al. 1 by solving numerically the equations of motions.
For this solution, the scalar fields are given by
„
«–1/2
»
Z
dr
S λ−1
and φi = Λ2 xi .
+1
φ0 = Λ2 t ± Λ2
1 − g00
2
λ+2
g00
c0 m r

2Φ

2Φ

rH

0
−1

r

0

rH

r

−1

(a)

(b)

Figure 1: Newton’s potential for two different choices of the integration constants. Fig. (a) correspond to M > 0
and S < 0 while Fig. (b) represents solution with M < 0 and S > 0. The dashed curves are the usual Newtonian
potential corresponding to the Schwarzschild solutions of General Relativity.

then. It is worth noting that in General Relativity only positive value of M make sense. Indeed, for M < 0 the Schwarzschild solution posses a naked singularity at the origin which is
physically unacceptable. Moreover, the conventional matter satisfies the null energy condition
which ensures that any compact spherically-symmetric matter distribution has a positive mass.
None of these arguments goes through in the case of massive gravity. Indeed, a singularity with
a negative mass could still be hidden by an horizon provided that the condition (1) is satisfied. The positivity of energy is also not expected in massive gravity, since the vacuum breaks
the invariance under time translations. In massive gravity, only the combination of the time
translations with the shifts of φ0 by a constant remains unbroken.
These solutions show a richer phenomenology than the one predicted by General Relativity.
Still, there are several open question about them. For example, one has to check that these
solutions are stable against small perturbations, otherwise the black hole interpretation will not
be possible. Another open question concern the possibility of having a non zero scalar charge.
These questions, among others, deserve further studies.
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