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The XLVth 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
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strong interactions was added.
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thorough and detailed discussion of the contributions.
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parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond
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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.
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• March 13 - 20: “QCD and High Energy Hadronic Interactions”
• March 13 - 20: “Cosmology”

We thank the organizers of the XLVth Rencontres de Moriond:
• A. Abada, J. Conrad, S. Davidson, P. Fayet, J.-M. Frère, P. Hernandez, L. IconomidouFayard, P. Janot, M. Knecht, J. P. Lees, S. Loucatos, F. Montanet, L. Okun, A.
Pich, S. Pokorski, D. Wood for the “Electroweak Interactions and Unified Theories”
session.
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1.
The Higgs at TeVatron

Higgs production — Higher orders and finite top mass effects
Robert Harlander
Fachbereich C, Bergische Universität Wuppertal, 42097 Wuppertal, Germany
The current status of theory predictions for the main Higgs production processes at the Large
Hadron Collider is reviewed. Emphasis is on the production through gluon fusion as this is
the dominant mode and has the largest perturbative corrections. A recent validation of the
heavy-top limit is discussed. Also for Weak Boson Fusion, Higgs Strahlung, and associated
production with heavy quarks, the most recent and most important theory developments are
recalled.

1

Introduction

The search for the Higgs boson has driven many theoretical and experimental developments. For
example, the exceptionally large size of radiative corrections for the dominant gluon fusion process (more than 100% at the Tevatron) was one of the main motivations to establish systematic
treatments of NNLO corrections.
The first significant sensitivity of the Tevatron to possible Higgs signals and the beginning
of data taking at the LHC naturally has created even more excitement in the physics community
for providing the most precise and the most reliable theory predictions.
In this review we will focus on the status of and recent achievements in perturbative calculations for hard scattering processes concerning Higgs production at hadron colliders.
2
2.1

Gluon Fusion
Theory prediction

Gluon fusion is among the few hadron collider processes that are being studied at NNLO accuracy.
The milestone contributions on the way to the current status are as follows:
• In the late seventies, the important role of this process was pointed out and the leading
order cross section was provided.1
• In the early nineties, the NLO result for the total inclusive cross section was first calculated2,3 using the heavy-top approximation. The corrections were found to be uncomfortably large, leading the experimental community quite often to stick to LO cross sections
in their analyses in order not to be over-optimistic.
The full NLO calculation4 showed that the heavy-top limit is accurate to better than 2%
for MH < 2Mt . Even at MH = 800 GeV, the agreement is of the order of 10%. Note that
this result4 is valid for arbitrary quark mass and therefore also allowed to include bottom
loop effects through NLO.

• The NNLO result5,6,7 in the heavy-top limit lead to a significant reduction of the (relative)
renormalization and factorization scale dependence, and to an apparent stabilization of
the perturbative series. The validity and accuracy of the heavy-top limit at NNLO will be
discussed in more detail in Section 2.2.
It might be worth pointing out that the NNLO corrections increase the prediction of total
inclusive cross section at the Tevatron by roughly a factor of three w.r.t. LO. The 95% CL
exclusion limit8,9 would therefore be way out of reach without the proper theory prediction.
The following effects are numerically smaller, but nontheless very important conceptually:
• The large radiative corrections suggest to pinpoint the source of the dominant effects and
to try to resum them. For example, the soft gluon effects were treated in this way,10 but
the overall effect, even at LO and NLO, was found to be rather small. Another suggestion
for the dominant source of the large corrections was the transition of the space-like to the
time-like gluon form factor which will be discussed in more detail below.
• Electro-weak corrections were evaluated first for Higgs masses below the top quark threshold.11 The result exhibits unphysical spikes at the weak gauge boson thresholds, leading to
a 9% correction at MH = 2MW , for example. These artefacts are significantly smoothened
by including finite W - and Z-boson width effects12 with the help of the complex mass
scheme. The latter result includes effects from top quarks and is thus valid also for large
MH . The full electro-weak correction factor varies rapidly around the weak boson and top
quark thresholds, changes from its maximum value of about 6% down to −2% between
MH = 150 GeV and MH = 200 GeV, and assumes its minimum of −4% at the top quark
threshold.
• The electro-weak correction factor was evaluated strictly speaking only relative to the LO
cross section. The question arises whether one may expect similar effects also at higher
orders. At the Tevatron, where, as pointed out above, the QCD corrections give roughly
a factor of three, the assumption of completely factorizing electro-weak corrections would
therefore lead to a 3×6% = 18% effect relative to the LO cross section. This issue has been
addressed by calculating the electro-weak/QCD effects, albeit in the limit MH < MW .13
The result indeed suggests that factorization of the electro-weak and the QCD corrections
is a good approximation.
• Up to this point, the discussion was on the total inclusive cross section only. However, in
experimental analyses, differential quantities are needed, and re-weighting of LO distributions by inclusive K-factors is not an approximation whose uncertainty can be estimated in
a systematic way. Distributions in the related process H+jet14 have been available through
NLO for quite some time already,15,16,17 but they do not allow for a proper description of
low-pT Higgs bosons. This requires a true NNLO Monte Carlo which takes into account
the purely virtual effects. Two of these programs are available,18,19 based on completely
different methods.20,21 They are already being used by the experimental collaborations in
order to determine the theoretical uncertainty of the differential cross section.8,22
Latest combinations, theory uncertainties. A careful combination of all these effects for
the Tevatron has been obtained23,13 and used in the corresponding data analyses.8,9 Of course, a
delicate issue is to determine the overall uncertainty on the theory prediction. One of the main
sources are the missing higher order corrections which are usually estimated from the residual
dependence on the renormalization and the factorization scale. However, there is clearly a large
amount of freedom in this procedure, arising from (a) the choice of the central values and (b)
the size of the allowed interval.

Another important source of uncertainty are the parton densities. Basically all modern
PDF sets provide the possibility to evaluate errors induced by the data used to determine the
fits. However, there are still quite large variations between different sets. A large part of this
difference may be attributed to different values of αs (MZ ) that are associated with the individual
sets. It is currently indeed an intensively debated issue whether αs should be a fit parameter
in the PDF determination, or whether its value should be fixed according to the world average.
The latter viewpoint may be preferable due to the large amount of very precise data from e+ e−
collisions that allow to determine αs (MZ ) with high precision24 but have no influence whatsoever
on the PDF fit. On the other hand, fixing αs (MZ ) may lead to an artificial tension in the PDF
fits.
In a contribution to this conference, another account of all relevant theory errors was
presented,25 leading to a rather pessimistic conclusion concerning Tevatron’s sensitivity on a
Standard Model Higgs. For discussions like that, it would be very helpful to explicitely see the
impact of the theory error on the Higgs exclusion limits.
π 2 resummation. As mentioned above, the dominant source of the large radiative corrections
is an issue that is still not solved with absolute certainty. Apart from soft gluon radiation, it
was suggested that by a proper factorization of the relevant kinematical scales and the choice of
a complex renormalization scale µR , one achieves a much better convergence of the perturbative
series. π 2 terms resulting from terms of the form ln2 (−µ2R /MH2 + i0)|µ2 =M 2 = −π 2 are then
H
R
absorbed into the coupling constant. Setting αs (MZ2 ) = 0.118, one obtains αs (−MZ2 − i0) =
0.112 − 0.025i at 1-loop accuracy, for example. As a result, one finds a significant improvement
of the perturbative behavior of the total inclusive cross section, but the final prediction is
compatible with the fixed-order NNLO QCD result within the estimated theory errors.26
Resummation. It is well-known that regular perturbation theory breaks down in certain regions of phase space. For example, the pT distribution of the Higgs boson cannot be predicted
reliably down to small values of pT without resummation. Therefore, apart from the resummation of soft contributions to the inclusive cross section10,27,28,29 , resummations for pT and
rapidity distributions have been considered.30,31,32,33,34 A few years ago, a comparison of various
approaches dealing with the low-pT region has been performed,35 and large deviations between
the results from systematic resummation and Monte-Carlo approaches were found.
2.2

1/Mt corrections

As mentioned above, the heavy-top limit is observed to approximate the full result at the percent
level at NLO. However, this approximation alone does not provide a way to test its accuracy,
and so it has been an issue over the last few years whether one can expect the approximation
to work similarly well also at NNLO.
One way to answer this question is to evaluate higher order terms in 1/Mt to the total
inclusive cross section. Technically, this can be done by applying asymptotic expansions in the
limit Mt ≫ MH , ŝ. A delicate issue becomes immediately clear, however: at both the Tevatron
and the LHC, the partonic c.m.s. energy becomes much larger than Mt , thus invalidating the
inequality above. The result for the partonic cross section will be valid only below the top quark
threshold, ŝ ≤ ŝthr = 4Mt2 , which seems insufficient since ŝ is integrated over from MH2 to the
(square of the) hadronic c.m.s. energy.
Note that this is true already in the actual heavy-top limit which corresponds to the lowest
order term in the 1/Mt expansion. However, while this term remains finite as ŝ → ∞, the higher
orders in 1/Mt exhibit a power behavior in ŝ.

The parton density flux strongly suppresses the numerical contribution above the top quark
threshold, and that is the main reason why the heavy-top limit works so well. Going to higher
orders in 1/Mt , however, the suppression by the parton densities is overcompensated by the
power divergence at large ŝ, and therefore, not only the partonic but also the hadronic cross
section goes haywire.
This observation was already made at NLO.36 But it was found that, like the leading terms,
also the 1/Mt2 term of the gg sub-channel does not exhibit an ŝ divergence. This is in contrast
to the gq and the q q̄ channel.a
The message to be taken from these considerations is as follows:
• The plain 1/Mt expansion of the partonic cross section is invalid above the top quark
threshold, i.e. for ŝ > 4Mt2 .
• By far the dominant numerical contribution to the hadronic cross section comes from the
region below the top quark threshold.
• As long as there are no artificial ŝ divergences in the 1/Mt expansion, the parton densities
suppress the contributions above the top quark threshold, leading to a reasonably precise
prediction of the total hadronic cross section.
In order to obtain a numerically reliable result, one therefore needs to eliminate the ŝ divergence
above the top quark threshold, but keep the correct form of the partonic cross section below.
Two groups have presented results that obey this requirement: one of them37 has been
reviewed at the “QCD session” of the Rencontres de Moriond 2010. Here, we will describe the
second approach.38 Let us stress that, although the analytical calculations are based on different
methods, and the large-ŝ problematic described above has been solved in different ways, both
the analytical and the numerical results of both groups are in excellent agreement.
An important additional ingredient in both methods38,37 was the knowledge of the strict
limit ŝ → ∞ of the partonic cross section which was known for the (numerically dominant) gg
channel through NNLO.39 At NLO, σ̂(ŝ → ∞) tends to a constant, while at NNLO, its behavior
is logarithmic. The idea is then to match the result below the top quark threshold (which is
properly described by the 1/Mt approximation) to this limit at ŝ = ∞. Clearly, there is a
large amount of freedom in doing so. In our approach38 we further expanded the coefficients
of (MH /Mt )n around ŝ = MH2 (in fact, the integrals were directly evaluated in terms of this
expansion). This series is expected to converge for ŝ ≤ 4Mt2 , exactly the range where the 1/Mt
expansion is valid itself. But note that this expansion cannot exhibit power singularities in ŝ,
because its ŝ dependence is of the form (1 − MH2 /ŝ)n , and thus it tends to a constant as ŝ → ∞.
This allows the parton densities to suppress the contribution above threshold. It is then no
problem to add an extra term to the partonic cross section that ensures the correct behavior39
at ŝ → ∞.
The result of these calculations is indeed very comforting: first of all, the procedure described
above perfectly reproduces the exact NLO result, both at the hadronic and at the partonic
level. This provides additional assurance on the NNLO result obtained in the same manner.
Most importantly, however, the inclusion of the higher order terms in 1/Mt alters the hadronic
prediction for the total inclusive cross section by less than 1% which is well within the variation
due to the renormalization/factorization scales and the PDFs.
Meanwhile, this analoguous analysis has been extended to the numerically suppressed quark
initial states,40 with the same overall conclusion that the heavy-top limit is valid to 1% accuracy.
The conclusion is therefore that the theoretical uncertainty due to the use of the heavy-top
limit for the gluon fusion cross section practically has been eliminated. These analyses do not
a

At O(1/Mt4 ), all sub-channels contain ŝ2 divergences.

allow to draw a quantitative conclusion for the differential results as obtained from NNLO Monte
Carlo programs18,19 though. In order to do so, one would have to include 1/Mt terms in these
approaches.
2.3

Gluon fusion in supersymmetry

In a large part of the SUSY parameter space, gluon fusion remains the production process with
the largest cross section. The higher order QCD corrections performed for the SM can be used for
SUSY as well, of course, but in general one will have to take additional effects into consideration.
For example, the bottom quark loop mediated gluon-Higgs coupling can be significantly more
important than in the SM due to a tan β enhanced bottom Yukawa coupling. The heavy-quark
approximation is clearly not applicable in this case, so the knowledge of the exact NLO result4,41
is much more crucial than in the SM.
In addition, the SUSY partners will contribute to the gluon fusion cross section. The Feynman
diagrams containing only squarks and gluons have been calculated in a similar fashion as the
SM quark part.42,43,41 However, since the squark-Higgs coupling is governed by the quark mass
(rather than the squark mass), one needs to take into account gluino effects which lead to
diagrams which, apart from the gluino, contain both the quark and its superpartner. Technically,
due to the presence of up to five different scales (MH , M̃g , M̃q1 , M̃q2 , Mq ), these diagrams are
more involved than those containing only quarks or squarks and gluons. For the top sector, one
may construct an effective Lagrangian similar to what has been done in the SM. The Wilson
coefficient can be calculated analytically,44,45,46 while all other QCD corrections are identical to
the SM case, because the effective operator is the same. In fact, this allows one to derive a very
reliable estimate also for the NNLO QCD corrections 47 induced by the SUSY top sector.
Due to supersymmetry, taking the limit of M̃g → ∞ in the NLO SUSY-QCD results leads to
terms ∼ ln M̃g which can be absorbed into the quark- and squark-Higgs coupling constants at
the price of giving up the SUSY relation between them.48
Meanwhile, a result for general quark/squark/gluino masses has been presented in fully
numerical form.49 Of course, it agrees well with the effective theory result44,45,46 for the SUSY
top sector, but it is also valid for the SUSY bottom sector, where an effective Lagrangian approach
is not yet available.
2.4

Pseudo-scalar Higgs

The MSSM contains three electrically neutral Higgs bosons. The results based on effective
theories mentioned above are strictly valid only for Higgs masses below 2 min(Mt , M̃t , M̃g ). This
is certainly true for the lightest MSSM Higgs (whose mass is known through O(αs2 ) in terms of
the free SM and SUSY parameters50,51,52,53 ), but not necessarily for the heavy CP even and the
CP odd Higgs boson H and A. Nevertheless, in the regime where the effective Lagrangian is
valid, NNLO QCD 54,55 and NLO SUSY-QCD 56 corrections have also been calculated for the CP
odd Higgs boson.
3

Weak Boson Fusion

Ever since it was pointed out that the signal structure in Higgs production through weak boson
fusion (WBF) provides the possibility to discover the Higgs boson in this channel,57,58,59 it has
been studied in ever more great detail. In this review, we focus on the theory prediction for
the cross section. The total inclusive NLO result has been known for a long time,60 but, as
indicated above, in order for WBF to be a discovery mode, it is crucial to control the jet rapidity
distributions as precisely as possible.

Fortunately, the radiative corrections are almost completely given by DIS-like corrections,
where there is no color exchange between the scattering quarks. Using this, the NLO QCD corrections have been calculated 61,62 and implemented in partonic Monte Carlo programs (VBFNLO63 ,
MCFM64 ). It was explicitely shown that u- and t-channel interference terms – these are the ones
that induce color exchange – can safely be neglected.65 The electro-weak corrections turn out to
be quite sizable:65 when the typical WBF cuts are applied, the electro-weak effects can in fact
be several times larger than the QCD corrections, and of opposite sign.
Even higher order effects have been studied, but they all turn out to be rather small: electroweak/QCD interference terms,66,67 and NNLO QCD corrections induced by gluonic initial states.68
For the inclusive cross section, the DIS-like NNLO corrections are also available.69
4

Higgs Strahlung

The process of Higgs production in association with a weak gauge boson has an interesting
history. For the Tevatron, it used to be considered the most important discovery channel for lowmass Higgs bosons70 (below about MH = 120 GeV). However, the required b-tagging efficiency
could not be reached, so that now the sensitivity in the low mass region is not as good as around
the W threshold where the 95% exclusion limit was claimed.
On the other hand, at the LHC, the Higgs Strahlung process used to be considered as marginal
for Higgs searches. This has changed with the idea of using highly boosted Higgs events and jet
sub-structure in order to separate the Higgs signal from the background.71
Theoretically, the total inclusive cross section can be considered to be under good control: the
NLO corrections are entirely given by a convolution of the Drell-Yan process for the production
of an off-shell weak gauge boson, and the decay rate of this virtual particle into a real gauge
boson and the Higgs.72,73 These NLO results are available in terms of numerical codes.74,64
Also the NNLO corrections have been evaluated on the basis of the numerical code for DrellYan production.75 However, for HZ production, in addition one needs to take into account
gluon-initiated contributions where the Higgs and the weak gauge boson are both radiated off
a top quark loop. The NNLO terms were found to reduce the renormalization and factorization
scale dependence significantly.
Similarly to the WBF process, the electro-weak corrections were found to be sizable also for
Higgs Strahlung. The combination76 of NNLO QCD and electro-weak effects carries the usual
uncertainty arising from the choice between “no factorization” (δ = δEW + δQCD ) and “complete
factorization” (δ = (1 + δEW )(1 + δQCD ) − 1).
As mentioned before, in order to fully exploit the discovery potential of this process, one
needs to apply appropriate kinematical cuts. For this reason, a fully differential study of this
process is desirable, but currently it exists only through NLO.77,78,64
5

Associated Higgs production with heavy quarks

Associated production of a Higgs and a tt̄ pair used to be considered an important process for
Higgs discovery at the LHC.79 However, the current status is such that statistical errors will not
allow one to extract a confident signal from the background.80
Nevertheless, once the Higgs mass is known, the tt̄H process will provide a good possibility
to directly measure the top Yukawa coupling. Theoretically, the process is considered to be
under good control, because the NLO QCD corrections depend only weakly on the unphysical
renormalization/factorization scales.81,82
From the structure of the Feynman diagrams it is clear that the results for the tt̄H cross
section can be generalized to the bb̄H process so that also in this case the NLO QCD corrections
are available.83,84 Depending on the value of tan β, this process can be the dominant Higgs

production mode at the LHC. It was shown that the electro-weak and the SUSY corrections to
this process are approximated well by an improved Born approximation.85
However, it has been argued that logarithms of the form ln(m2b /MH2 ) which arise from the
integration over the collinear regions of the bottom quark momenta may spoil the convergence of
the perturbative series.86,87,88 Due to their collinear nature, these logarithms may be resummed
in the total inclusive cross section by absorbing them into the proton structure, leading to the
introduction of bottom quark density functions. Instead of gg → bb̄H being the leading order
process, it then becomes bb̄ → H. The two approaches are referred to as the 4-flavor and the
5-flavor scheme (4FS and 5FS), according to the number of quark flavors that are considered as
proton constituents.b A comparison of the cross sections obtained in the two approaches shows
that they agree only for rather low factorization scales, µF ≈ MH /4. This value can in fact be
understood from a careful study of the pT distribution of the b jets.89,90
In a well-behaved perturbative expansion, the issue of choosing the “appropriate” scale
becomes irrelevant at higher order, of course. This is indeed observed in the 5FS cross section
which is known through NNLO. The factorization/renormalization scale dependence becomes
very weak, and the value of the NNLO cross section agrees very well with the LO prediction
evaluated at µF = MH /4, thus supporting the arguments that lead to this scale choice.
An open issue here is the estimate of the true theoretical uncertainty which, for Higgs masses
above about 200 GeV, turns out to be much larger in the 4FS than in the 5FS. A reliable and
generally accepted recipe for combining the two approaches would be very helpful in this respect.

6

Backgrounds

Background calculations to Higgs production processes have received a lot of attention in the
recent past. In fact, the necessity of reliable background predictions has triggered the development of a number of very powerful new methods for the treatment of general NLO corrections.
The most important aspects in this field are the algorithmic, fast, and numerically stable evaluation of one-loop multi-leg Feynman amplitudes, the efficient extraction of the soft and collinear
divergences from the real radiation contributions, and the consistent and general combination
of NLO hard scattering contributions with parton showers. For reviews of the methods and a
list of available results, let us refer to some recent reviews91,92 at this point.

7

Event generators

Almost everything in this proceedings contribution was concerned with purely the hard scattering processes. However, in order to relate the theory prediction closer to experiment, Monte
Carlo event generators including soft radiation via parton showers are usually preferred. As
already mentioned in the previous section, the progress towards a systematic treatment of a
consistent matching between NLO fixed-order calculations and parton showers has been impressive over the last few years. In particular, for the most important Higgs production modes,
NLO Monte Carlo event generators are available.93,94,95 With the algorithmic approaches being
available and others possibly being worked out, it is to be expected that the number of available
programs and processes will increase further in the future.
b

In fact, almost all modern parton density sets use the 5-flavor scheme as their default. A 4-flavor set of parton
density functions is needed in order to evaluate the cross section for the process gg → bb̄H consistently though.
In the following, this issue will be neglected.

8

Conclusions

In this write-up, we have tried to recollect the status of higher order theory predictions for
Higgs production cross sections. We have given an account of the main theoretical milestones
towards the current knowledge of the total and differential cross sections for gluon fusion. As
indicated in the title of this talk, we have briefly reviewed recent progress in validating the
heavy-top limit, one of the most important approximations made of the this process. Finally,
we have outlined the effect of supersymmetry on the gluon fusion process and the corresponding
radiative corrections.
Furthermore, the theory status for the Weak Boson Fusion and the Higgs Strahlung process
was given, as well as for the associated production of a Higgs boson with heavy quarks.
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SEARCHES FOR LOW MASS HIGGS BOSONS AT THE TEVATRON
WADE FISHER for the CDF and DØ Collaborations
Department of Physics and Astronomy, Michigan State University
3234 Biomedical and Physical Sciences Building
East Lansing, Michigan 48824, USA
This paper summarizes the latest results on the search for the standard model Higgs boson in
the mass range MH < 150 GeV performed by the CDF and DØ collaborations. The results
are based on data samples representing integrated luminosities up to 5.4 fb−1 .

1

Introduction

The standard model (SM) of particle physics is considered incomplete without the introduction of
a mechanism to generate particle masses. The so-called Higgs mechanism 1 provides one solution
to this problem via the introduction to the SM Lagrangian of a complex doublet of scalar fields in
a quartic potential. The Higgs potential provides a means for electroweak symmetry breaking,
which gives rise to masses for the W ± and Z 0 bosons. This symmetry breaking mechanism
further manifests a new neutral scalar particle, referred to as the Higgs boson. Though the
Higgs mass is not predicted by the theory, direct Higgs boson searches and indirect experimental
constraints on Higgs boson couplings together restrict the possible mass values. Global fits to
precision electroweak data favor a relatively light Higgs with mass below 157 GeV at the 95%
confidence level (C.L.) 2 . Direct searches conducted at LEP experiments yielded a lower bound
of 114.4 GeV 3 . A combination of this evidence yields a predicted range of 114.4<MH <186 GeV
at the 95% C.L., as shown in Fig. 1.
√
Within the Fermilab Tevatron’s pp̄ collisions at s=1.96 TeV, Higgs bosons can be produced
in a variety of ways 4 . The dominant production mechanisms are the fusion of gluons (gg→H)
and associated production (V ∗ →V H). The total production cross section varies from roughly
1 pb to 0.01 pb in the mass range 100<MH <200 GeV as can be seen in Fig. 1. The design of
Higgs searches at the Tevatron is predicated by the decays of the Higgs boson. For Higgs masses
below 135 GeV, the dominant decay mechanism is H→bb̄ ( BR(H→bb̄)∼73% at MH =115 GeV ).
Above 135 GeV, the dominant decay mechanism is H→W W ∗ . Fully hadronic final states
are experimentally limited by the large rate of continuum multijet production, thus the most
sensitive searches proceed in semi-leptonic final states: pp̄→W/ZH with H→bb̄ and W →ℓν and
Z→νν/ℓ+ ℓ− (ℓ=e or µ).
As the predicted Higgs signal is several orders of magnitude smaller than the SM backgrounds, both Tevatron experiments, CDF and DØ , have devised search strategies to optimize
their sensitivity to Higgs production. Within the event selection, the Higgs acceptance is increased by maximally extending the region of lepton identification in the detector and the
b-quark jet identification efficiency is improved via the development of advanced tagging al-
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Figure 1: Left: ∆χ2 as a function of Higgs mass for a fit of precision electroweak data, shown along with the
Higgs mass region excluded by LEP experiments. Right: Cross sections for the dominant Higgs boson production
mechanisms at the Tevatron.

gorithms. Both experiments also utilize multivariate discriminant tools such as the artificial
neural network (NN), the Boosted Decision Tree (BDT) and Matrix Element (ME) probabilities
to further discriminate the Higgs signal from the background. To achieve the best search sensitivity, both experiments analyzed the largest data samples available (up to 5.4 fb1 of data were
available at the time of the conference), and the results from all search channels are combined.
2

Searches for Low Mass Higgs Bosons

The Higgs mass range below 135 GeV, in which the Higgs dominantly decays to bottom quark
pairs, is referred to as the the “Low Mass” range. Low mass Higgs searches are conducted
in several orthogonal final states, corresponding to specific production and decay mechanisms.
This section describes the most important of these low mass searches for the Tevatron.
2.1

Searches for W H → ℓνbb̄

The final state with the largest cross section is W H→ℓνbb̄, and both CDF and DØ perform
searches in this channel 5 . To reduce multijet backgrounds, events are collected using triggers
selecting high pT electrons and muons. The event selection further includes a requirement of
significant missing transverse energy consistent with a neutrino and at least two hadronic jets.
The search is subdivided into categories in which only one of these jets is tagged as arising
from a bottom quark and one in which at least two jets are tagged in the same manner. The
dominant sources of background are W +bb̄/cc̄, tt̄, single top, diboson, and multijet production
in which jet mismeasurement mimics the signature of an electron or muon and missing transverse energy. An additional source of background arises when light-quark jets are misidentified
as bottom-quark jets. Both experiments are capable of bottom-quark identification with an
efficiency of 40-70% and corresponding fake rates of 0.5-5%. The resonant dijet invariant mass
is the single most discriminating variable, reaching signal-to-background ratios of 1/100 after
b-tagging. The CDF experiment uses a NN to correct the dijet invariant mass of bottom quark
pairs as a means to improve signal significance. CDF and DØ each employ multivariate event
classification techniques including NNs, BDTs, and ME discriminants. Following this multivariate analysis (MVA), signal-to-background ratios are as high as 1/10. Figure 2 shows the dijet
invariant mass after requiring two b-tagged jets as well as the corresponding double-tagged ME
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Figure 2: Left: Dijet invariant mass in the CDF W H→ℓνbb̄ search after requiring two b-tagged jets. Right:
Matrix Element probability discriminant for the same data analysis.

discriminant, both taken from the CDF search. The ME discriminant is trained against a Higgs
with MH =115 GeV.
2.2

Searches for ZH → ννbb̄

The ZH→ννbb̄ final state represents the second highest signal event rate at the Tevatron. Both
CDF and DØ perform searches in this channel with a final state signature of large missing transverse energy and at least one b-tagged jet 6 . This search channel is also sensitive to final states
with charged leptons in which the lepton is either not identified or is incorrectly reconstructed
as a jet. Thus the contribution from W H production is nearly as large as that from ZH production. The main background sources are W/Z+bb̄/cc̄, tt̄, single top, diboson, and QCD multijet
production. The QCD multijet production would dominate this final state without special efforts to reduce it. As the QCD multijet events arise from mismeasured jets, the most effective
rejection technique for both experiments is to exploit the correlation between calorimeter-based
missing transverse energy and track-based missing transverse momentum. Events with missing transverse energy arising from real neutrinos have a strong correlation in these variables,
while instrumental backgrounds do not. Both CDF and DØ utilize MVA techniques to separate the QCD multijet background from signal, followed by a second MVA trained against the
remaining W/Z+bb̄/cc̄ background. Figure 3 shows the QCD multijet MVA discriminant prior
to b-tagging (left) and the final MVA discriminant for the DØ search, both trained for a Higgs
mass of MH =115 GeV.
2.3

Searches for ZH → ℓ+ ℓ− bb̄

Though the ZH→ℓ+ ℓ− bb̄ has a lower event rate due to the small Z→ℓ+ ℓ− branching fraction,
this search channel has the advantages that it has an extremely high triggering efficiency and is
a fully reconstructed final state, which leads to improved background rejection. Both CDF and
DØ conduct searches in this channel selecting oppositely-charged electron or muon pairs with
an invariant mass consistent with the Z boson mass 7 . The dominant backgrounds are Z+bb̄/cc̄,
tt̄, diboson and QCD multijet production. Both experiments exploit the fully reconstructed
final state via kinematic constraints. These constraints require the leptons to reconstruct with
the invariant mass of the Z boson and for dilepton plus dijet system to have zero transverse
momentum, consistent with the absence of neutrinos. An example of the search improvement
due to this constraint is shown in Fig. 4. Both experiments separate events into categories

DØ, 5.2 fb-1
Data
Top
V+h.f./VV
V+l.f.
Multijet
VH×500

10
8
6

Events / 0.06

Events / 0.06

×103
12 pre-tag

4
2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Multijet discriminant

80
double tag
DØ, 5.2 fb-1
70
Data
Top
60
V+h.f./VV
50
V+l.f.
VH× 10
40
30
20
10
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Final discriminant

Number of Events

CDF Run II Preliminary (4.1 fb-1)
PreTag

2200
2000
1800
1600
1400
1200
1000
800
600
400
200

M H = 120 GeV/c 2 × 1500 After NN Corr.
M H = 120 GeV/c 2 × 1500 Before NN Corr.

data

WW,WZ,ZZ

Z + lf jets

Fakes

Z + bb

tt

Z + cc

uncertainty

Number of Events

Figure 3: Left: The multivariate analysis discriminant used to separate the QCD multijet background and a
MH =115 GeV Higgs signal in the DØ ZH→ννbb̄ search. Right: The corresponding final discriminant against
W/Z+bb̄/cc̄ after requiring two b-tagged jets.
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Figure 4: Left: The dijet invariant mass for pretag events in the CDF ZH→ℓ+ ℓ− bb̄ analysis, showing the effect
of NN jet energy corrections on a MH =120 GeV Higgs signal. Right: The corresponding plot of projected output
of the 2D NN with NNout (tt̄)<0.1 and requiring two b-tagged jets.

corresponding to lepton quality. The DØ experiment trains a BDT discriminant against the
dominant backgrounds, and the CDF experiment trains two NNs against the tt̄ and Z+bb̄/cc̄
background separately, as illustrated in Fig. 4.
2.4

Other Tevatron Low Mass Higgs Searches

The Tevatron experiments perform searches in a variety of other search channels with smaller
expected signal yields and a smaller impact to the total sensitivity to Higgs boson production.
In particular, both CDF and DØ perform searches for H→γγ 8 and H→τ τ 9 .
3

Combined Results from Searches

The Tevatron’s full sensitivity to the SM Higgs boson is evaluated via a combination of search
results from the CDF and DØ collaborations 10,11,12 . In the most recent Tevatron combination 75 different orthogonal channels are included along with more than 50 different systematic
uncertainties taking into account correlations between channels and across experiments. Both
Bayesian and modified Frequentist calculations have been used for the combination, and results
have been shown to agree within 5%. Figure 5 shows the combined upper 95% C.L. cross section
limit relative to the SM expectation for this combination of results. The limits are expressed
as a multiple of the SM prediction for test masses (every 5 GeV) for which both experiments

Table 1: CDF, DØ and Tevatron combined 95% C.L. upper limits on SM Higgs boson production for Higgs masses
up to MH = 150 GeV. All limits are reported as ratios to the SM prediction.

Mass (GeV)

100

105

110

115

120

125

130

135

140

145

150

Exp
Obs
Exp
Obs
Exp
Obs

2.01
2.58
2.35
3.53
1.52
2.11

2.09
2.62
2.40
3.40
1.58
2.35

2.14
2.88
2.85
3.47
1.73
2.28

2.38
3.12
2.80
4.05
1.78
2.70

2.72
3.37
3.25
4.03
2.10
2.70

2.84
3.93
3.31
4.19
2.20
3.10

2.92
3.80
3.30
4.53
2.20
3.10

2.66
3.80
3.35
5.58
2.10
3.40

2.51
3.53
2.95
4.33
1.91
3.03

2.21
2.66
2.71
3.86
1.75
2.17

1.92
2.26
2.46
3.20
1.49
1.80

CDF
DØ
CDF+DØ

Figure 5: Left: Tevatron combined 95% C.L. upper limits on SM Higgs boson production evaluated with the
combined search results of the CDF and DØ experiments. Right: Projected probability of observing a 3σ excess
consistent with a Higgs boson at the Tevatron.

have performed dedicated searches in different channels. The green and yellow bands respectively indicate the 68% and 95% probability regions based on fluctuations of background-only
outcomes. The combined limits obtained by the individual experiments as well as the CDF+DØ
combination are given in Table 1, showing an observed (expected) cross section limit 2.70 (1.78)
times larger than the SM prediction for MH =115 GeV.
Both CDF and DØ continue to improve their data analysis techniques and the Tevatron
is expected to deliver an integrated luminosity of 12 fb−1 per experiment by the end of 2011
(∼10 fb−1 after data taking efficiency). Figure 5 shows the probability of seeing a 3σ excess
as a function of Higgs mass for analyzed luminosities of 5 fb−1 and 10 fb−1 per experiment,
assuming similar results between CDF and DØ as well as a minimal set of anticipated analysis
improvements. These projections indicate a 35% chance to observe a 3σ excess consistent with
a 115 GeV Higgs boson should it exist.
4

Summary

The CDF and DØ collaborations have searched for the SM Higgs boson in various production
and decay channels with data samples up to 5.4 fb−1 in which no significant excess is observed.
By combining results from both experiments, the Tevatron reports an observed (expected) 95%
C.L. upper limit on the production cross section times branching fraction for a Higgs mass of
115 GeV at 2.70 (1.78) times the SM prediction. Both experiments continue to improve Higgs
search sensitivity and will eventually have over 10 fb−1 of data per experiment for analysis.

Projections of analysis sensitivity with this data sample indicate the Tevatron experiments have
a 35% chance of observing 3σ evidence for a MH =115 GeV Higgs signal.
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TEVATRON RESULTS ON THE STANDARD MODEL HIGGS SEARCH IN
THE HIGH MASS REGION
Richard St. Denis
University of Glasgow – Department of Physics and Astronomy
Glasgow G12 8QQ – United Kingdom

The latest results for the Tevatron
√ search for the Higgs boson decaying to W boson pairs in
proton antiproton collisions at s = 1960 GeV/c2 are presented. The combined Tevatron
results exclude a Standard Model Higgs at 95% confidence level for a higgs mass MH in the
range 162 ≤ MH ≤ 166 GeV/c2 . Further progress shows that each experiment should have
sensitivity to the Standard Model Higgs with the existing dataset and that final Tevatron
results for the decay of Higgs to WW will be sensitive to Higgs masses in or exceeding the
range 146 ≤ MH ≤ 183 GeV/c2 .

1

Introduction

The Tevatron experiments have enjoyed an annual doubling of the integrated luminosity delivered and recorded. This has led to an avalanche of new results in the area of electroweak
symmetry breaking and in particular in direct searches for the Higgs. The physics reach of the
Tevatron is built on a mountain of measurements that confirm the ability of the Tevatron collaborations to use their detectors to find new particles. Each measurement is of itself a significant
result. Measurements begin with the largest cross section processes, those of B physics, but move
on to processes with small branching ratios and backgrounds that are hard to distinguish from
the signal. The measurement of Bs oscillations 1 demonstrates the performance of the silicon
tracking and vertexing. Discovery of single top production 2 , WZ production 3 , and evidence for
the ZZ production 4 in both leptonic and now hadronic modes 5 provide the final base camp from
which the Higgs summit is in sight. Multivariate techniques in the Higgs analysis are at the
heart of what is required to reach sensitivity to the Higgs. Processes such as single top and ZZ
act as important messengers heralding the impending arrival of the Higgs. This journey through
lower and lower cross section processes represents our approach to provide convincing evidence
of these processes, first as discovery then as measurements that constrain the Standard Model.

2

Direct Searches for the Standard Model Higgs

The Higgs searches at the Tevatron are separated into “high” and “low” mass channels. The
high mass channel is characterized by the decay mode H 0 → W + W − whereas the low mass
channels focus on decays to b quark-antiquark pairs or tau pairs.
There are four main production mechanisms for the Standard Model Higgs at the Tevatron:
gluon fusion, gg → H 0 , associated production or “Higgsstrahlung”, q q̄ → (W ± /Z 0 )H 0 , and
vector boson fusion (VBF), q q̄ → W (Z)q 0 W (Z)q̄ 0 → H 0 q 0 q̄ 0 . In all cases the high mass Higgs
search uses the decay modes into charged leptons and neutrinos: H 0 → W + W − → `+ `− ν̄`+ ν`− .
The charged leptons ` may be electrons, muons or taus. In the case of taus current searches
include the τ decay channels τ − → e− ν¯e or τ − → µ− ν¯µ and charge conjugate channels. New
results for hadronic decays of the τ from one W where the other W decays to an electron or
muon are reported here.
The search for the decay of Higgs to W boson pairs which decay to leptons has sensitivity
that is comparable to the low mass modes down to a Higgs mass of about Mh = 120 to 130
GeV/c2 and reach above 170 GeV/c2 with the best sensitivity around Mh = 2Mw , where Mw
is the W boson mass. The high mass mode is characterized by two high transverse momentum
oppositely charged leptons which have a spin correlation that leads to angular correlations
between the charged leptons that distinguish it from other Standard Model modes of charged
dilepton production. Requiring that the charged leptons be isolated removes the large number of
charged dileptons from B decays as evidenced by the fact that the kinematics of the remaining
dilepton events are well described by the Drell-Yan predictions. Drell-Yan production is the
dominant source of oppositely charged lepton pairs at the Tevatron. These leptons tend to have
an azimuthal separation of 180 degrees and these events are easily distinguished from Higgs
events because they have no missing transverse energy. Once a transverse energy cut is applied,
the background composition depends on the number of jets and the invariant mass of the leptons,
M`` . A majority of events are examined with the requirement that M`` > 16(15) GeV/c2 CDF
(D0). Events with 0 jets are dominated by WW background while those with 1 jet have a
background consisting of a mixture of Drell Yan and WW. Events with two more jets sample
are dominated by top quarks. CDF explicitly separates the analyses by jet number whereas
D0 uses the number of jets as input to the multivariate analyses described below but does a
separate analysis for each dilepton type. CDF also does an analysis of M`` < 16 GeV/c2 where
the dominant background is Wγ production. The charged leptons in the WW background tend
not to have the strong azimuthal correlation offered by the Higgs decay. Other differences in
kinematic variables between the background and signal are exploited by using the multivariate
techniques described in the next section. Results for the high mass Higgs are shown for the D0
analysis in Fig. 1 for H 0 → W + W − → µ− e+ ν̄µ νe and complex conjugate modes.
3

Multivariate Techniques

The major multivariate techniques in use are the Matrix Element (ME) and the Neural Net
(NN). These are compared and contrasted here.
The ME method employs leading order computations of the matrix elements for the signals
and backgrounds. The inputs are the measured four-vectors of the leptons and jets and the x- and
y-components of the missing transverse energy. The probability that these values represent each
physics process is computed by integrating over the matrix element while convolving the matrix
element quantities with a transfer function that converts them to values that are observable.
This transfer function represents the detector resolution and may include initial state radiation
effects. A likelihood discriminator is formed by taking the ratio of the probability that the
observed quantities represent the signal, divided by the total probability that the event is signal
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Figure 1: The invariant mass of isolated dileptons(left), the E/T spectrum of isolated leptons (center) and the
cosine of the angle between dileptons after cuts for input to the discriminant analysis for the D0 experiment.

plus the probabilities that the event is background. The background probabilities are weighted
according to their relative abundances. The computation of these probabilities is carried out on
a set of simulated background and signal events. The distribution of the ME computation for
each background and the signal is used to form a template.
At this point the analysis proceeds as for any cut analysis, with the likelihood ratio being
used in place of a kinematic quantity such as the angular separation of the charged leptons.
The data distribution is computed and the data are fitted to the templates with the signal
normalization allowed to vary freely and the background normalizations constrained within
the estimated systematic uncertainties. The probability that the background represents the
data compared to the probability that the background plus the signal represents the data is
evaluated by performing a number of pseudoexperiments on the background alone to represent
the statistical accuracy of the data in the absence of a signal, and the distribution of the cross
sections is formed. This distribution is compared to the fit result for the actual data and the
probability that the data are consistent with background is computed by determining the number
of pseudoexperiments that have a value less than or equal to that observed. If the data lie within
95% of the experiments performed, a limit is set. If the data exceed expectations then a cross
section can be determined.
The NN approach contains similar elements to that of the ME. First there is a matrix element
computation performed in both followed by a conversion of values from the ideal four vectors to
the observed quantities. These values are sampled over some region of phase space. In the case
of the ME, the phase space is spanned using a program that performs a numerical integral over
that space whereas in the NN, simulated events that are meant to span a sufficient portion of
the phase space are generated and the minimization of the NN determines the overall response.
Each has limitations in numerical methods of the integration and in the representation of the
response of the detector. Either of the methods can be computationally intensive.
The two approaches also contain complementary characteristics. While the four vectors
that are input to the ME are easy to identify, the functional form that characterizes the physics
is not obvious. This becomes important in understanding how to determine the systematic
uncertainties. For example, the Higgs to WW decay mode must depend on the angle of the
leptons and hence it is important to determine how well the detector measures these angles. For
the NN it is less obvious what values to choose and one must make a guess at what will be the
important variables. Simply giving the same four vectors that were input to the ME may fail
to work well if the statistics for populating the phase space is poor and variables that are not
helpful in discriminating are examined by the NN. However, the most sensitive variables can be
determined and the systematic uncertainties are evaluated by a straightforward variation of the
most important discriminator and examination of the change of the output distribution.
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Figure 2: The Neural Net score distribution for opposite sign dileptons in the 0, 1 and 2 jet channels and for
trileptons where an opposite sign pair invariant masses are in a 10 GeV window around the Z mass.

The differences in the approaches can be exploited to help determine the quantities that are
important in the ME computation while at the same time providing evidence that the quantities
needed in the NN computation have been included. This is accomplished by including the ME
computation as input to the NN. If this shows significant improvement, then important values
have been missed in the NN inputs. If there is little change, then values can be removed from
the input list of the NN until a change is noticed, or conversely, they can be added one at a
time. This shows which quantities are most important in the ME.

3.1

Control Regions

Control regions play an important role in the quantitative computation of backgrounds and their
systematic uncertainties and in determining that the lepton identification is properly done. For
example in the H 0 → W + W − → (e)µ− τ + ν̄(e)µ ντ where the τ decays hadronically, requiring
the invariant mass of the τ and (e)µ to be larger than 20 GeV/c2 , E/T < 20 GeV/c2 and the
azimuthal separation of the (e)µ and the missing transverse energy to be less than 0.5 leads
to a very pure sample of Z → τ + τ − decays in which the tau properties may be examined and
systematic uncertainties in the difference between the simulation and data can be determined.

3.2

Channels with Smaller Contributions

Associated production with H 0 → W + W − leads to events with two charged leptons having the
same sign, or to trilepton events. While the yields of these are much lower than of gluon fusion,
the background compositions are very different: there is very little background. No channel is
left behind because if an excess begins to emerge in one of the larger channels, one expects to see
a small number of events in these channels with very little background. These also contribute to
the overall sensitivity of the analysis. The main background to these analyses is WZ production.
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Figure 4: 95% confidence limits on the Standard Model Higgs boson for various masses for D0(left) and combined
with the CDF 4.8 fb−1 analysis.

3.3

Results

Representative results for the neural net analysis are shown in Figure 2 before the fit is performed.
The data having low neural net score values provide a strong control over the background and its
dynamics as reflected in the neural net. The contribution of a Higgs signal is fit simultaneously
with variation of the backgrounds within their uncertainties but as constrained by the NN
distribution. It is also noteworthy that for MH = 165GeV/c2 the two experiments expect of
order 70 Standard Model Higgs events.

3.4

Limits

As described in Section 3 a fit to the cross section for a particle having the dynamics of a
Standard Model Higgs is performed on the NN distributions. This is done separately for each
experiment 6 7 and then combined 8 where the handling of systematic uncertainties is described
in the references. The CDF results using 4.8 fb−1 of integrated luminosity are shown in Figure 3,
the D0 results and the combined CDF and D0 results are shown in Figure 4. The sensitivity
to the Standard Model Higgs cross section covers the range 159 ≤ MH ≤ 169 GeV/c2 with an
observed 95% exclusion probability in the range 162 ≤ MH ≤ 166 GeV/c2 .

3.5

Outlook

The Tevatron is expected to double its data sample and additional improvements over the reported limits are available. CDF has increased the sample size from having an average integrated
luminosity of 4.8 fb−1 to 5.3 fb−1 giving about a 5% improvement in sensitivity. But more importantly, the additional trilepton mode, the sample with M`` < 16 GeV/c2 , including VH and
VBF for the 0 jet analysis and optimization of the electron selection leads to a 15% improvement in sensitivity as shown in Figure 3. The expected sensitivity at MH = 165 GeV/c2 is now
1.03 times the Standard Model. If one then takes these improvements and assumes D0 achieves
similiar results, the sensitivity improves from covering the range 159 ≤ MH ≤ 169 GeV/c2 just
reported to 156 ≤ MH ≤ 174 GeV/c2 . With the expected doubling of the data by the end of
2011 the sensitivity extends to 146 ≤ MH ≤ 183 GeV/c2 and with further improvements in the
methods, this could cover 136 ≤ MH ≤ 190 GeV/c2 .
4

Conclusions

This conference is held at a remarkable moment in the understanding of electroweak symmetry
breaking. Rapid changes in data collection and more sophisticated experimental technique are
leading to a constantly changing picture. The Tevatron has delivered more than 8 fb−1 and has
recently improved its luminosity by another 20%. Evidence and discovery of channels in WZ,
ZZ and single top, the messengers of the Higgs, have now been observed. Of particular note is
the observation of the hadronic modes of the W/Z in the WW and ZZ production. The strategy
of “no channel too small” has been successful, lending additional sensitivity and a different
background composition. The sensitivity of the combined Tevatron experimental result to the
Standard Model Higgs cross section covers the range 159 ≤ MH ≤ 169 GeV/c2 with an observed
95% exclusion probability in the range 162 ≤ MH ≤ 166 GeV/c2 . Based only on collecting more
data, the sensitivity extends to 146 ≤ MH ≤ 183 GeV/c2 and with further improvements in the
methods, this goes to 136 ≤ MH ≤ 190 GeV/c2 .
5
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THE HIGGS AT THE TEVATRON:
PREDICTIONS AND UNCERTAINTIES
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We update the theoretical predictions for the production cross sections of the Standard Model
Higgs boson at the Tevatron in the gluon–gluon fusion and the Higgs–strahlung channels,
including all relevant higher order QCD and electroweak corrections in perturbation theory.
We estimate the different sources of uncertainties: the scale uncertainties, the uncertainties
from the parton distribution functions and the related errors on the strong coupling constant
as well as the uncertainties coming from the use of an effective theory approach in the gg → H
process. We find that, when added in a consistent way, these errors amount to ≈ 40% in the
main gg → H → W W (∗) → `ν`ν search channel, implying that the recent exclusion of the
Higgs mass range MH = 162–166 GeV by CDF and D0 experiments should be reconsidered.

1

Introduction

The Standard Model (SM) of the electroweak and strong interactions crucially relies on the Higgs
mechanism to generate the elementary particle masses 1,2 ; the model predicts the existence of
a scalar particle, the Higgs boson. This “Holly Grail” is currently searched at the Tevatron
collider3 which is sensitive to Higgs masses below M H ≈ 200 GeV, and its quest has started at
the LHC where it could be discovered in the full theoretically allowed mass range, M H up to ≈
1 TeV, once the design energy and luminosity of the machine are attained.
In this talk, we will concentrate on the Higgs search at the Tevatron in the two main
production channels: the gluon–gluon fusion process 4 gg → H with the subsequent decay5
H → W W (∗) → `ν`ν, which is the most relevant decay channel 6 for MH & 140 GeV, and the
Higgs–strahlung process7 q q̄ → HV with V = W/Z, for a Higgs boson that mainly decays into
H → bb̄, that is relevant in the low Higgs mass range 6 , MH . 140 GeV. Our purpose is to
update the prediction for the production cross sections in these two channels together with a
detailed study of the various sources of theoretical uncertainties affecting them. We will revisit
the Tevatron Higgs mass exclusion band recently published 3 . An update of the gluon–gluon
fusion mechanism was also recently performed 8,9 , but it has not been the case for the pp̄ → HV
process10 . This talk is based on a recent paper 11 to which we refer for more details.
The gluon–gluon process is known at next-to-leading-order (NLO) in QCD both for infinite 12
and finite13 loop quark masses. The calculation at next-to-next-to-leading-order (NNLO) has
been done only in the infinite top mass limit 14 and the resumation effects were calculated 15
up to next-to-next-to-leading-logarithm (NNLL) approximation. The K–factors are very large,
KNLO ∼ 2 and KNNLO ∼ 3, which could imply that higher order corrections might be large.
The electroweak (EW) corrections are known exactly up to NLO 16 and there are mixed NNLO
QCD-EW effects which have been calculated 9 in an effective approach valid for MH  MW .
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Figure 1: The total cross sections for Higgs production at the Tevatron as a function of the Higgs mass. The
MSTW set of PDFs has been used and the higher order corrections are included as discussed in the text.

The starting point of our calculation is the Fortran code HIGLU 17 which evaluates the gg → H
production cross section at exact NLO. We have implemented the NNLO QCD, the NLO EW
and the mixed QCD-EW corrections within the code. We have restricted ourselves to the
fixed order contributions and did not include the soft–gluon resumation, known to NNLL 15 .
The reason, besides the fact that there is no parton distribution function (PDF) with gluon
resumation included in (although the effects might be very small 18 ), is that the QCD corrections
to the cross sections including cuts, which should be the experimental input, is known only at
NNLO19 . There is also a ' 25% difference between the total cross section and the cross section
with cuts, which should be seen in the NNLO scale variation 20 ; see the discussion given in
Ref. [10]. Finally, we have not studied background effects nor kinematical distributions 20 .
The production cross sections, in which the relevant higher order effects are incorporated is
shown at Tevatron energies in Fig. 1 for the updated value of the top mass and with the latest
MSTW2008 public set of PDFs21 . The renormalisation and factorization scales are fixed to the
central values µF = µR = MH (see the next section).
The Higgs-strahlung process is known exactly up to NNLO in QCD 22,23 and up to NLO for
the EW corrections24 . The QCD K–factors are moderate, KNNLO ∼ 1.5, and the EW corrections
reduce the cross section by an amount of ∼ 5%. For the evaluation of the cross section, we have
used the NLO code V2HV17 in which we implemented the NNLO QCD and the EW corrections.
The cross sections at the Tevatron for pp̄ → HV with V = W, Z are shown in Fig. 1 for the
latest MSTW2008 set of PDFs. Note that in the case of pp̄ → HW , we did not include the effect
of the CKM matrix elements and set the Cabibbo angle to zeroa ; including the actual values of
Vud , Vus would lead to a decrease of the cross section by ≈ −4%. On the other hand, including
the HERA and Tevatron W → `ν charge asymmetry data in the MSTW PDF set 25 would lead
to an increase of the cross section by ≈ +3% The combination of the two effects would then
result into a decrease of the cross section of about 1% which is very small.
For completeness we also display the cross sections for the associated production process
with top quarks pp̄ → Htt̄ and the vector boson fusion mechanism qq → Hqq which do not play
an important role at the Tevatron and are simply evaluated following Ref. [2].
a

We thank R. Harlander for pointing this to us.

2

Theoretical uncertainties in the gluon–gluon fusion mechanism

a) Higher orders and scale variation
As the perturbative series is truncated, there is a dependence of the cross sections on the
renormalisation scale µR which defines the strong coupling constant α S and on the factorisation
scale µF at which the matching between the perturbative matrix elements calculation and the
non–perturbative parton distribution functions terms is done. The error due to the variation of
these two scales is viewed as an estimate of the unknown higher-order terms and is the dominant
source of error. Starting with the median scale µ 0 = MH for which the central value of the cross
section is obtained, the two scales µ R , µF are varied within the interval, µ0 /κ ≤ µR , µF ≤ κ/µ0 ,
with a chosen value κ = 2, 3, 4, etc... For small higher order contributions as in the case of the
Higgs–strahlung process, κ = 2 is in principle enough, but it may not be the case for gg → H
where the K–factors are very large. In order to make a suitable choice of the κ value, we compare
σ NLO with the central σ NNLO and we require the error band on the NLO results to catch the
latter cross section. As seen on Fig. 2 (left) we need at least κ = 3 when using this criterion.
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Figure 2: Left: the scale dependence of σ NLO(gg → H) at the Tevatron as a function of MH for variations
MH /κ ≤ µR , µF ≤ κMH with κ = 2, 3.4 compared to σ NNLO evaluated at the central scale µR = µF = MH .
Right: the scale uncertainty bands of σ NNLO for a variation in the domain MH /κ ≤ µR , µF ≤ κMH with κ = 2, 3.

Adopting this range for µR , µF for the NNLO cross section σ NNLL , we obtain a scale variation
of ∆scale σ ' 20% for the relevant range of MH values. This has to be compared to the much
smaller variation ∆scale σ ' 10% adopted by the CDF/DO collaborations. Note that this ∼ 20%
amount is of the same order as the difference between the higher order effects in σ cuts and σ total .
b) The PDFs and αS uncertainties
The second most important source of errors in the gg → H mechanism comes from the
PDFs uncertainties together with the experimental and theoretical errors on the strong coupling
constant αS . We estimate the PDF uncertainties with the help of the 2 × 20 PDF sets errors
provided not only by the the MSTW collaboration 21 , but also by the.CTEQ26 or ABKM27
collaborations. We take into accounts the spread of both uncertainties and the central values
obtained within these different sets. The calculation gives a ∼ 5–10% error within all sets, but
the ABKM central value is ∼ 25% smaller than the CTEQ/MSTW central values; Fig. 3 (left).
In addition to the PDF uncertainties, one should also consider the errors coming from the
uncertainties in the determination of the α S value. Indeed we already have σ LO = O(α2S )
which implies that an error on the determination of the strong coupling constant may induce
a non–negligible error on the final cross section. In the MSTW scheme, one has α s (MZ2 ) =
+0.0034
0.1171 +0.0014
−0.0014 (68%CL) or −0.0034 (90%CL) at NNLO. We have computed the errors of the corexp
related PDF+∆ αS uncertainties using a new set–up28 provided by the MSTW collaboration.
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Figure 3: Left: the central values and the 90% CL PDF uncertainty bands in the NNLO cross section σ(gg →
H + X) at the Tevatron when evaluated within the MSTW, CTEQ and ABKM schemes. In the insert, shown
in percentage are the deviations within a given scheme and the CTEQ and ABKM central values when the cross
sections are normalized to the MSTW central value. Right: the PDF+∆exp αs +∆th αs uncertainties in the MSTW
scheme using its new set–up and the PDF+∆exp αs +∆th αs error in the ABKM scheme using a naive procedure11 .
In the inserts, shown are the same but with the cross sections normalized to the MSTW central cross section.

The result is shown in Fig.3 (right) and, as one can see, with only the experimental errors
on αS , one cannot reconcile yet the MSTW/CTEQ and ABKM predictions.
However, one also needs to consider the theoretical error on α S that is due to the truncation
of the perturbative series, the different heavy flavour schemes, etc... The MSTW collaboration
estimates this error to be21 , ∆th αS = 0.003 at NLO, which gives ∆th αS = 0.002 at most at
NNLO. Using again the central fixed–α S MSTW PDF set and adding this last error, one obtains
a total uncertainty of ' 20% which reconciles the MSTW/CTEQ and ABKM predictions.
The net result is that the total error due to PDF+∆α S is much larger than the ∼ 5% error
that is obtained when using the PDF error only, as assumed by the CDF/D0 collaborations.
c) The use of an effective theory approach
The final set of uncertainties is specific to the gluon–gluon fusion mechanism which at NNLO
is evaluated in an effective theory (EFT) approach where M Q  MH for the contribution of a
quark Q in the loop. It is very accurate for the top–quark loop 29 , where studies of the effect
of finite top mass have shown a difference below the percent level with respect to the EFT
calculation for MH . 300 GeV. Nevertheless this approach is not valid for the b–quark loop.
and the omission of the b contribution leads to a ' 10% difference compared to the exact case.
In order to estimate the error of ignoring the b–loop contribution at NNLO, we rescale the
difference calculated at NLO where the exact result is known by the relative NLO/NNLO K–
σ NLO −σ NLO

exact
NLO
EFT
× KKNNLO
. This gives a 1–2 % uncertainty. We then add a small
factors, ∆b−loop
NLO
NNLO =
σexact
uncertainty which is related to the difference between the on-shell bottom mass M b = 4.75 GeV
¯ scheme, mb (mb ) = 4.23 GeV. It adds a ∼ 1–2 % uncertainty in the
and the mass in the MS
b–loop contribution, leading to a total error of a few % as shown in Fig. 4 (left).
Finally, in the electroweak corrections we have mixed QCD+EW corrections at NNLO 9 .
They have been calculated in an EFT approach with M W/Z  MH , which is obviously not
valid in practice. We thus should be cautious when using this (small) correction and assign an error which is of the same size. This error is comparable in size to the difference
between the EW correction (calculated exactly at NLO) evaluated in the partial factorisation (PF) scheme compared to the result in the complete factorisation (CF) scheme, ∆ EW =
NLO−EW
NLO−EW
NLO−EW
(σCF
− σPF
)/σCF
. This gives an error of 3.5% at most as shown in Fig. 4
(right).
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Figure 4: Left: relative difference (in %) at Tevatron energies and as a function of MH between the exact NLO
exact
and NNLO gg → H cross sections σNLO/NNLO
and the cross section in the effective approach with an infinite
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top quark mass σNLO/NNLO. Right: relative difference (in %) between the complete and partial factorisation
approaches for the EW radiative corrections to the NLO gg → H cross section as a function of the Higgs mass.

3

Total uncertainties

The very important issue that remains is how to combine the various theoretical errors on the
cross section discussed in the previous section. The CDF collaboration adds quadratically the
scale variation (with κ = 2) with the PDF–error only, leading to a a 10%(scale) ⊕ 5%(PDF) =
11% total error, while D0 collaboration assumes a smaller error of 10%. As these are theoretical
errors, we believe that such a combination is not adequate. On the other hand, adding the errors
linearly may appear to be too conservative. We thus propose a procedure which, to our opinion,
is more reasonable: one calculates the maximal/minimal cross sections with respect to the scale
variation, and apply on these cross sections the PDF+∆α S analysis in quadrature, with a final
linear addition of the small EFT errors.
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Figure 5: Left: the production cross section σ(gg → H) at NNLO at the Tevatron with the uncertainty band
when all the errors are added using our procedure. It is compared to σ(gg → H) at NNLL when the scale and
PDF errors given in Ref. [8] are added in quadrature. In the insert the relative deviations are shown when the
central values are normalized to σ NNLO+EW. Right: the same but for the q q̄ → HV production channel.

Using this procedure, we then obtain a total ' ±40% uncertainty for the cross section in
the gluon–gluon fusion mechanism gg → H in the entire M H range that is relevant at the
Tevatron; Fig. 5 (left). This error is thus much larger than the ' 10% uncertainty obtained in
NNLO could be a factor or two lower than what is
the CDF/D0 analysis3 . This means that σgg→H
assumed in the pp̄ → H → W (∗) W (∗) → ``νν analysis and that the 95% CL CDF/D0 exclusion
band 162 ≤ MH ≤ 166 GeV should then be reconsidered in the light of these large uncertainties.
We have performed the same analysis in the case of the Higgs–strahlung mechanism q q̄ →
HV . The total uncertainty, which is the same for W H and ZH production, is about ' ±10%,
with the dominant component coming from the PDF and α s ; the scale error is at the level of a
few percent while there is no use of EFT. This total uncertainty is much smaller than the one
in the gluon–gluon channel, proving that the Higgs–strahlung mechanism is theoretically much
better under control. Nevertheless, the total uncertainty is a factor of two larger than the errors
assumed by the CDF/D0 collaborations in their experimental analysis.
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I try to assess the weak and strong points of the standard model of electro-magnetic, weak
and strong forces, how it can be derived from general relativity by generalizing Riemannian
to noncommutative geometry and what post- and predictions this unification of all four forces
entails in particle physics.

1

The standard model

Let us take a step back and compare atomic and particle physics. The former had started with
the discovery that atomic spectra were discrete. Physicists tried to put some order in the fast
growing body of experimental numbers. Particularly successful was the ansatz by Balmer and
Rydberg for the frequencies ν of atomic rays: ν = g(nq2 − nq1 ), where n1 and n2 are natural
numbers labelling the ray. This ansatz comes with a discrete parameter, the power q ∈ Z,
and with a continuous parameter g ∈ R. The experimental fit was successful and determined
the two parameters, for instance for the hydrogen atom: q = −2 and g = 3.289 1015 Hz, the
famous Rydberg constant. Later the underlying theory was discovered, quantum mechanics.
‘Underlying theory’ means that it allows us to derive the ad hoc ansatz from a first principle,
the uncertainty relation. This derivation implies constraints on the parameters, on the nose
q = −2 and g = me /(4π~3 ) e4 /(4π0 )2 .
1.1

The ansatz

A new chapter of particle physics had opened with the idea that nuclear forces are mediated by
spin 1 particles, the so-called gauge bosons. This idea is formalized using an ansatz that goes
by the name of Yang-Mills-Higgs, although other physicists and mathematicians contributed to
its elaboration: Maxwell, Oskar Klein, Gordon, Dirac, Weyl, Elie Cartan, Majorana, Yukawa,
Nambu, Kibble, Goldstone, Brout, Englert,... The ansatz comes with 4 discrete parameters and
a bunch of continuous ones, their number depending on the 4 discrete choices. The first discrete
parameter is a real, compact Lie group G and the gauge bosons A live in its complexified Lie
algebra. We further need three unitary representations ρ· on complex Hilbert spaces HL , HR
and HS to accommodate left- and right-handed spinors, ψ = ψL ⊕ ψR and scalars ϕ. Let us
recall that since Wigner’s classification of the unitary representations of the Poincaré group by

mass and spin or helicity, particle physicists more or less agree on the general definition of a
particle as an orthonormal basis vector in the Hilbert space of a unitary representation of some
Lie group. We also need continuous parameters: gauge couplings g, scalar self-couplings λ and
µ, and complex Yukawa couplings gY . In some cases we may add gauge-invariant (Majorana-)
masses. Once we have chosen all these parameters, we can start business and write down the
ansatz, the Yang-Mills-Higgs Lagrangian.
L[A, ψ, ϕ] =

1
2

tr(∂µ Aν ∂ µ Aν − ∂µ Aν ∂ ν Aµ )

+g tr(∂µ Aν [Aµ , Aν ])
+g 2 tr([Aµ , Aν ][Aµ , Aν ])
+ψ̄ ∂/ψ
+ig ψ̄(ρ̃L ⊕ ρ̃R )(Aµ ) γ µ ψ
+ 21 ∂µ ϕ∗ ∂ µ ϕ
+ 21 g {(ρ̃S (Aµ )ϕ)∗ ∂ µ ϕ + ∂µ ϕ∗ ρ̃S (Aµ )ϕ}
+ 21 g 2 (ρ̃S (Aµ )ϕ)∗ ρ̃S (Aµ )ϕ
+λ ϕ∗ ϕϕ∗ ϕ
− 21 µ2 ϕ∗ ϕ
+ gY ψ̄ϕψ + ḡY ψ̄ϕ∗ ψ
This Lagrangian has four important properties:
• If we choose the group abelian, G = U (1), avoid parity violation, HL = HR , and suppress
√
scalars, HS = {0}, we retrieve Maxwell’s Lagrangian with g = e/ 0 .
• The Yang-Mills-Higgs Lagrangian is gauge invariant for the group G.
• Gauge invariance in turn implies that the Lagrangian defines a perturbatively renormalizable
quantum field theory on flat Minkowski space, if in addition the Yang-Mills anomaly vanishes.
• As a classical field theory, the Yang-Mills-Higgs action properly coupled to general relativity
is invariant under general coordinate transformations.
1.2

The fit

The experimental fit of the Yang-Mills-Higgs Lagrangian to an impressive body of millions of
experimental numbers (cross-sections, branching ratios, life-times, ...) is successful and yields
the following discrete parameters:
G = SU (2) × U (1) × SU (3)/(Z2 × Z3 ).

(1)

Note the quotient by a discrete subgroup in the center, first observed by O’Raifeartaigh 1 . The
particle content of G is

Lie(G)C 3 W ± , Z, photon ⊕ ( 8 gluons) .
(2)
The left-handed spinors form a highly reducible representation,
HL =
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We denote by (2, 16 , 3) the tensor product of a doublet under SU (2) and a triplet under SU (3)
with U (1) hypercharge 16 . The right-handed Hilbert space is even more reducible,
HR =

3
M



(1, 32 , 3) ⊕ (1, − 13 , 3) ⊕ (1, −1, 1) ⊕ (1, 0, 1)

(4)

1

3 [uR ⊕ dR ⊕ eR ⊕ νeR ] ⊕ [cR ⊕ sR ⊕ µR ⊕ νµR ] ⊕ [tR ⊕ bR ⊕ τR ⊕ ντ R ] .
It is a miracle that the fermionic representation H := HL ⊕ HR has vanishing Yang-Mills and
also vanishing gravitational anomalies. Finally the scalar representation is choosen irreducible,
an isospin doublet, colour singlet,


±
HS = (2, − 21 , 1) 3 Wlong
, Zlong , Higgs .
(5)
This choice follows the wish to render massive only the three weak gauge bosons W ± , Z and
implies the existence of only one physical scalar, the ‘Higgs’ H.
For the continuous parameters, the experimental fit gives g2 = 0.6518±0.0003, g1 = 0.3574±
0.0001 and g3 = 1.218 ± 0.01 for the gauge couplings at E = mZ . Concerning the scalar selfcouplings λ and µ, we have today only one value and one bound:
√
g2 µ
(6)
mW = √ = 80.398 ± 0.025 GeV, mH = 2µ > 114.4 GeV.
4 λ
Finally, the Yukawa couplings can be traded for the Dirac masses and mixings and we may
also add Majorana masses and mixings for the right-handed neutrinos because they are neutral
under the entire group G.
1.3

The theory
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To complete our comparison of atomic and particle physics, we need the underlying theory,
which is noncommutative geometry 2 . Indeed it derives the complicated Yang-Mills-Higgs ansatz
from first principles: geometry and general relativity. Again, this derivation implies constraints
of which the most spectacular certainly is: the scalar representation is computed not chosen.
And for the standard model, this computation produces, on the nose, the scalar representation
chosen by experiment, HS = (2, − 21 , 1).

2
2.1

The noncommutative version of the standard model
Noncommutative geometry

It is easy to give an avant-goût of noncommutative geometry to physicists. Indeed, historically
the first example of a noncommutative geometry is quantum mechanics. It equips classical phasespace 3 (x, p) with Heisenberg’s uncertainty relation ∆x∆p ≥ 12 ~ by rendering the commutative
algebra of classical observables A = C ∞ (phase space) noncommutative. A classical observable is
a differentiable function of x and p like the energy of the harmonic oscillator p2 /(2m) + kx2 /2.
By putting [x, p] = i~1 this classical observable is promoted to an operator, i.e. an element of
the noncommutative algebra of quantum observables A. Both algebras are associative. In the
quantum case, A must have an involution (to define self-adjoint operators with real spectrum)
and a faithful, unitary representation on a Hilbert space H whose elements are the wave-functions
ψ. Furthermore the dynamics in relativistic quantum mechanics is defined by the Dirac operator
∂/, a self-adjoint operator on H. ( ∂/ is not in the algebra.) Quantum mechanics is defined by the
three building blocks (A, H, ∂/) and so is a general noncommutative geometry 2 . Connes calls
them a ‘spectral triple’. The general definition makes sense thanks to Connes’ reconstruction
theorem 3 that he published on the hep-th arXiv in 1996. The theorem establishes a one-toone correspondence beween commutative spectral triples (i.e. A commutative) and Riemannian
spin manifolds. It therefore offers a reformulation of Riemannian geometry in the operator
algebraic language of quantum mechanics. Like in quantum mechanics, a noncommutative space
is defined by a noncommutative spectral triple. Intuitively noncommutative geometry does to
curved space(time) what quantum mechanics did to (flat) phase space, equipping space with an
uncertainty relation.
Then Connes remarks that noncommutative spaces are close enough to Riemannian spaces
such that Einstein’s derivation of gravity from Riemannian geometry carries over to noncommutative spaces. In Connes’ derivation, the entire Yang-Mills-Higgs action pops up as a companion
to the Einstein-Hilbert action, just like the magnetic field pops up as a companion to the electric field, when the latter is generalized to Minkowskian geometry, i.e. special relativity. And
Connes derivation implies constraints. On the discrete side, besides being able to compute the
scalar representation HS we get constraints on the choice of the group G and of the fermionic
representation H = HL ⊕ HR .
2.2

Constraints on discrete parameters

In noncommutative geometry, the invariance group is the automorphism group of the algebra
G = Aut(A) lifted to the Hilbert space. In the commutative case, the reconstruction theorem
tells us that the algebra is the algebra C ∞ (M ) of differentiable functions on the space(time)
M , just as the algebra of classical observables. Its automorphism group is on the nose the
group of general coordinate transformations, Aut(C ∞ (M )) = Diff(M ), that characterize general
relativity. To go noncommutative, let us take the cheapest noncommutative algebra on the
market, the quaternions H. Physicists know this algebra well from spin 1/2 and they also know
that Aut(H) = SU (2)/Z2 . Another example is the algebra of complex 3 × 3 matrices whose
automorphism group is SU (3)/Z3 . Counter-examples are all the exceptional groups and U (1),
which are not automorphism groups of associative algebras. However, U (1) re-surfaces through
the spin-lift to H.
The constraints on the fermionic representation come from the fact that the group representation from Yang-Mills must extend to an algebra representation. This leaves us essentially with
fundamental and singlet representations and direct sums thereof, ‘generations’. This constraint
is indeed fulfilled by the standard model, see equations (3) and (4). Then another constraint
from geometry tells us that – restricted to SU (3) – HL and HR must coincide. This is again

true in equations (3) and (4), but in Connes’ approach it is not opportunistically arranged by
hand in order to preserve parity under the strong force and to keep experimentalists satisfied,
it is dictated by geometry.
2.3

Constraints on continuous parameters

Now that the standard model has passed all tests from the discrete parameters, let us turn to
the constraints on its continuous parameters. They are given by 4 :
X
|gY |2 .
(7)
g2 2 = g3 2 = 3λ = 14
We can make sense out of these equations if we assume the ill-famed hypothesis of the big
desert and if we assume the perturbative renormalization group flow on flat and commutative
Minkowski space with Λ = 1017 GeV, see figure.
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To conclude, let us list the post- and predictions that follow from Connes’ geometry:
•
•
•
•
•
•

Prediction:
Prediction:
Postdiction:
Postdiction:
Postdiction:
Prediction:

Fermions cannot live in weak isospin triplet or higher representations.
There is only one Higgs scalar. (Supersymmetry has 5.)
The strong force preserves parity.
Photons and gluons are massless.

The ρ0 parameter := (g12 + g22 )/g12 m2W /m2Z = 1 = 1.0002+0.0007
−0.0004 , exp. .
g2 = g3 plus big desert implies uncertainty in proper-time measurements
∆τ ∼√~/Λ ∼ 10−41 s.
• Prediction: g2 = 3λ
P plus big desert implies mH = 170 ± 10 GeV.
• Postdiction: g2 = 21 ( |gY |2 )1/2 plus big desert implies mt < 186 GeV.
(mt = 171.3
P ± 2.3 GeV, exp.)
• Prediction: g2 = 12 ( |gY |2 )1/2 excludes a fourth generation.
3
3.1

Loose ends
Quantum fields

Quantum mechanics is a noncommutative geometry, the so-called Moyal plane 5 . The standard
model is a noncommutative geometry and it unifies naturally with the commutative geometry of
general relativity. However it must be emphasised that this unification is non-quantum, i.e. it
occurs at the level of classical field theory. A major motivation for a noncommutative geometry
on spacetime is to cure the short-distance divergencies of quantum field theory and already
Heisenberg had this dream. Despite two technical break-throughs, a conceptual formulation
of minimal subtraction in the language of noncommutative geometry 6 and a renormalizable
scalar field theory on the Moyal space 7 , the dream of quantum field theory on curved and

noncommutative spaces is still out of reach. Meanwhile we copy from our colleagues. They say:
“It is true that we do not have a coherent theory of quantum fields in curved space yet. However
general relativity indicates that curvature becomes relevant only at energies above the Planck
mass, 1019 GeV. We already have a pretty hard time to reach 103 GeV and we will therefore
stick to quantum field theory in flat Minkowski space, a theory on which a comfortable majority
seems to agree and from which a more or less coherent picture emerges.” So, we say: “It is true
that we do not have a coherent theory of quantum fields in noncommutative space yet. However
the standard model indicates that noncommutativity becomes relevant only at energies above
Λ = 1017 GeV. ...”
3.2

Noncommutative geometry beyond the standard model

The standard model fits naturally into the frame of noncommutative geometry, the minimal
spectral triplet being the standard model with one generation of quarks and leptons without a
right-handed neutrino. On the other hand it is extremely difficult to go beyond the standard
model in this frame. Christoph Stephan put the classification of finite spectral triplets on the
computer and found two examples beyond the standard model that are not in conflict with
experimental evidence: The first one 8 has an additional, unbroken SU (4) gauge group, confined
SU (4)-singlets in the TeV range, gauge unification at Λ = 104 GeV and a Higgs-mass of 241 ± 2
GeV. The second one 9 adds three vectorlike iso-spin doublets to the standard model. It has
gauge unification at Λ = 107 GeV and a Higgs-mass of 203 ± 2 GeV.
3.3

Other Higgs-mass predictions

In the literature you can find today over a hundred predictions for the Higgs-mass testifying
to theorists’ imaginativeness and obstinacy. By far the most precise prediction comes from Einfinity theory 10 and has a Higgs of 161.8033989 GeV. Forty predictions alone come from mildly
extended minimal supersymmetric models. As a service to our Higgs hunting community, I
maintain a compilation of these predictions 11 .
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T. Thumstädter, Parameteruntersuchungen an Dirac-Modellen, PhD-thesis, Universität
Mannheim (2003)
A. Chamseddine, A. Connes and M. Marcolli, hep-th/0610241, Adv. Theor. Math. Phys.
11 (2007) 991
5. V. Gayral, J. M. Gracia-Bondı́a, B. Iochum, T. Schücker and J. C. Várilly, hep-th/0307241,
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Extended Scalar Sector and Fat Jets
M. Rauch a
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After a discovery of the Higgs boson the next question is what are its couplings. At the LHC
there should be many observable channels which can be exploited to measure the relevant
parameters in the Higgs sector. Using the SFitter framework we map these measurements
onto the parameter space of a weak-scale effective theory with free Higgs boson couplings.
Our analysis benefits from the parameter determination tools and the error treatment used in
new–physics searches, to study individual parameters and their error bars as well as parameter
correlations. A special focus we will put on recent analyses using jet substructure techniques.

1

Introduction

Understanding electro-weak symmetry breaking is one of the main goals of the LHC. In the
Standard Model (SM) this is done spontaneously, and achieved by an SU (2) doublet, the Higgs
field 1,2 , which obtains a vacuum expectation value (vev). Three degrees of freedom become
the longitudinal modes of W and Z bosons, while one remains as a physical scalar, the Higgs
boson. The gauge boson masses arise from the kinetic term of the Higgs field in the Lagrangian
(Dµ Φ)† (Dµ Φ), which leads to W W HH and ZZHH terms, and replacing the Higgs field by its
vev then to the masses. As these and the electromagnetic coupling are measured, this allows
to determine the vev v = 246 GeV before actually observing the Higgs boson. Fermion masses
we obtain from terms yf H Ψ̄Ψ. The Yukawa couplings yf are a priori free parameters in the
Lagrangian, but can be traded for the known fermion masses mf = yf · v. This also means that
the coupling of the Higgs to fermions scales as the fermion masses.
The mass of the Higgs boson is the only unknown parameter in the SM. Electroweak precision
tests tell us that it should be relatively light, just above the limit of 114.4 GeV from direct
searches at LEP 3,4 . Therefore we can use the theoretically predicted coupling values and test
this 5,6 against future LHC measurements 7,8 . Thereby we assume that the discrete quantum
numbers, like spin and CP structure, of the boson are known 9 and identical to the SM. Still
there are many possible models which can generate such deviations. Examples include simple
extensions like adding another Higgs doublet, which is e.g. required in supersymmetry 10,11 , or
composite models 12 , where the Higgs emerges as a pseudo-Goldstone boson from a stronglyinteracting sector.
A correct treatment of errors is a crucial part for LHC parameter studies. Statistical errors
from event counting are of the Poisson type. Systematic errors are correlated between individual
measurements, so we need to include the full correlation matrix. Theory errors are best described
as box-shaped using the RFit scheme 13 . Using the SFitter tool 14 we can construct a fullydimensional log-likelihood map of the parameter space. If we want to ask more specific questions,
a

for the SFitter collaboration

Table 1: Signatures included in our analysis for a Higgs mass of 120 GeV. The Standard Model event numbers for
30 fb−1 include cuts 16,6 . The factor after the background rates describes how many events are used to extrapolate
into the signal region. The last two columns give the one-sigma experimental and theory error bars on the signal.
Table taken from Ref. 6

production
gg → H
qqH
gg → H
qqH
tt̄H
tt̄H
inclusive
qqH
tt̄H
WH
ZH
qqH
qqH
tt̄H
W H/ZH

decay
ZZ
ZZ
WW
WW
W W (3ℓ)
W W (2ℓ)
γγ
γγ
γγ
γγ
γγ
τ τ (2ℓ)
τ τ (1ℓ)
bb̄
bb̄

S+B
13.4
1.0
1019.5
59.4
23.9
24.0
12205.0
38.7
2.1
2.4
1.1
26.3
29.6
244.5
228.6

6.6
0.2
882.8
37.5
21.2
19.6
11820.0
26.7
0.4
0.4
0.7
10.2
11.6
219.0
180.0

(×
(×
(×
(×
(×
(×
(×
(×
(×
(×
(×
(×
(×
(×
(×

B
5)
5)
1)
1)
1)
1)
10)
10)
10)
10)
10)
2)
2)
1)
1)

S
6.8
0.8
136.7
21.9
2.7
4.4
385.0
12.0
1.7
2.0
0.4
16.1
18.0
25.5
48.6

∆S (exp)
3.9
1.0
63.4
10.2
6.8
6.7
164.9
6.5
1.5
1.6
1.1
5.8
6.6
31.2
20.7

∆S (theo)
0.8
0.1
18.2
1.7
0.4
0.6
44.5
0.9
0.2
0.1
0.1
1.2
1.3
3.6
4.0

this must be reduced to lower-dimensional ones. Bayesian marginalization and Frequentist profile
likelihoods are the two techniques we use, where the choice depends on the specific question we
want to ask.
In this article we will first review the LHC measurement channels which enter into our
analysis. A particular emphasis we will put on the recently developed method of using jet
substructure techniques 15 . Then we will present and discuss our results for Standard Model
data. We focus on a Higgs boson of mH = 120 GeV, which is the preferred region from electroweak precision data.
2

Measurements

At the LHC there are four main production modes of the Higgs boson: gluon fusion, weak-bosonfusion, associated production with vector bosons and associated production with a top-quark
pair 17 . They need to be combined with the corresponding decay channels. For a light Higgs
boson, like one with 120 GeV as we consider here, the main decay mode is into a pair of bottom
quarks. Also decays via off-shell W and Z pairs lead to observable channels. Decays into taus
can only be combined with weak-boson fusion 18 , as we need to reconstruct the invariant mass of
the tau pair, which is only known in the collinear limit 19 . This channel is one of the discovery
modes for a light Higgs and also allows us to determine its mass with a precision of ∼ 5 GeV.
The decay into photons is loop-induced and therefore only has a small branching fraction of
∼ 0.026% for a 120 GeV Higgs. Nevertheless the flat background, which is well subtractable by
a side-band analysis, and a good γγ mass resolution make this mode a discovery channel and
allow us to measure the mass with a precision O(100 MeV).
In total we obtain the channels described in Table 1. The numerical values for Higgs production we get from Ref. 20 and for the decay from a modified version of HDECAY 21 . We do
not include any channel which will only be measured at a later stage like the second-generation
fermions. Such channels typically determine one additional parameter and therefore do not feed
back into the analysis here. This also includes the Higgs self-couplings, which are important to

R
b

b

Rfilt

R bb
Rbb

g
mass drop

filter

Figure 1: Illustration of the subjet algorithm. Starting with a fat jet, we first undo the last stages of the jet
clustering until we have identified the bottom jets. We then apply a filter to remove the underlying event while
retaining hard radiation from the Higgs decay products. Figure taken from Ref. 15 .

establish the nature of electro-weak symmetry breaking, but are notoriously hard to determine
experimentally 22,23 .

3

Subjet Techniques

In this section we will discuss in more detail the recent development of jet substructure techniques. Its presentation is based on the original paper 15 . We consider associated production
with vector-bosons with Higgs decays into a bottom-quark pair. A standard analysis would be
overwhelmed by the large QCD background. Therefore we only consider a regime where both
bosons are back-to-back and have large transverse momenta. For transverse momenta of the
Higgs larger than 200 GeV only about one in twenty events survives. This is compensated by
several advantages. The boost leads to central decay products, which can be tagged more easily.
Also on-shell top quarks cannot simulate this kind of behavior and are no longer a background.
Finally, the channel with Z decaying into neutrinos becomes visible as large missing transverse
energy.
Such a boost also means that often the jet reconstruction algorithm will not be able to
H
resolve both bottom quarks. Instead it will combine them into a single fat jet. For R ≃ 3m
pT
this happens in roughly 75% of the cases. Therefore we need to identify such a fat jet. The
Cambridge/Aachen jet algorithm 24 has thereby shown to give the best results for the following
procedure. Starting with a high-pT jet j we first undo the last stage of clustering so that
we obtain two subjets j1 , j2 with mj1 > mj2 . Next we check if there has been a significant
mass drop max(mj1 , mj2 ) < 0.67m. Additionally we test if the splitting is not too asymmetric
y=

min(p2T,j ,p2T,j )
1

m2j

2

∆Rj21 ,j2 > 0.09. If either of the conditions is not fulfilled, we take j1 as j and

repeat the steps.
Otherwise we check if both subjets have b tags and if not, reject the event. This candidate Higgs event is then filtered. We resolve the structure with a finer R separation Rfilt =
min(0.3, Rbb̄ /2) and take the three hardest subjets. These are typically the two b jets and the
leading radiation. A graphical description of the algorithm is depicted in Fig. 1.
The ATLAS collaboration has performed a full study using these techniques 25 and they
obtain a statistical significance of 3.7σ for a 120 GeV Higgs boson and a luminosity of 30 fb−1 .
Including 15% systematic uncertainty a significance of 3.0σ can be achieved.
This method has also been applied to associated Higgs production with top quarks and bottom quark decays 26 . Here the subjet technique can help reduce the combinatorial background,
which degrades the standard analysis. For a luminosity of 100 fb−1 the statistical significance of
this channel is 4.1 standard deviations. Additionally it has been shown that further combining
different subjet techniques can enhance the statistical significance even more 27 .

4

Calculational Setup

For our analysis we assume a generalization of the SM Higgs sector with arbitrary couplings.
Any coupling to particle j present in the SM we modify according to
SM
gjjH → gjjH
(1 + ∆jjH )

(1)

where the ∆jjH are independent of each other. As a global sign change in the Higgs couplings
is not observable, we can take gW W H to be always positive, or ∆W W H > −1. Additionally
loop-induced couplings to the photon and gluon are relevant. Here also the modified treelevel couplings enter. Also we allow for further dimension-five operators from new physics
in the Lagrangian. An example for such a term are the additional loop contributions from
supersymmetric partners. Therefore these couplings are modified to
SM
gjjH → gjjH
(1 + ∆jjH SM + ∆jjH) ,

(2)

SM is the loop-induced coupling in the SM, ∆jjH SM the contribution from modified
where gjjH
tree-level couplings and ∆jjH the additional dimension-five part. We also include the masses
of the Higgs boson and the top- and bottom-quark into our parameter set. The errors on their
measurements are large enough that their influence on the coupling determination should be
taken into account.
Furthermore we need to specify our treatment of the total width. This could also receive
further contributions
Γtot = ΓSM
∆Γ ≥ 0 .
(3)
tot (1 + ∆Γ ) ,

A simultaneous scaling of all couplings and the total width where g4 /Γtot = const. leaves all
rates the same and we therefore cannot distinguish this. We will hence fix the total width to
the sum of observed partial widths.
The treatment of errors is a crucial part of the analysis. Statistical errors on individual
channels are from counting experiments and therefore of Poisson type. The systematic errors
are taken as fully correlated between the channels. They are derived from large event samples
and can therefore safely assumed to be Gaussian. To combine these two types of errors we have
devised an approximate formula of summing the inverse of the log-likelihoods 6
X
1
1
1
=
≡
.
2
χ̃
−2 log L
−2
log
Li
i

(4)

For a sum of Gaussians this gives the correct result of adding the errors in quadrature, while we
have checked numerically that in all other cases we have a very good agreement with the exact
way of a mathematical convolution. For theory errors we use the RFit prescription 13 . For a
deviation smaller than the theory error, the partial log-likelihood of the measurement is zero,
while outside of this region it falls off with the combined experimental error. For the assumed
numerical values of the errors we refer to Ref. 6 .
5
5.1

Results
Likelihood map

In Fig. 2 we show distributions for the three couplings ∆W W H , ∆ttH and ∆bbH . In the left
top row we show profile likelihoods for an unsmeared data set with an integrated luminosity
of 30 fb−1 . Additional contributions to the loop-induced couplings we set to zero here. For all
couplings we see a peak at the correct solution of ∆ = 0. For both ttH and bbH a second peak
at ∆ = −2 appears, which corresponds to a flipped sign of the coupling. For the top-quark the
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Figure 2: Distributions for different couplings. Starting from the top left set with profile likelihoods for an
unsmeared data set with an integrated luminosity of 30 fb−1 and no effective couplings, we modify these in the
other sets: Bayesian marginalization (top right), 300 fb−1 (middle left), including effective coupling (middle right),
and smeared data set with effective couplings (bottom). Plots taken from Ref. 6 .

likelihood of this solution is strongly reduced. The interference with a W -loop in the effective
Higgs-photon coupling allows us to determine the correct sign. In principle the same effect would
also be true for the bottom quark. Its contribution to the effective photon or gluon coupling,
which would fix the sign with respect to ttH, is too small to see an effect.
On the right-hand side we take the same input in the top row, but now use Bayesian
marginalization. The interference effect, which breaks the sign degeneracy in ttH, is completely
washed out by volume effects. The bbH coupling shows a peculiar effect. Large values of the
coupling are more likely than the correct one. The branching ratio into bottom quarks is much
less affected by changing the coupling than other ones, because this also increases the total width
significantly and the effect partly cancels. On the other hand large values allow larger changes
in the other couplings without relevant changes of the overall rates. Therefore we have more
parameter space available, so this is a pure volume effect. To understand the correlations we
see Bayesian probabilities are less useful here and therefore we will show only profile likelihoods
from now on.
On the left-hand side of the middle row of Figure 2 we show a ten-fold increase of luminosity
to 300 fb−1 compared to the top row. The general features stay unchanged, while the errors
go down significantly, because the precision is primarily statistically limited. On the right-hand
side we allow for additional contributions to the ggH and γγH couplings at 30 fb−1 . We see
that both peaks for the top-quark coupling now have the same height. The effective photon
coupling can no longer break the sign degeneracy of ttH. Any mismatch is compensated by
appropriately dialing the new term.
In the bottom row we move from the true data set to a smeared one. This we have obtained
by randomly smearing each measurement according to its errors. We see that the overall behavior
does not change significantly. The best-fitting points move slightly away from their true values.
Also the peak structure gets broader, as different measurements try to pull the parameters into
different directions.

Table 2: Errors on the measurements form 10000 toy experiments. We quote absolute errors on the couplings for
30 fb−1 , where additional contributions to the ggH and γγH couplings are either forbidden or allowed. For the
latter we also show errors on the ratio of the coupling to W W H. Table taken from Ref. 6 .

∆W W H
∆ZZH
∆ttH
∆bbH
∆τ τ H
∆γγH
∆ggH
mH
mb
mt
5.2

no eff. couplings
σsymm σneg
σpos
± 0.23 − 0.21 + 0.26
± 0.36 − 0.40 + 0.35
± 0.41 − 0.37 + 0.45
± 0.45 − 0.33 + 0.56
± 0.33 − 0.21 + 0.46
—
—
—
—
—
—
± 0.26 − 0.26 + 0.26
± 0.071 − 0.071 + 0.071
± 1.00 − 1.03 + 0.98

with eff. couplings
σsymm σneg
σpos
± 0.24 − 0.21 + 0.27
± 0.31 − 0.35 + 0.29
± 0.53 − 0.65 + 0.43
± 0.44 − 0.30 + 0.59
± 0.31 − 0.19 + 0.46
± 0.31 − 0.30 + 0.33
± 0.61 − 0.59 + 0.62
± 0.25 − 0.26 + 0.25
± 0.071 − 0.071 + 0.072
± 0.99 − 1.00 + 0.98

ratio ∆jjH/W W H
σsymm σneg σpos
—
—
—
± 0.41 − 0.40 + 0.41
± 0.51 − 0.54 + 0.48
± 0.31 − 0.24 + 0.38
± 0.28 − 0.16 + 0.40
± 0.30 − 0.27 + 0.33
± 0.61 − 0.71 + 0.46
—
—
—
—
—
—
—
—
—

Error determination

To determine the errors we perform 10000 toy experiments, where we have smeared each measurement around the true data point including all experimental and theory errors. The resulting
distribution we then fit with a Gaussian and extract σsymm . As the errors are not necessarily
symmetric, we also fit two-half Gaussians with the same maximum and same height at the maximum, but different errors below (σneg ) and above (σpos ) the maximum. The fit-region is in all
cases the central part within one standard deviation.
From the results in Table 2 we see that the mass measurements hardly play any role. Their
distributions are completely symmetric Gaussians and the errors correspond to the input values.
The W W H coupling is the most precisely determined one. Its value does not change once we
allow effective couplings, which means that the indirect determination via the loop-induced
gγγH is not important for a precise determination. The situation is completely different for
ttH. As main contribution to gggH and sub-leading to gγγH the effective couplings significantly
increase the error. Both main measurements for τ τ H and bbH are linked with a production
mode where the W W H coupling enters, namely vector-boson fusion and associated production
with subjet techniques, respectively. Therefore effective couplings do not change the errors here.
The error on ZZH shows a particular effect. It decreases once we include effective couplings.
This is an effect of the correlations between measurements. The main determination channel is
gluon-fusion production with Higgs decay into a pair of Z bosons. Without effective couplings
the production side is linked to the top-quark coupling, which is constrained by many other
channels. Including them, this connection is removed and the error on the measurement need
not be compensated by changing ZZH alone. Instead both can be changed, and due to the
positive correlation between the two couplings this reduces the error.
One might expect that forming ratios of coupling constants could improve the precision, as
always certain combinations appear in our rate measurements. Due to its relatively small error
the W W H coupling serves well as base value. Hence we also define a deviation on the coupling
ratio to the W W H coupling as
gjjH
gW W H

→



gjjH
gW W H

SM 

1 + ∆jjH/W W H



.

(5)

The results we show in the right column of Table 2. In particular bbH benefits from forming
the ratio. This is due to the total width, which appears in all measurements. The bbH coupling

yields the largest contribution for a light Higgs boson and this leads to strong correlations to all
other couplings.
6

Conclusions

In this article we have studied the determination of Higgs couplings at the LHC. As model
we have assumed the Standard Model with free Higgs couplings, so that we are independent
from the exact realization of new physics, if any. Using SFitter as a tool we map a set of
LHC measurements onto the multi-dimensional parameter space. We have taken effects from
statistical, correlated systematic and box-shaped theory errors into account.
We find that we can determine the couplings with a precision of 20 − 40%. The improved
accuracy from the newly developed subjet techniques is thereby an important ingredient. It helps
to determine the bottom-quark Higgs coupling, which influences all others via its contribution
to the total width.
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Tevatron Results on BSM Higgs Searches
Miguel Vidal
(on behalf of the CDF and DØ Collaborations)
CIEMAT, Avd. Complutense 22, 28040 Madrid, Spain
We present the latest results of searches for beyond standard model Higgs boson production at
the Tevatron collider of Fermilab. Analyses have been carried out on samples of about 1-4 fb−1
of data collected by the CDF and DØ detectors. In particular, Higgs bosons in supersymmetric
models and fermiophobic scenario have been investigated, and limits on production cross
sections and theory parameters have been established.

1

Introduction

The CDF 1 and DØ 2 experiments are finally reaching sensitivity to a standard model Higgs boson
production in pp̄ collisions at the Tevatron 3 . Nevertheless, no hint for Higgs has been observed
yet. Moreover, the experiments can not still probe the low mass region MH < 160 GeV/c2 which
is favorite by the fit to the electroweak observables.
Searches for Higgs boson production in the context of beyond standard model theories are
then well motivated and have been carried out both from CDF and DØ Collaborations. We will
summarize here the latest results, by focusing on three different scenarios: neutral and charged
Higgs bosons in the Minimal Supersymmetric Standard Model (MSSM), and fermiophobic Higgs
bosons.
2

Fermiophobic Higgs

A fermiophobic Higgs boson would greatly enhance the sensitivity of the Tevatron experiments
to Higgs production in the low mass region (MH < 130 GeV/c2 ), where the dominant SM decay
to bb̄ provides a difficult signature due to the background from QCD processes. Theoretically,
null (or highly suppressed) coupling of the Higgs boson to fermions could indicate a different
origin for fermion and boson masses.
The benchmark fermiophobic model assumes the same Higgs couplings to gauge boson as in
the SM, and no couplings to fermions. In such a scenario, Higgs direct production is forbidden,
and productions in association with a W or a Z boson and via vector boson fusion become the
dominant mechanisms.
Inclusive production of a Higgs boson decaying to photons has also been searched by the
two experiments by exploiting the high resolution (about 3%) on the reconstructed mass of the
diphoton system provided by their calorimeters, as shown in figure 1. When comparing the
observed limits on the production cross section to the benchmark model expectations, a lower
limit on the mass of a fermiophobic Higgs boson is set at 106 GeV/c2 (see figure. 1).
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Figure 1: Fermiophobic Higgs boson in the di-photon final state. Left plot shows the invariant mass distribution
of two photon candidates in mass region [60 GeV, 180 GeV] in logarithmic scale at DØ. Right plot shows the
production cross section limit as a funtion of the diphoton mass at CDF.

3

Charged Higgs Bosons in the MSSM

Searches for charged Higgs bosons H ± have been carried out at the Tevatron experiments by
looking in top quark samples. In particular, the CDF collaboration looked for the decay of top
quark into charged Higgs and bottom quark in tt̄ pair production events. In order to reduce
background, the other top was required to decay in a W boson which then decay to leptons, and
the bottom quarks are required to be tagged. The charged Higgs is assumed to decay exclusively
to quarks. This search is sensitive to MSSM production for tanβ < 1 and MH < 130 GeV/c2 . By
fitting the observed dijet mass distribution to H ± → q q¯′ , W ± → q q¯′ and background templates,
an upper limit on the branching ratio of the t → H + b decay has been set as a function of the
Higgs boson mass (see figure 2).
The DØ experiment searched for charged Higgs boson by using a different approach, which
consists in computing the effects that a t → H + b decay would have on the yields of events in
the different tt̄ decay channels, and then comparing the expectations to the observed number
of events to set limit on the branching ratio of top quark decay to charged Higgs boson. The
analysis is divided in two scenarios for the Higgs decay: a tauonic model where the Higgs decays
exclusively into tau and neutrino (which is equivalent to the MSSM for very high values of
tan β), and a leptophobic model assuming Br(H + → cs̄)= 100% (realized by a general multiHiggs-doublet model 5). Figure 2 shows the number of expected and observed events versus
final state for M+
H = 80 GeV assuming exclusive c̄s decays of the charged Higgs boson.
4

Neutral Higgs Bosons in the MSSM

The MSSM requires the existence of two isodoublets of Higgs fields, which couple to up-type
and down-type fermions respectively. Out of the eight degrees of freedom, three are absorbed
by the masses of the Z and W bosons, and five are associated to new scalar particles: three
neutral Higgs bosons (h, H, A) and two charged ones (H ± ). At tree level, Higgs phenomenology
in the MSSM is described by two parameters: the ratio tan β of the vacuum expectation values
of the Higgs doublets, and the mass mA of the pseudoscalar boson A.
The couplings of neutral Higgs bosons to bottom quark b and τ (down-type fermions) scale as
tan β with respect to standard model value. For tan β ∼ 1, therefore, limits on standard model
Higgs production apply to neutral Higgs in MSSM too. At high values of tan β, production
processes involving b quarks are enhanced of a factor tan2 β. Moreover, the pseudoscalar boson
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Figure 2: Charged Higgs Boson in the MSSM. Number of expected and observed events versus final state for
M+
H = 80 GeV assuming exclusive c̄s decays of the charged Higgs boson at DØ (left). Upper limit on the branching
ratio of the t → H + b decay as a function of the Higgs boson mass by CDF (right).

A becomes degenerate (φ) with either one of the other neutral Higgs particles, which provides a
further enhancement of the searched signal. Finally, in the high tan β region the neutral Higgs
bosons decay dominantly into bb̄ (BR ∼ 90%) or τ + τ − (BR ∼ 5-13%) pairs.
Three different analyses, searching for neutral MSSM Higgs, were carried out at Tevatron
depending on their final states: φ → τ τ, bφ → bτ τ, and bφ → bbb̄. These analyses are described
in the following subsections.
4.1

Neutral MSSM Higgs Bosons Decaying to Tau Pairs

The search for neutral Higgs performed in the φ → τ τ decay channel detect the tau pairs in
three final states: τe τhad , τµ τhad , and τe τµ , where τe , τµ , and τhad are short-hand notations for
the decay modes τ → eνe ντ , τ → µνµ ντ , and τ → hadronsντ , respectively. The detection of
φ → τ τ requires identification of e, µ (from leptonic τ decays) and the reconstruction of the
products of semi-hadronically decaying τ ’s.
The dominant (and irreducible) background in the final sample of selected events is from
Z/γ ∗ production with subsequent decays to τ pairs. The second-largest contribution is from
backgrounds involving gluon or quark jets misidentified as τhad , such as di-jet and multi-jet
events, W produced in association with jets, and photon plus jet production.
The analyzed data sample corresponds to an integrated luminosity of 1.8 fb−1 by CDF 4
and 2.2 fb−1 by DØ. No significant excess in signal over background has been observed and
thus limits on the production cross section for neutral Higgs boson times the branching fraction
into tau leptons are given for neutral Higgs bosons. The excluded region by DØ in the (mA ,
tan β) space is given in figure 3, for the case of µ > 0. Exclusion limits by CDF at 95% CL on
σ(pp̄ → φ + X)+ BR(φ → τ τ ) are also shown in figure 3.
4.2

Associated Production of b-Quark and Neutral MSSM Higgs Boson Decaying to Tau Pairs

A search for neutral Higgs bosons produced in association with a b quark was performed by
DØ 5 . The specific Higgs boson decay mode used in this search is φ → τ τ with one of the τ
leptons subsequently decaying via τ → µνµ ντ (denoted τµ ) and the second via τ → hadrons
+ ντ (denoted τhad ). In the MSSM the Higgs coupling to down-type fermions is enhanced by
a factor ∝ tan β and thus the Higgs production cross section is enhanced by a factor ∝ tan2 β
relative to the SM, giving potentially detectable rates at the Tevatron. Two of the three neutral
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Figure 3: Neutral MSSM Higgs bosons decaying to τ pairs. Excluded region by DØ in the (mA , tan β) space is
given in figure 3, for the case of µ > 0 (left). Exclusion limits by CDF at 95% CL on σ(pp̄ → φ+X)+ BR(φ → τ τ )
(right).

Higgs bosons have nearly degenerate masses over much of the parameter space, effectively giving
another factor of two in production rate.
This search requires reconstruction of muons, hadronic τ decays, jets (arising from b quarks),
and neutrinos. Backgrounds to this search are dominated by Z+jets, tt̄, and multijet production.
In the absence of a significant signal, 95% confidence level limits were set on the presence of
neutral Higgs bosons in the data sample. The are translated into the tan β versus MA plane in
the µmax
, µ = −200 GeV/c2 MSSM benchmark scenario.
h
4.3

Neutral MSSM Higgs Bosons Produced in Association with b-Quarks

The production rate of light Higgs bosons in association with b-quarks can be significantly
enhanced in supersymmetric extensions of the standard model. This occurs for large values of
tan β, the ratio of the Higgs coupling to down-type versus up-type quarks. The cross section
for (bb)φ is in the 10 pb range, which could potentially be observable at the Tevatron. Also
interesting is that at large tan β the pseudoscalar A becomes degenerate with either the light
(h) or heavy (H) scalar, giving an effective factor of two enhancement to the cross section. Only
the case where at least one of the b’s accompanying the Higgs is at high pT is relevant to these
results, since b-tagging is required.
In this analysis, Higgs decays into bb̄ are searched for, accompanied by an additional highpT b, giving an event signature of at least three b-jets. At a hadron collider this final state has a
large background from multijet production which is poorly modeled by simulation, making the
search for this topology very challenging.
The analyzed data sample corresponds to an integrated luminosity of 2.5 fb−1 at CDF and
1.6 fb−1 at DØ.
At CDF, a positive deviation of greater than 2σ from the expectation in the mass region of
130-160 GeV/c2 is observed. The most significant discrepancy is at mH = 140 GeV/c2 , with a
1 − CLb p − value of 0.9%.
95% CL exclusion limits were set at CDF and DØ as shown in figure 4.
4.4

Combined limits on MSSM Neutral Higgs Bosons

Two different combined limits on MSSM neutral Higgs bosons were made at Tevatron. The first
one is a DØ only result combining the φ → τ τ , bφ → bτ τ , and bφ → bbb̄ final states, using 2.2
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Figure 4: Limits on neutral MSSM Higgs bosons produced in association with b-quarks. 95% CL exclusion limit
in the (mA , tan β) plane obtained with the combination of the current and RunIIa analyses at DØ for the µmax
,
h
µ = −200 GeV scenario (left). Median, 1σ, and 2σ expected limits, and observed limits versus mH at CDF
(right).

fb−1 , 1.2 fb−1 and 2.6 fb−1 . Limits are set using the modified frequentist (or CLS) technique.
The test statistic is a negative log-likelihood ratio:
LLR = −2ln

p(data|H1 )
p(data|H0)

(1)

where H1 is the test (background + signal) hypothesis, H0 is the null (background only)
hypothesis and p are Poisson probabilities for obtaining the observed number of events under
each hypothesis. CLs is defined by the ratio: CLS = CLs+b /CLb where, CLs+b and CLb
are the confidence levels for the test and null hypothesis respectively. These confidence levels
are estimated by integrating the probability density functions for the test statistic under the
two hypotheses generated using simulated pseudo-experiments. Systematic uncertainties on the
signal and background are introduced using Gaussian sampling. A profile likelihood technique
is used to reduce the impact of the systematics on the final limits.
95% Confidence limits in the tan β −MA plane for the maximal mixing and for µ < 0 scenario
is shown in figure 5.
The second combination is made using the CDF and DØ results on neutral MSSM Higgs
bosons decaying to τ pairs. 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 and
Modified Frequentist approaches, which give similar results (within 10%). Both methods rely on
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 distribution of the discriminants in each analysis (“shape uncertainties”). Both
methods use likelihood calculations based on Poisson probabilities. In all channels the visible
mass distribution is used to set limits.
The results are shown graphically in figure 5, using the CLS calculations. The observed
limits are generally in good agreement with expectation with no evidence for significant excess
for 90 < MA < 200 GeV.
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Figure 5: Tevatron combinations on MSSM neutral Higgs bosons. DØ combined 95% Confidence limits in the
tan β −MA plane for the maximal mixing and for µ < 0 scenario (left). The dark shaded region shows the observed
limit, the solid line the expected limit and the shaded light-green area shows the limits from LEP. Tevatron 95%
Confidence limits on cross section branching ratio for the neutral MSSM Higgs bosons decaying to τ pairs. The
solid black and dashed grey lines show the observed and expected limits respectively. The yellow and blue hatched
bands around the expected limit show the 1 and 2σ deviations from the expectation (right).

5

Conclusions

The CDF and DØ Collaborations looked actively for Higgs bosons in the context of physics
beyond the standard model in about 1-4 fb−1 of pp̄ collisions at the Tevatron collider. Advanced
techniques have been established and several limits on relevant parameters for diferent theories
have been set, but no Higgs production signal has been observed yet. Lot of improvements
are to come: increased statistics (both experiments already have 7 fb−1 of data on tape) and
combination of diferent search channels and experiment results will enhance the sensitivity to
Higgs production, eventually leading to new insights on the mechanism of electroweak symmetry
breaking.
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The LHC start-up

Running Status of the LHCb Experiment
Wouter Hulsbergen, on behalf of the LHCb collaboration
Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands
The LHCb experiment is optimised for precision measurements of CP violation and rare decays
of B and D hadrons at the Large Hadron Collider (LHC) at CERN. The experiment has seen
its first proton-proton interactions in the 450 GeV per beam run of the LHC in 2009. We
report on the status of the experiment and present results obtained with the first data.

1

The LHCb experiment

Weak decays of beauty and charm hadrons feature a rich phenomenology with well understood
standard model predictions. Thanks to their high mass these hadrons can decay into many
different final states, some of which have large CP violating effects. Processes dominated by loop
diagrams, such as neutral B meson mixing or the very rare Bq → l+ l− decay are sensitive to
higher mass scales. The agreement with the Standard Model of existing measurements performed
at the Υ(4S) B-factories and the Tevatron already puts strong constraints of the flavour structure
of any beyond-the-standard model contributions with a mass scale just above the weak scale.
The LHCb experiment at CERN will significantly tighten these constraints, in particular in
b → s transitions.
The LHCb detector 1 (figure 1) is a single-arm forward spectrometer located at interaction
point 8 of the Large Hadron Collider at CERN. The main argument for constructing a forward
spectrometer for the study of beauty and charm at the LHC is that at high collision energies
these relatively light objects are produced preferentially in a narrow cone around the collision
axis. At the nominal LHC interaction energy of 14 TeV the bb̄ cross-section is estimated to be
500 µb, or about 0.5% of the total cross-section. About one third of the bb̄ events have their
decay products in the LHCb acceptance. Furthermore, the most forwardly produced objects
also have a large boost (βγ > 3), which aides in the measurement of decay lengths, important
for both identification and lifetime measurement of the heavy, weakly decaying hadrons.
The LHCb detector covers an acceptance of about 10-300 mrad around the beam direction,
corresponding to roughly 3 units in pseudorapity, from 1.9 till 4.9. The Velo vertex detector
is situated around the interaction point and optimised for precise reconstruction of primary
and secondary vertices. It consists of 21 layers of double sided silicon strip detectors with r-φ
geometry, leading to a single-track impact parameter resolution of about 50 µm. During stable
operation the silicon sensors are only 8mm away from the beams. To reduce the risk of damaging
the detector during injection, the Velo consists of two halves (the so-called A-side and C-side)
than can be independently moved away from the beam.
The main tracking system consists (from left-to-right in figure 1) of 4 layers of silicon, a
4 Tm dipole magnet and another 12 layers of silicon and straw tubes. In combination with the
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to CMS
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Figure 1: Schematic view of the LHCb detector.

vertex detector the tracking system measures particle momenta with an accuracy of about 0.4 %
for particles in the range from 2-100 GeV.
Two ring imaging cherenkov detectors allow for separation of kaons from pions and protons
in a momentum range from about 1 to 100 GeV. RICH1, located between the Velo and the
magnet, covers the outer acceptance of 25-300 mrad, while RICH2, located between the main
tracker and the calorimeter has an acceptance of about 15-100 mrad.
The calorimeter system is situated behind RICH2. It consists of an electromagnetic calorimeter (ECAL) for photon detection and electron identification and a hadronic calorimeter (HCAL)
for the identification of high-p⊥ hadrons in the trigger. Two scintillator detectors in front of
the ECAL — the PRS (pre-shower system) and SPD (scintillating pad detector) — improve the
separation of electrons from photons and pions.
The muon detector is positioned behind the calorimeter and consists of 4 stations with
multi-wire proportional chambers (MWPC) interleaved with 80 cm thick iron absorbers. An
additional station is positioned in front of RICH2, and meant to improve momentum resolution
in the trigger. To facilitates its use in the trigger the size of the MWPC pads is projective,
varying from about 1 to 25 cm in x and 2.5 to 31 cm in y.
The LHCb trigger system reduces the 40 MHz event rate to a rate of about 2 kHz, small
enough to send events to storage. The first level trigger, the so-called L0, consists of dedicated
electronics hardware and exploits high-p⊥ signatures in the MUON, the ECAL and the HCAL.
Its output rate is 1 MHz. The second level trigger is a software trigger which runs on a farm of
1000 16-core nodes. It is divided in two stages. In the first stage the L0 signals are confirmed
with seeded track finding algorithms. Tracks from beauty and charm decays are identified by
their large impact parameter, reducing the rate to about 30 kHz. In the second stage the full
pattern recognition is performed to identify a finite set of exclusive or semi-exclusive final states.
The LHCb detector was optimised to satisfy the main requirements for charm and beauty
physics, namely a good vertex resolution to identify secondary vertices and resolve the oscillations for neutral B and D meson mixing, a spectrometer with a high resolution to separate
kinematically close final states, pion, kaon and lepton ID to identify different final states and
tag ’flavour’, and a trigger system to select charm and beauty events with high efficiency at a
high rate. In the following we will discuss results obtained with the 2009 data set, illustrating
how well LHCb performs in these aspects.

2

Results from the 2009 dataset

On November 21st 2009 LHCb observed the first proton-proton collisions from the LHC. In
the period till December 15th, a total of 260k pp collisions and 80k beam-gas collisions were
collected, corresponding to a total integrated luminosity of about 6 µb−1 .
Throughout the 2009 run the LHC was operating at the injection energy of 450 GeV per
beam. To compensate for the deflection in the strong field of the LHCb magnet the LHC beams
intersect the detector at a relatively large angle of about 2.6 mrad . Consequently, at this beam
energy the Velo cannot be completely closed, leading to a reduced acceptance and a poorer
vertex resolution compared to the nominal position.

Figure 2: Distribution of primary vertices in the xz-plane for events with only the bucket of beam 1 filled (in
red), only beam 2 (in blue) or both (in grey).

vertex x resolution in mm

Figure 2 shows the distribution of primary vertices reconstructed in the vertex detector.
Since only a fraction of the bunches is filled, the distribution can be split in a contributions from
‘single-bunch’ beam gas events and ‘colliding-bunch’ events. The figures illustrates the beamcrossing angle at 450 GeV beam energy. More importantly, the distribution of primary vertices
has been used in a Van-Der-Meer scans to determine the beam parameters and luminosity.
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Figure 3: Estimated resolution for the x-coordinate of the primary vertex as a function of the number of tracks
in the vertex (left) and single track impact parameter resolution (right) in data and simulation.

The performance of the vertex detector is illustrated in figure 3. The primary vertex (PV)
resolution is of prime importance for the physics performance of LHCb since it enters the impact
parameters used to select tracks from weak decays, as well as the decay length needed for the
extraction of decay times. The PV resolution is estimated by splitting the set of tracks in an
event in two, then reconstructing the vertex in either set and finally comparing the estimated

position of the two vertices. As expected the resolution depends on the number of tracks in the
vertex. With the Velo in its ‘open’ position, the vertex resolution is about a factor 3 poorer
than with closed Velo, but well in agreement with the expectation from MC simulation.
Single track impact parameters (IP) are used to select tracks from charm and B decays in
the LHCb trigger. The IP resolution is a strong function of the momentum. In LHCb it is
traditionally presented as a function of 1/pT as in figure 3b. Again the resolution is worse than
for a closed detector, but within 20 % of the expectation from simulation, well sufficient for
LHCb physics.
A first estimate for the momentum resolution is obtained by studying V 0 resonances. Figure 4 show the invariant mass distribution of Ks0 → π + π − and Λ0 → pπ − candidates in the
450 GeV data. The resolution is about 20% worse than in the simulation, partially due to remaining detector misalignments. Studies of the alignment, magnetic field and material budget
are in progress.
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Figure 4: Invariant mass distribution for Ks0 → π + π − candidates (left) and Λ0 → pπ − candidates (right) in
data (top) and simulation (bottom). The data correspond to about 260k pp collisions. The normalisation of the
simulation data is arbitrary.

The performance of the RICH detectors is studied with clean samples of pions and protons
from V 0 decays and kaons from φ → K + K − decays. Figure 5 shows the efficiency and fake
rate of the RICH proton identification as a function of proton momentum for both data and
simulation. Although the statistical uncertainties are still too large to draw any firm conclusions,
the results illustrate that the RICH detectors are performing reasonably close to expectations.
In a similar fashion µ misidentification rates are estimated from Ks0 → π + π − decays. For the
standard muon selection the mis-id rate is 3.8 ± 0.7 % in data versus 2.3 ± 0.4 % in simulation.
It is expected that the performance can be improved with a better alignment and a better
calibrating the muon likelihood calculation.
Figure 6 shows the two-photon invariant mass distribution reconstructed from clusters in

Figure 5: Proton ID efficiency (left) and pion fake-rate (right) versus momentum, extracted from a sample of
clean protons and pions from Λ0 → pπ − decays.

LHCb MC (prel.)

LHCb 2009 data (prel.)

R(η/π 0 ) = 0.22 ± 0.04

R(η/π 0 ) = 0.17 ± 0.04

σ(π 0 ) = 12.6 ± 0.7 MeV

σ(π 0 ) = 16.0 ± 0.9 MeV

σ(η) = 23 ± 4 MeV

σ(η) = 25 ± 5 MeV

Figure 6: Two-photon invariant mass distribution in simulation (left) and the 2009 data (right).

the LHCb electromagnetic calorimeter. The energy calibration of the ECAL for these data has
an uncertainty of about 7% per cell. With a larger sample of π 0 decays this uncertainty is
expected to go down to less than 1%. In turn this will lead to an improvement in the π 0 and η
mass resolution of about 25%, bringing the data into agreement with the expectation from the
simulation.
3

Prospects for the first LHC physics run

The physics reach of the LHCb program is extensively discussed in the design report 2 and a
collection of recent ‘roadmap’ notes 3 . In this talk we give a brief account of plans with the 2009
data and the prospects for two of LHCb’s key measurements.
Thanks to its unique rapidity coverage the LHCb experiment will give valuable input for
tuning event generators at LHC energies. Topics under study include charged particle multiplicities and kinematic distributions, V 0 production, baryon/anti-baryon production asymmetries,
jet multiplicities and ultimately charm and beauty production. The main limitation for the 2009
450 GeV data is the relatively poor knowledge of the integrated luminosity (about 20 %). For
the 2010 dataset the uncertainty on the luminosity is expected to be better than 10 %. Furthermore, a new ‘single-track’ trigger should allow for better sensitivity to events with small particle
multiplicity.
The expected integrated luminosity for the first physics run is about 0.2 fb−1 for 2010 and
1 fb−1 for 2011. The heavy quark cross-section at 7 TeV COM energy has a large theoretical

uncertainty. Conservative estimates for the cross-section and the resulting expected event-yields
in LHCb are shown in table 1. Ultimately LHCb can record about 1010 events per year. This
shows that even with the moderate luminosity expected for 2010/2011, a large trigger rejection
is required.

total
bb̄
cc̄

σ(3.5+3.5TeV)
[mbarn]
100
0.2
2

events in LHCb acceptance
2009
2010
20 · 1012
100 · 1012
40 · 109
200 · 109
9
400 · 10
2 · 1012

Table 1: Event yields for bb̄ and cc̄ production in LHCb in the first LHC physics run, assuming conservative
estimates for the cross-section.

Table 2 shows the expected recorded event yield for a subset of exclusive decays. For the B
decays for which the LHCb trigger is particularly efficient — such as decays with leptons in the
final state, two-body B decays and radiative B decays — the yields should match those of the
Υ(4S) factories and the Tevatron already this year.
µ − µ−

J/ψ →
(prompt)
Bs → J/ψφ
B 0 → K 0∗ µ+ µ−
B 0 → K +π−
Bs → K + K −
Bs → φγ
D∗− → D(K − π + )π − (WS)

2010
60M
6k
300
11k
4k
240
10k

2011
300M
30k
1500
55k
10k
3k
50k

nominal year
120k
6.2k
220k
70k
12k
200k

Table 2: Approximate expected yields of exclusively reconstructed decays in the LHCb detector for 2010, 2011
and a nominal LHCb year, assuming σ(bb̄) = 0.2 mb, σ(cc̄) = 2 mb and σ(J/ψ) = 0.1 mb.

The decay Bs → J/ψφ is a golden mode for observing phases from new interactions contributing to Bs B̄s mixing. CP violation in this channel occurs through the interference of mixing
and decay amplitudes, and is measured as a time-dependent CP asymmetry, schematically represented as:
N (Bs → f ) − N (B̄s → f )
(t) ∝ sin(φs ) sin(∆mt).
(1)
N (Bs → f ) + N (B̄s → f )
The amplitude of the oscillation is governed
 by a phase φs , which in the standard model is ap∗
Vts Vtb
proximately equal to −2βs = 2 arg Vcs Vcb ∗ , where βs is an angle of one of the CKM unitarity
triangles. The prediction of φs from global fits of the CKM matrix elements to experimental
data gives φs = (0.0360 ± 0.002) 4 . Contributions from beyond the standard model can significantly modify this prediction 5 . Figure 7 shows the estimated sensitivity for φs as a function of
luminosity, taking into account uncertainties in σ(bb̄) and the branching fraction. By the end of
2011, the uncertainty on φs is about 0.06.
Fully leptonic decays of B mesons Bq → l+ l− have a very small branching fraction in the
standard model. They only occur via amplitudes involving loop diagrams and are also CKM
and helicity suppressed. The experimentally most accessible mode is Bs → µ+ µ− , which in the
SM has a branching fraction of (3.6 ± 0.4) × 10−9 6 . Contributions from beyond-the-SM, for
example in the MSSM, can enhance the branching fraction by up to a factor ten. 7
Figure 8 shows the expected upper limit (at 90% CL) in LHCb as a function of integrated
luminosity. By the end of 2011 LHCb will have excluded a branching fraction larger than twice
the SM prediction.
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Figure 7: Uncertainty in φs as a function of luminosity in LHCb, assuming a bb̄ cross-section in the LHCb
acceptance of 219 µb. The area between the blue curves represents the uncertainty due to the cross-section and
the visible branching fraction of the B 0 → J/ψφ → µ+ µ− K + K − final state.
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Figure 8: Bs → µ+ µ− exclusion limit at 7 Tev versus integrated luminosity in LHCb.

Another interesting measurement is the determination of the angle γ, the least well known
angle of the Unitary Triangle. A measurement via decays dominated by tree diagrams of the
form B → DCP K, where DCP decays is a CP eigenstate, provide a measurement of γ that
is unaffected by contributions from new physics. Combined with the measurement from loop
dominated two-body B decays (from a comparison of B 0 → π + π − and Bs → K + K − ) and from
mixing in Bs → Ds K, LHCb expects a precision of about 10 degrees by the end of 2010.
Of course, there are many more topics on the LHCb physics menu. Other precision tests of
the standard model will be performed through measurements of the forward-back asymmetry
in B 0 → K ∗0 µ+ µ− , probing the photon polarisation in B → K ∗0 γ and B → φγ decays, and
CP violation and mixing in D decays. Studies of quarkonium production — among which the
recently discovered mysterious X, Y and Z resonances — will shed more light on the subtleties
of QCD in bound states. Finally, direct searches for new exotic long-lived particles, for example
from non-standard-model Higgs decays, will complete the LHCb physics programme.
Just after the conference and while writing these proceedings the LHC has made a terrific
start. The first signals for charm and beauty production have been clearly established, leading
to a lot of excitement in the LHCb collaboration. We are looking forward to scrutinising the
data of the coming years for signs of new TeV-scale phenomena.
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THE CMS EXPERIMENT: STATUS AND FIRST RESULTS
MARTIJN MULDERS (on behalf of the CMS Collaboration)
European Organization for Nuclear Research, CERN
CH-1211 Geneva 23, Switzerland
After nearly two decades of design, construction and commissioning, the CMS detector was
operated with colliding LHC proton beams for the first time in November 2009. Collision data
were recorded at centre-of-mass energies of 0.9 and 2.36 TeV, and analyzed with a fast turnaround time by the CMS collaboration. In this talk I will present a selection of commissioning
results and striking first physics resonances observed. Then I will discuss the analysis of the
transverse momentum and rapidity distribution of charged hadrons, which led to the first
CMS physics publication. The excellent performance of the CMS detector and agreement
with predictions from simulation are impressive for a collider detector at startup and show a
great potential for discovery physics in the upcoming LHC run.

1

Introduction

The CMS experiment 1 recorded the first LHC 2 proton-proton collisions on Monday the 23rd
of November, 2009. In the weeks that followed, CMS collected approximately 350 thousand
√
√
collision events at an energy of s=0.9 TeV and 20 thousand events at s=2.36 TeV with good
detector conditions and the magnet switched on at the nominal value of 3.8 T. This corresponds
to about 10 µb−1 of integrated luminosity, close to 85% of the collisions delivered by the LHC.
The recorded data sample is still many orders of magnitude too small to do the physics
studies for which CMS was designed. However, it is sufficient to assess the general quality and
the proper functioning of the detector, the algorithms and the modeling of the detector response
in the simulation. This is a crucial step in the preparation of the experiment for physics.
Section 2 briefly presents the status of CMS at startup, followed by a summary of the first
physics performance results in Sections 3 to 6. These performance results formed the basis for
a timely publication of the first physics measurement with collision data, one month before this
conference 3 , as discussed in Section 7. This is followed by the conclusions in Section 8.
2

CMS Status at Startup

In the three years preceding the first LHC proton-proton collisions, CMS recorded and analysed
more than a billion events with muons from various sources. Three cosmic ray runs in 2006,
2008 and 2009 recorded about 300 million cosmic ray muon events each. Over a million beam
halo muons were recorded during LHC commissioning in 2008 and 2009, as well as more than a
thousand so-called beam-splash events. These beam-splash events occur when LHC intentionally
dumps a single bunch of the beam on a collimator about 150 m upstream from CMS, leading to
a flood of muons traveling through the detector simultaneously.

Detailed analysis of these events resulted in crucial improvements in the alignment of the
detector, modeling of the magnetic field, understanding of the response of different subdetectors
to muons, calibration, noise characteristics and synchronization. The results of these studies are
described in 23 performance papers 4 , submitted by CMS just before the start of collisions in
2009. The papers have been accepted by JINST and are expected to appear in a single volume
of the journal, soon after this conference.
The detector simulation that was thus tested and validated before collisions was used without
further adjustments in the first CMS physics paper and for all other results presented in this
report. The only parameter that had to be adapted was the longitudinal distribution of the
primary collision vertices, which was tuned to match the LHC operating conditions.
3

The first Physics Resonance in Collisions

Figure 1: Uncorrected photon-pair invariant mass peaks in data (left) and simulation (right) in the region around
the mass of the π 0 (top) and η (bottom) resonances.

The first physics resonance observed in collision data was the di-photon invariant mass from
the decay of neutral pions π 0 → γγ, visible even after the first run with 191 recorded events when
the experimental magnets were still switched off. The peak, together with a dedicated simulated
sample (with magnetic field off) was ready and approved for public presentation within three
days after the first collisions. Updated versions of the π 0 di-photon invariant mass plots 5 , with
more data and simulated events, are shown in Fig. 1(top). For this plot only photon candidates
in the barrel (|η| <1.479) are used, requiring basic shower shape cuts, a transverse photon energy
ET above 300 MeV, and the transverse momentum pT of the reconstructed π 0 above 900 MeV.

Entries/0.010 GeV/c

2

Similarly, the eta resonance η → γγ is shown for data and simulation in Fig. 1(bottom). In this
case a photon ET > 400 MeV and η pT > 2 GeV was required. The masses shown are based on
the measured photon energies without corrections for shower containment and energy lost before
the calorimeter, which explains why the observed masses are a few percent below the known π 0
and η mass. However, the mass reconstructed in data and simulation agrees to within about 2%
even at this relatively low energy, in agreement with the expected calibration at start-up. When
applying a simulation-based correction for single-photon energies 6 , the mass moves to within
2% of the PDG 7 value, as shown in Fig. 2(left). The π 0 mass peak is also shown for events
where one of the photons converted in the tracker and is reconstructed as an e+ e− pair. 8
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Figure 2: Left: Photon-pair invariant-mass distribution in the barrel (|η| < 1.0) for the data. The π 0 mass peak
is fitted with a Gaussian (red line) and the combinatorial background is described with an exponential function
(blue line). Right: Invariant mass of π 0 candidates reconstructed as one photon and an e+ e− pair. Data (black
points) are superimposed on the MC expectation (filled yellow histogram), normalized to the number of selected
conversion candidates. A fit to the data points, obtained with a Gaussian function summed with a second order
polynomial to describe the combinatorial background component, is also shown.

4

Tracking

The CMS silicon tracker and tracking algorithms have performed excellently from the start
of data taking. Beam spot and primary vertices are reconstructed with high efficiency and
resolution close to the expectation from simulation 9 . Within hours after the first run with
magnetic field switched on, invariant mass peaks were reconstructed of the decays of the neutral
kaon KS0 → π + π − and Λ0 → pπ − (and their charge conjugates), with a mass scale correct
to better than 0.1%, and good agreement between data and simulation in resolution. The
agreement in mass at low pT is a new, independent, confirmation that the scale of the magnetic
field is modeled accurately, and also provides a first indication that the description of material
effects in the tracker is realistic.
As these particles are long-lived (cτ > 1 cm) and decay to a pair of charged particles, they
provide a so-called V 0 signature, consisting of two oppositely charged tracks which are detached
from the primary vertex and form a good vertex. To ensure good track quality, a track is required
to have more than 5 hits, a normalized χ2 less than 5, and a transverse impact parameter with
respect to the beamspot greater than 0.5 σIP where σIP is the calculated uncertainty (including
beamspot and track uncertainties). The reconstructed V 0 decay vertex must have a χ2 less than
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7 and a transverse separation from the beamspot greater than 15 σT where σT is the calculated
uncertainty. If either of the daughter tracks have hits that are more than 4σ3D inside the V 0
vertex (toward the primary vertex), the V 0 candidate is discarded.
The mass resolution of the V 0 depends on η as well as the decay vertex position and a single
Gaussian was not a sufficiently accurate functional form for the signal. Therefore, a double
Gaussian with the same mean was used to fit the signal. For the background shapes, a linear
background was used for π + π − and the function a(m−mp −mπ )b was used for the pπ − spectrum.
The π + π − and pπ − mass distributions, along with the overlaid fits, are shown in Fig. 3.
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Figure 3: Fitted π + π − mass for data (top left) and simulation (top right). Fitted pπ − (+ charge conjugate) mass
for data (bottom left) and simulation (bottom right). Uncertainties shown are statistical only.

Reconstruction of the K ∗ (892)− , Ξ− and φ Resonances
The reconstructed sample of V 0 particles is exploited to search for other particles as well.
First, KS0 candidates are combined with charged tracks from the primary vertex to search
for the strong decay K ∗ (892)− → KS0 π − . The KS0 candidates must have a mass within 20 MeV
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of the nominal PDG mass and the KS0 flight path must pass within 2 mm of the primary vertex.
The KS0 π − invariant mass is calculated using the PDG value of the KS0 mass and is shown in
Fig. 4(left). The figure also shows an overlay of a fit to the KS0 π − mass distribution. The fit uses
a relativistic Breit-Wigner for the signal plus a threshold function for the background. More
details are given elsewhere 9 . The mass returned by the fit is 888 ± 3 MeV, consistent with the
world average value of 891.66 ± 0.26 MeV 7 .
The second particle, the Ξ− , was reconstructed through its decay to Λ0 π − . As the Ξ− is a
long-lived baryon, the topology of this decay is different than the K ∗ (892)− . The π − from the
Ξ− decay will be detached from the primary vertex rather than originating from the primary
vertex. Λ0 candidates with a mass within 8 MeV of the PDG value were combined with charged
tracks with the same sign as the pion in the Λ0 decay (the track with the smallest pT ). The
resulting mass plot is shown in Fig. 4(right). The measured mass of 1322.8 ± 0.8 MeV is in
agreement with the world average value of 1321.71 ± 0.07 MeV 7 .
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Figure 4: Left: KS0 π − invariant mass plot with a fit for the K ∗ (892)− . Right: Λ0 π − invariant mass plot with a
fit for the Ξ− .

Finally, a search for the φ(1020)→ K + K − resonance was performed, exploiting the possibility to separate kaons and pions at low pT by measuring dE/dx in the silicon detector layers.
This analysis was described in a dedicated contribution to this conference 9,10 . Also in this case
the mass that is fitted, 1019.58 ± 0.22 MeV, is in good agreement with the PDG value of the φ
mass of 1019.455 ± 0.020 MeV. 7 To conclude, all five resonances observed were found to have
masses in agreement (to better than 0.1%) with the values listed in the PDG.
Table 1: Absolute and relative mass bias of several mass resonances observed in early CMS data, using track
reconstruction and simulation out-of-the-box without any corrections. Only statistical uncertainties are included
for the CMS results.

Mass Bias (GeV)
∆m =
(mdata − mPDG )−
(mMC − mgen )
Relative bias (%)
∆m/mPDG

KS0

Λ0

Ξ±

K ∗±

φ

-0.37 ± 0.07

0.04 ± 0.06

0.0 ± 0.9

-4.0 ± 3.1

-0.22 ± 0.26

-0.074 ± 0.014

0.004 ± 0.005

0.00 ± 0.07

-0.5 ± 0.4

-0.02 ± 0.03

Basic b-tagging Observables
A proper understanding of impact-parameter resolution of tracks and the reconstruction of
secondary vertices is important for b-tagging, and presents the next challenge for the tracker and
tracking algorithms. To validate the basic ingredients for b-tagging on a larger sample of events,
a few changes to the reconstruction chain were applied 9 with respect to the default algorithm 11 ,
relaxing the requirements on the acceptance of tracks, jets, and the matching between them.
Figure 5(top left) shows the three-dimensional impact parameter significance distribution for all
tracks in a selected sample of jets, computed with respect to the reconstructed primary vertex.
The secondary vertex reconstruction using the tracks associated to jets has also been slightly
modified 9 , with relaxed requirements. To suppress KS0 candidates, the transverse secondary
vertex separation was required to be less than 2.5 cm and the secondary vertex invariant mass
more than 15 MeV from the nominal KS0 mass. The vertex flight distance is compared to
what is expected from a simulation of minimum bias events in Fig. 5(top right). In general
the agreement between data and simulation over the entire range of interest for the variables
considered is remarkable. While many two- and three-track vertices are reconstructed, only one
four-track vertex is expected (see Fig. 5, bottom left) and one is found in the data 12 . The
corresponding event display is shown in the same figure (bottom right).

Number of Secondary Vertices

Number of Tracks in Jet

CMS Preliminary, s = 900 GeV
DATA

105

MC (light jet)
MC (charm jet)

104

MC (bottom jet)

3

10

102
10

CMS Preliminary, s = 900 GeV

102

DATA
MC (light jet)
MC (charm jet)
MC (bottom jet)

10

1

1
-40

-20

0

20

40

60

80

Signed 3D IP Significance

0

5

10

15

20

25

30

3D Flight Distance Significance

Number of Secondary Vertices

CMS Preliminary, s = 900 GeV
DATA
MC (light jet)

102

MC (charm jet)
MC (bottom jet)

10

1
1

2

3

4

5

6

Number of Tracks at SV

Figure 5: Distribution of the significance of the three-dimensional impact parameter for all tracks in the jet (top
left) and the significance of the three-dimensional displacement of the secondary vertex (top right). The data is
shown as black dots while for the simulation the contributions from light flavor, charm, and bottom are shown as
filled histograms. The two outermost bins contain the respective histogram overflow. The number of tracks in a
secondary vertex (bottom left), and the only event with a 4-track secondary vertex (bottom right).
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Unification of Calorimetry and Tracking: the Particle Flow Approach

With its combination of a strong magnetic field, precise silicon tracker and an electromagnetic
calorimeter with fine lateral segmentation the CMS design lends itself beautifully for the Particle Flow approach. In this approach one aims at reconstructing all stable particles in the event
(i.e., electrons, muons, photons and charged and neutral hadrons) from the combined information from all CMS sub-detectors, to optimize the determination of particle types, directions
and energies. Simulation studies have shown 13 that in the case of CMS this can lead to an
improvement of about a factor two in resolution for jets at low pT (<50 GeV) and for missing
transverse energy.
A key ingredient is the linking of tracks with corresponding energy clusters in the calorimeters. This was the first aspect to focus on once collision data became available. The angular
matching between tracks and calorimeter deposits was shown to be reproduced very well by
simulation 6 .
Once tracks and calorimeter clusters are matched in angle (or position), the measured track
momentum can be compared to associated calorimeter energy for the combined electromagnetic
(ECAL) and hadronic (HCAL) calorimeter clusters, as shown as a function of the track pT in
Fig. 6. Again data and MC simulation agree well. Since the ECAL energy scale was shown to
be correct within 2% and the tracking momentum scale within 0.1%, one can derive from this
plot that the HCAL response simulation is correct to better than 5%.

Figure 6: Average calorimeter response as a function of the track momentum for the 900 GeV data (red upwards
triangles with error bars) and the corresponding minimum-bias simulation (blue downwards triangles with error
bars), integrated over the full tracker acceptance (|η| < 2.4). The dash-dotted line is a linear fit to the data, and
the dashed lines show the same fit with a HCAL raw response changed by ±30%, to guide the eye.

6

Jets and Missing Transverse Energy

In previous sections we have checked the calibration of all elements of tracking and calorimetry.
These are used as ingredients for jet reconstruction. CMS uses the anti-kT clustering algorithm 14
with a cone size of 0.5 for commissioning, with three different types of inputs: Calo Jets are
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purely based on energy deposits in the calorimeter; Track Jets start from calo jets and use track
information to improve the jet resolution; and Particle-Flow Jets use all particles reconstructed
by the Particle Flow algorithm as input.
In all three cases, basic distribution of jet quantities were shown to be well reproduced by
the simulation 14 . Using the same three types of input, CMS has started commissioning three
algorithms for the determination of the missing transverse energy (MET), corresponding to
the modulus of the vector sum of the transverse momenta of all reconstructed particles in the
event 6,15 . The distributions of reconstructed MET for all three algorithms are shown in Fig. 7
(top row). Since in this data sample no events are expected with invisible particles of significant
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Figure 7: Top: reconstructed MET for caloMET (left), track-corrected MET (center) and particle-flow MET
miss
(right). Bottom: MET resolution estimated as MET/ΣET (left), and Ex,y
/ΣET as a function of ΣET (right).

transverse momentum, the distribution of MET/ΣET is a measure of the resolution of the MET
determination, where ΣET is the scalar sum of the transverse energies of all particles in the event.
This distribution, shown in Fig. 7(bottom left), gives a good indication of the improvement in
resolution that can be achieved by using the Particle-Flow MET, compared to the calorimetermiss is plotted for
only MET. Finally the resolution of the x- and y-component of MET, Ex,y
√
miss
Particle-Flow MET as a function of ΣET , and can be parametrized as σ(Ex,y ) = a ⊕ b ΣET ,
√
with a=0.55 GeV and b=45%, at s= 900 GeV (Fig. 7, bottom right).
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Transverse-momentum and pseudo-rapidity distributions of charged Hadrons

The good understanding of the tracker performance allowed a timely publication of the first
physics measurement from collision data performed by CMS: the measurement of the inclusive
charged-hadron transverse-momentum and pseudo-rapidity distributions in proton-proton col√
lisions at s = 900 GeV and 2.36 TeV.3 For this measurement three different methods with
different sensitivity to potential systematic effects were combined: pixel cluster counting, pixel

tracklets, and full track reconstruction. As shown in Fig. 8(a), the tracking method allowed
reconstruction of tracks down to very low transverse momentum. The other two methods allow
the counting of charged hadrons to even lower values of pT . The combined pseudo-rapidity
density result is shown in Fig. 8(b).
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Figure 8: (a) Measured yield of charged hadrons for |η| < 2.4 with systematic uncertainties (symbols), fit with
an empirical function. (b) Reconstructed pseudo-rapidity density of charged particles averaged over the cluster
counting, tracklet and tracking methods (circles), compared to data from the UA5 (open squares) and from the
ALICE (open triangles) experiments at 0.9 TeV, and the averaged result over the three methods at 2.36 TeV
(open circles). The CMS and UA5 data points are symmetrized in η. The shaded band represents systematic
uncertainties of this measurement, which are largely correlated point-to-point. The error bars on the UA5 and
ALICE data points are statistical only.

For non-single-diffractive interactions, the average charged-hadron transverse momentum
was measured to be 0.46 ± 0.01 (stat.) ± 0.01 (syst.) GeV at 0.9 TeV, and 0.50 ± 0.01 (stat.) ± 0.01
(syst.) GeV at 2.36 TeV, for pseudorapidities |η| <2.4. At these energies, the measured pseudorapidity densities in the central region, dN ch/dη for |η| <0.5, are 3.48 ± 0.02 (stat.) ± 0.13
(syst.) and 4.47 ± 0.04 (stat.) ± 0.16 (syst.), respectively. The results at 0.9 TeV are in agreement with previous measurements by UA5 16 and ALICE 17 , thus confirming the expectation of
near equal hadron production in pp̄ and pp collisions. The results at 2.36 TeV represent the
highest-energy measurements at a particle collider to date, at the time of this conference.
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Conclusions

The CMS collaboration has extracted many useful performance results and one physics measurement from the first 10 µb−1 of collision data delivered by the LHC. Several other physics
analyses are in progress. The performance of the detector at start-up was outstanding. It should
however be noted that the integrated luminosity recorded so far corresponds to less than a millisecond of data taking at the nominal LHC luminosity, which means that we are still many
orders of magnitude away from a data sample with which CMS can begin to explore the physics
for which the detector was designed.
Nevertheless, the first results indicate that CMS is in a very good shape to produce high
quality physics results quickly once more data are recorded in the upcoming physics run at a
collision energy of 7 TeV.
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ATLAS Experiment Status and First Results
Jean-François Arguin (on Behalf of the ATLAS Collaboration)
Lawrence Berkeley National Laboratory,
1 Cyclotron Road, Berkeley CA 94703, USA
ATLAS is a multi-purpose experiment that aims to explore the energy frontier of particle
physics. It is made of successive detector layers, starting from the interaction points, of
inner tracking detectors immersed in a solenoidal magnetic field, liquid argon electromagnetic
calorimetry, hadronic calorimetry and muon detectors immersed in a toroidal magnetic field.
The first collision run of the LHC took place in December of 2009 at center-of-mass energies
of 900 GeV and 2.36 TeV. We assess the detector performance using collisions data and
present the first ATLAS physics measurement: the charged particle multiplicity in 900 GeV
pp collisions.

1

Introduction

The aim of A Toroidal LHC ApparatuS (ATLAS) 1 is to probe the energy frontier of particle
physics. Its physics program includes the search for new phenomena such as supersymmetry
and extra-dimensions, the search for the Higgs bosons and studies of the Standard Model such
as the top quark and electroweak physics. ATLAS is installed in an experimental cavern at
point 1 around the LHC 2 ring at CERN. It is 25 m high, 44 m long and weighs 7,000 tonnes.
An overview of ATLAS is shown in Fig. 1. It consists of muon detectors embedded in a toroidal
field, hadronic and electromagnetic calorimetry and an inner detector embedded in a solenoidal
field for the tracking of charged particles. The coordinate system of ATLAS is defined as follows:
the positive x-axis is defined as pointing from the interaction point to the centre of the LHC
ring, the positive y-axis is defined as pointing upwards and the z-axis direction is parallel to the
LHC ring. The polar angle θ is the angle from the beam axis. The pseudorapidity is defined as
η = − ln tan(θ/2). A more detailed description of the ATLAS detector and of the reconstruction
algorithms presented in this document can be found elsewhere 1 .
This document reports on the detector performance and the first ATLAS physics result
using the data collected during the first LHC collision run of December, 2009. Nearly a million
√
minimum bias events were collected at s = 900 GeV of which approximately 538,000 were
√
collected with stable beams, i.e. with safe conditions to switch on the inner detector. The s =
900 GeV stable beam dataset, which correspond to an integrated luminosity of approximately 9
µb−1 , is used for all the results presented in this document unless otherwise noted. The maximum
instantaneous luminosity achieved by the LHC during this period was ≈ 7 × 10 26 cm−2 s−1 . In
addition approximately 34,000 minimum bias events were collected at 2.36 TeV, the highest
center-of-mass energy ever achieved at the time.
This document is organized as follows. We first describe the performance of the ATLAS
detector during this period. We describe the performance of each system separately starting by
the most outer ones and going toward the interaction region, i.e. respectively the trigger and data

Figure 1: A cut-away diagram of the ATLAS detector.

acquisition systems, muon detectors, calorimeters and inner detector. We describe along the way
the reconstruction performance of higher-level objects such as jets, combined muons, electrons,
photons, missing transverse energy, etc. We then present the first ATLAS physics result: the
√
measurement of the charged-particle multiplicity in pp interactions at s = 900 GeV.

2

Trigger and Data Acquisition

A three-level trigger system is used to select interesting events for permanent storage. The
Level-1 (L1) trigger system uses a subset of the total detector information to make a decision
on whether or not to continue processing an event, reducing the data rate from approximately 1
GHz (for a design instantaneous luminosity of 10 34 cm−2 s−1 ) to approximately 75 kHz (limited
by the bandwidth of the readout system, which is upgradeable to 100 kHz). The subsequent two
levels, collectively known as the high-level trigger, are the Level-2 trigger and the event filter.
They provide the reduction to a final data-taking rate of approximately 200 Hz.
The trigger system was configured as follows during the 2009 run. Two L1 triggers where
actively selecting events: the BPTX trigger (a zero-bias trigger) and the Minimum Bias Trigger
Scintillator (MBTS) which aims to select inelastic collisions. The BPTX is composed of beam
pickup timing devices attached to the beam pipe at z=±175 m from the centre of the ATLAS
detector. The MBTS are mounted at each end of the detector in front of the liquid-argon endcap calorimeter cryostat at z = ±3.56 m. The MBTS selected events at a typical rate of 5-10
Hz while the high-level trigger rate was typically ≈ 100 Hz and was dominated by triggers fed
by the BPTX at L1.
This dataset is employed to perform preliminary measurements of the efficiency of the L1
triggers which will need to be activated when the MBTS rate exceed the HLT output rate
limit. An example is provided in Fig. 2 that shows the L1 efficiency for the trigger selecting
electromagnetic clusters above 3 counts (≈ 3 GeV) as a function of the raw offline cluster
transverse energy. A good agreement is observed between the data and the non-diffractive
minimum bias Monte Carlo (MC) prediction.
We note that the efficiency of the ATLAS data acquisition system was very high during the
2009 run. Indeed approximately 90% of the stable beam data provided by the LHC were recorded
by ATLAS. In addition 98% or more of all the ATLAS sub-system channels were operational
during the 2009 run.
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Figure 2: L1 Efficiency for the trigger selecting electromagnetic clusters above 3 counts (≈ 3 GeV) as a function
of the raw offline cluster transverse energy.
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Figure 3: pT (left) and η (right) of the 50 muon candidates found in the 2009 run.

3

Muon Spectrometer

The muon spectrometer defines the overall dimensions of the ATLAS detector. The air-core
toroid system, with a long barrel and two inserted end-cap magnets, generates a strong bending
power in a large volume within a light and open structure. Multiple-scattering effects are
thereby minimised, and excellent muon momentum resolution is achieved with three layers of
high precision tracking chambers. The muon instrumentation includes, as key component, trigger
chambers with timing resolution of the order of 1.5-4 ns.
Few real muons are expected to be produced in the 2009 run due to the relatively low
luminosity and center-of-mass energy. Fifty candidate muons are reconstructed using tight
selections (including a matching track in the inner detector described in more details in Sec. 5).
Basic kinematic quantities of these candidates are shown in Fig 3. A good agreement is observed
between data and MC within the limited statistics.
We note that the commissioning of the muon spectrometer is much more advanced than
Fig. 3 can suggest. Indeed approximately half-billion cosmic muons have been triggered and
reconstructed using the muon spectrometer in 2008 and 2009. These events have been used
to calibrate and align the muon spectrometer. The momentum resolution achieved with these
cosmic events is shown in Fig. 4. The resolution is 10% or better up-to several hundreds of GeV,
which already approches the design performance.
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4

Calorimeters

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent performance in terms of energy and position resolution, cover the pseudorapidity range |η| < 3.2.
The hadronic calorimetry in the range |η| < 1.7 is provided by a scintillator-tile calorimeter,
which is separated into a large barrel and two smaller extended barrel cylinders, one on either
side of the central barrel. In the end-caps (|η| > 1.5), LAr technology is also used for the
hadronic calorimeters, matching the outer η limits of end-cap electromagnetic calorimeters. The
LAr forward calorimeters provide both electromagnetic and hadronic energy measurements, and
extend the pseudorapidity coverage to |η| = 4.9.
The data collected during the 2009 run has been used to test the simulation description of
basic calorimeter quantities. The raw cell energy measured in the LAr end-cap calorimeter is
shown for example in the left plot of Fig. 5. A remarkable agreement between data and MC
can be observed over several orders of magnitude. Furthermore the collision events are used
to adjust the relative timing of the LAr front-end board, which is crucial for instance for the
calorimeter energy resolution. A relative timing of ≈ 1 ns has been achieved as illustrated in
the right plot of Fig. 5.
Electrons and photons are identified in ATLAS using shower shape variables and the presence
(or veto) of a matching track reconstructed in the inner detector. One such variable is the cluster
width at shower maximum which is shown in left plot of Fig. 6. A fairly good agreement is
observed between the data and MC. We reconstruct photon candidates using such shower shape
variables and by vetoing matching tracks. The resulting diphoton invariant mass spectrum is
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Figure 6: Left plot: Photon candidates cluster width at shower maximum. Right plot: Diphoton invariant mass
spectrum with the fit superimposed to the data.
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shown in the right plot of Fig. 6. The position and width of the peaks corresponding to the π 0
and η particles are well-described by the simulation.
Jets are collimated groups of particles formed by the fragmentation and hadronization of
energetic strongly interacting particles (i.e. quarks and gluons). The energy measurements of
such objects often constitutes a dominant systematic uncertainty in collider physics measurements. One important aspect of jet energy calibration is the calorimeter response of isolated
hadrons. An example is provided in Fig. 7 that shows the calorimeter energy deposited in the
second EM layer in a cone of radius R=0.1 divided by the track momentum for isolated tracks
with 1.9 < |η| < 2.3 and 2.8 < pT < 3.6 GeV. A remarkable agreement is observed between data
and MC over several orders of magnitude.
Jets are reconstructed using finding algorithms that use as inputs either calorimeter clusters or tracks. The pT spectrum of jets in 900 GeV collisions data is shown in Fig. 8 for
calorimeter-jets (left) and track-jets (right). The good agreement observed for both distributions is encouraging since they are sensitive to different experimental uncertainties.
The missing transverse energy (ETmiss ) is defined as the vectorial sum of all the deposited
energy in the calorimeter. Large ETmiss is a characteristic signature of non-interacting particles
such as neutrinos or the putative dark matter particle. With its large coverage and good hadronic
energy resolution, ATLAS measures E Tmiss with an excellent resolution as observed in the left
plot of Fig. 9. The simulation reproduces very well the gaussian E Tmiss resolution observed in
the data. Another important criteria for the E Tmiss reconstruction is to limit the tail due to
experimental effects. Such tails are limited in the 900 GeV data and the simulation reproduces
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well the ETmiss distribution as can be seen in the right plot of Fig. 9.
5

Inner Detector

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum and
vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors (SCT) in the inner part of the tracking
volume, and straw-tube tracking detectors (TRT) with the capability to generate and detect
transition radiation in its outer part. The inner detector covers |η| <2.5. The charged-particle
tracking nominal momentum and impact parameter resolutions are
σ(pT )
= 3.4 × 10−4 × (pT /GeV) ⊕ 0.015,
pT

(1)

σ(d0 ) = 10 ⊕ 140(pT /GeV)µm.

(2)

The inner detector was particularly tested during the 2009 run due to its low momentum threshold and the abundance of charged particles produced in LHC collisions.
The simulation description of basic track quantities, such as the number of hits on tracks,
is first verified. This is shown in Fig. 10 as a function of η for pixel (left) and SCT (right) hits.
The shapes observed in the data are very well reproduced by the simulation, which includes
the disabled modules of the real detector. This is encouraging since this plot has been shown
to be sensitive to the detector conditions and geometry as well as the amount of material in
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Figure 10: Number of pixel (left) and SCT (right) hits on tracks in 900 GeV data and minimum bias MC.
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the tracking volume. The abundant K S0 and Λ (Fig. 11) are detected, for which we observe a
very good agreement in the peak value and resolution with the simulation. Such variables are
sensitive to the momentum scale and resolution of the inner detector.
√
A preliminary alignment of the inner detector elements was performed using the s = 900
GeV data by minimizing the track residuals, which are defined as the difference in position
between a hit on track and the expected position from the track fit. The residual distribution
after alignment is shown in Fig. 12 for the pixel barrel (left) and SCT barrel (right). We observe
that the resolutions are already not far from the perfect MC expectations which are overlaid on
each plot. This nominal resolution should be achieved with larger track samples.
The 2009 dataset is used to test the secondary vertex tagging algorithms. Such taggers are
used to identify jets originating from the fragmentation of heavy flavor jets (b- and c-tagging).
The rates of b-quark and c-quark jets are expected to be very small in the 2009 dataset, therefore,
to exercise the algorithms, the track quality cuts are loosened. For instance vetos on K S0 and
material interactions are removed. The distributions of vertex mass for such secondary vertices
is shown in the left plot of Fig. 13. The MC is normalized to the number of untagged jets. A
remarkable agreement in data and MC is observed in both shape and normalization. We also
show in the right plot of Fig. 13 a spectacular event found in the 900 GeV data containing a
5-tracks secondary vertex with a mass of 2.5 GeV and a lifetime of 3.1 ps.
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Figure 12: Pixel (left) and SCT (right) barrel residual distributions for data and perfect MC.
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Measurement of the charged-particle multiplicity in pp interactions at
GeV

√

s = 900

The measurement of charged-particle multiplicity can be used to constrain the phenomenological
models of soft interactions (the so-called “underlying event tunes”). Such models are important
for high-pT physics since they are used to predict the proton-proton remnants and pile-up events
which spoil the measurements of high-p T objects.
In this measurement 3 the inclusive inelastic distributions of charged-particles with p T > 0.5
GeV and |η| < 2.5 is measured. We do not attempt to extrapolate outside this phase space to
avoid any model dependence. Events are selected online using a one-arm MBTS trigger. Events
are seleected offline by requiring a reconstructed primary vertex and at least one track with
pT > 0.5 GeV and |η| < 2.5. In addition the transverse (d 0 ) and longitudinal (z0 sin θ) impact
parameters are required to be less than 1.5 mm to select events consistent with the primary
interaction. The tracks fulfilling these criteria are denoted as n ch . These selections result in a
data sample of 326,000 events.
The contamination of this sample by secondary particles is measured by studying the d 0
distribution to be 2.20 ± 0.05(stat.) ± 0.11(syst.)%. The cosmic ray and beam-induced backgrounds were determined to be negligible. Corrections were extracted to extrapolate from the
reconstructed events and tracks to charged-particles distributions. The largest and most uncertain such correction is the tracking efficiency. The tracking efficiency for non-diffractive minimum
bias MC is shown in the left plot of Fig. 14 as a function of η. The efficiency is approximately
85% in the central region and drops for increasing |η|. The inefficiency is dominated by tracks
undergoing material interactions in the tracking volume. Due to the difficulty to measure the
tracking efficiency directly in the data, the tracking efficiency is constrained by measuring the
amount of material using various complementary techniques such as the relative efficiency between sub-detectors, track residuals and K S0 mass. The latter is illustrated in the right plot of
Fig. 14 which shows the invariant mass of K S0 candidates as a function of their decay radius for
the data, nominal MC and MC with the material in the tracking volume scaled up by +10%
and +20%. A very good agreement is observed between data and nominal MC. Using this technique and complementary studies a systematic uncertainty of 4.0% on the tracking efficiency is
extracted.
The charged-particle multiplicities for events with n ch > 1 within the kinematic range pT >
0.5 GeV and |η| < 2.5 are shown as a function of pseudorapidity (left) and p T (right) in Fig. 15.
The data is compared with various models of soft interactions. A relatively good agreement is
observed in the shape of the distributions for some models. However the ATLAS data tends to
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Figure 15: Charged-particle multiplicities nch > 1 within the kinematic range pT > 0.5 GeV and |η| < 2.5 as a
function of pseudorapidity (left) and pT (right).

be higher than most models. We note that the models were never tuned in this region of phase
space, and that the ATLAS data will be used to tune them in the future. The inclusive number
of charged particles with pT > 0.5 GeV and |η| < 2.5 is measured to be 1.333 ± 0.003(stat.) ±
0.040(syst.).
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Conclusion

After about 20 years of preparation, the ATLAS detector collected successfully the first LHC
collisions. Approximately 1 million minimum bias events have been collected in December of
2009. A remarkable performance of all the ATLAS systems and simulation is observed at this
early stage. This dataset was used to perform the first ATLAS physics measurement of the
√
charged-particle multiplicity in s = 900 GeV pp collisions. We look forward to the first LHC
√
physics at s = 7 TeV which will allow us to perform a large program of Standard Model
physics and searches for new phenomena.
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Higgs look-alikes at the LHC
C.S. Rogan
Lauritsen Laboratory of Physics, California Institute of Technology, Pasadena, CA 91125
The discovery of a Higgs particle is possible in a variety of search channels at the LHC. However, the true identity of any putative Higgs boson will, at first, remain ambiguous until one
has experimentally excluded other possible assignments of quantum numbers and couplings.
We quantify the degree to which one can discriminate a Standard Model Higgs boson from
”look-alikes” at, or close to, the moment of discovery at the LHC, focusing on the fullyreconstructable ”golden” decay mode to a pair of Z bosons and a four-lepton final state.

1

Introduction

The discovery of a Higgs particle is possible in a variety of search channels at the LHC. Even if
a deviation from the Standard Model (SM) background-only hypothesis appears in one of these
channels, the true identity of any putative Higgs boson will remain unconformed until one has
experimentally excluded other possible assignments of quantum numbers and couplings.
We consider the case of a SM Higgs boson, or a Higgs look-alike (HLL), decaying via ZZ or
ZZ ∗ into a four lepton final state. In this final state topology there are a number of observable
that allow us to distinguish between HLL’s with different values of spin and quantum numbers,
and also between HLL signal events and SM backgrounds that populate final state. Specifically,
we consider the production angles Θ and Φ, which describe the decay of the Higgs to 2 Z bosons
in the H rest frame and the lepton decay angles θ1 , θ2 and φ, which dictate the direction of the
decay leptons’ momenta in the two Z’s rest frames. Additionally, when the mass of the Higgs
or HLL is less than that of two Z bosons ( MH < 2MZ ) we also use the off-shell Z mass, MZ ∗ ,
~
as a discriminating variables. We denote the collection of these angles observables as X,
2

Higgs Discovery

In the context of Higgs discovery in this four-lepton channel, we evaluate the potential for
improvement in the analysis sensitivity by including information related to the ZZ and lepton
decay angles as evaluated in the respective Z rest frames. We explicitly compare the sensitivity of
a discovery procedure of an analysis based on an extended and unbinned Maximum Likelihood
(ML) fit extraction of the signal yield in the presence of background using only the Higgs
invariant mass (M (ZZ)) observable with a comparable approach that also includes information
~ in the fit.
about the distributions of X
Since there is no resonant 4ℓ background in the SM, the M (ZZ) variables is a powerful
discriminating variable between H → ZZ signal and background events. In the presence of
a sizable background due to fake Z candidates (such as top decays) the 2ℓ invariant mass
distributions can be included in the likelihood. For this case we ignore this possibility and

assume for simplicity that the only relevant background is given by events with two real Z
candidates.
As an example, we consider the 4µ final state. We select events that have 4 muons with
pµT > 10 GeV/c and |ηmu | < 2.3. For the M (ZZ)-only fit, we write the likelihood as


N
X
Y

1
Nj 
exp −
NS PS [mi4µ ] + NB PB [mi4µ ]
L=
N!
j

(1)

i=1

where Nj (j = S, B) represents the yield of components, mi4µ is the 4µ candidate mass for the
event i and PS [m] (PB [m]) is the signal (background) distribution for the variable m.
~ fit we can express the likelihood as
Similarly, for the M (ZZ)+X


N 

X
Y
1
~ i ] + NB PB [mi , X
~ i]
L=
Nj 
exp −
NS PS [mi4µ , X
(2)
4µ
N!
j

i=1

~ (PB [m, X])
~ is now the signal (background) probability distribution function in
where PS [m, X]
the 6-dimensional space including the Higgs invariant mass and the 5 Higgs production and
decay angles.
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Figure 1: Distribution of signal significance for a 200 GeV/c
√ (left) and 350 GeV/c (right) SM Higgs boson
decaying in the H → ZZ → 4µ channel for pp collisions with s = 10 TeV. The mean signal to background ratios
used are hNS /NB i = 1/5 (left) and 1/10 (right).

Fig.1 shows a comparison between the resulting significance for Higgs discovery, using the
two different fit configurations, as a function of the number of produced Higgs events for two
different Higgs masses. Here, the number of background events refers to the expected background
yield in the range 190 GeV/c2 < M (ZZ) < 600 GeV/c2 . The values of hNS /NB i used in this
√
example correspond to the nominal expectations for pp collisions at s = 10 TeV. We find
~ in the ML fit significantly improves the analysis
that including information about the angles X
sensitivity for Higgs discovery in the 4ℓ final state.

3

Higgs Look-alikes

In order to quantify our ability to distinguish between a SM Higgs and other HLL resonances
decaying to ZZ we write down the most general Lagrangian describing the coupling of an HLL
object to two Z bosons, requiring only Lorentz invariance. This is done for J = 0, 1 and 2
for operators up to dimension 6. We then explicitly calculate the differential cross-section for
~ Events are generated according to
production of these HLL’s as a function of the observables X.
these probability distribution functions (pdfs), and and a detector simulation is used, including
resolution effects on the lepton momenta, along with the application of kinematic cuts on leptons
in order to calculate numerically the experimental pdfs for each of the different HLL spin and
~
quantum number possibilities, as a function of the observables X.
With these experimental pdfs, we can then quantify the relative agreement between data
and the different HLL hypotheses. We assume that the data consists of some number of observed signal events NS . WeQconstruct the likelihood of the data corresponding to a particular
S
~
hypothesis H0 as L(H0 ) ≡ N
i=1 PH0 (Xi ), where PH0 is the experimental pdf corresponding to
the H0 hypothesis.
We quantify our ability to discriminate between different HLL hypotheses using a NeymanPearson hypothesis test. Specifically, we do pairwise comparisons between two different hypotheses, H0 and H1 , and determine the significance with which the hypothesis H0 can be rejected in
favor of the hypothesis H1 , assuming H1 is true. For example, Fig. 2 shows the significance for
rejecting the the pseudo-scalar hypothesis in favor of a SM Higgs, as a function the number of
observed signal events.
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Figure 2: Significance for rejecting the J P = 0− , pure pseudo-scalar, hypothesis in favor of the J P = 0+ , SM
Higgs, hypothesis assuming that the resonance is a SM Higgs for mH = 145 (left) and 200 (right) GeV/c2 .

In addition to comparisons between simple hypotheses, i.e. hypotheses corresponding to
well-defined J P C values, we also quantify our ability to discriminate between mixed hypotheses
with CP or C violating components or a composite Higgs. For example, we can parameterize
the Lagrangian for a CP-violating, scalar HLL as
Lµα ∝ cos(ξXP )gµα + sin(ξXP )ǫµα p1 p2 /MZ2 ,

(3)

where ξXP is a CP-violating parameter that determines the mixing between the J = 0+ and 0−

couplings. Fig. 3 quantifies one ability to discriminate between a CP -violating hypothesis and
an SM Higgs, for different values of the mixing parameter ξXP .
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Figure 3: The significance for excluding a pure 0+ hypothesis in favor of a CP -violating HZZ coupling (ξXP 6= 0),
assuming the later to be correct, with ξXP given by its x-axis values. Example for NS = 50, mH = 145 (left) and
350 (right) GeV/c2 .

Amongst the many comparisons considered in our analysis, the ones between simple hypotheses are the most readily summarized. This we do in Table 1 for mH = 145 GeV for all
pure-case comparisons between J = 0, 1 parent particles, and in Table 2 (3) for mH = 200 (350)
GeV, for all pure-case comparisons between J = 0, 1, 2 parent particles.
H0 ⇓ H1 ⇒
0+
0−
1−
1+

0+
–
44
33
54

0−
52
–
32
55

1−
37
34
–
109

1+
50
54
112
–

Table 1: Minimum number of observed events such that the median significance for rejecting H0 in favour of the
hypothesis H1 (assuming H1 is right) exceeds 5 σ with mH = 145 GeV/c2

Overall, the discrimination power of the hypothesis tests is very impressive. The mH =
200 GeV/c2 benchmark example is the one requiring the largest statistics to reach a given
discrimination at a given level of confidence. Compared with the mH = 350 GeV/c2 case, this
is because various coefficients of the angular dependences vanish at the mH = 2 MZ threshold.
The mH = 145 GeV/c2 example fares better than the 200 GeV/c2 one for the same reason,
amplified by the extra lever-arm supplied by a non-trivial MZ ∗ distribution.
The Tables also show that the discrimination power between two given hypotheses is approximately symmetric under the interchange of ‘right’ and ‘wrong’. Telling 1+ from 1− is
always difficult but not impossible, a fact of √
relevance for a Z ′ look-alike analysis. The level of
significance does not obey a naı̈ve N (σ) √
∝ NS law. However we find by inspection that an
approximation of the form N (σ) = a + b NS works well, allowing one to extrapolate to larger
numbers of events than presented here.
Other lessons from the Tables are case-by-case specific, reflecting the mass-dependent quantum-

H0 ⇓ H1 ⇒
0+
0−
1−
1+
2+

0+
–
59
130
182
287

0−
76
–
57
58
146

1−
146
60
–
278
178

1+
203
61
297
–
230

2+
287
123
156
217
–

Table 2: Minimum number of observed events such that the median significance for rejecting H0 in favour of the
hypothesis H1 (assuming H1 is right) exceeds 5 σ with mH = 200 GeV/c2

mechanical entanglement between the decay variables. Some examples are: distinguishing the
‘natural-parity’ J = 0+ and 1− hypotheses for mH = 145 GeV/c2 requires only a dozen signal
events for 3 σ discrimination. For 200 GeV/c2 , discriminating 0+ from 0− is relatively easy, but
distinguishing 0+ from 2+ is difficult. For 350 GeV/c2 , contrariwise, 2+ is relatively easy to
disentangle from 0+ , but not from 0− .
We find that direct sensitivity to CP odd, parity odd XP interference effects, or to CP odd,
parity even XQ interference effects, will require signal samples about an order of magnitude
larger than considered here(∼ 500 signal events). We have also shown that with much smaller
statistics it may be possible to show conclusively that a mix of X and P (or X and Q) couplings
is favored over just the pure X (i.e. 0+ ) or pure P (i.e. 0− ) couplings alone. Such a conclusion
would be tantamount to demonstrating CP violation in the Higgs sector. However, this scenario
relies on large CP violation, and even in this favorable case one cannot tell an X and P mixture
from an X and Q mixture without more data.
In the case of a composite Higgs we see that the angular distributions associated to the X
and Y couplings are similar after integrating over the decay angles. As a result there can be
strong destructive interference between these contributions. For our lighter mass benchmarks
we find good discrimination of pure 0+ from the mixed composites. For the heavier mH = 350
GeV/c2 example, discrimination based on decay angles is poor unless the strong interference
effects are present; here also we observe that substantial enhancement or suppression of the
HLL→ ZZ branching fraction can provide another important discriminator.
For mixed cases, one could worry that certain combinations of exotic couplings might let an
HLL successfully masquerade as a 0+ Higgs, even when all the pure case exotics are excluded.
For of spin 1 HLLs we observe that this does not happen. In fact we find that when we in
fact have an SM Higgs, the entire family of mixed coupling spin 1 HLLs can be excluded at
approximately the same expected level of significance as for the pure 1− or 1+ cases. An even
stronger result is that the general spin 0 hypothesis can be conclusively discriminated from the
general spin 1 hypothesis, at or close to the moment of discovery.

H0 ⇓ H1 ⇒
0+
0−
1−
1+
2+

0+
–
26
76
83
46

0−
25
–
68
68
127

1−
67
68
–
263
181

1+
77
68
268
–
240

2+
35
118
149
184
–

Table 3: Minimum number of observed events such that the median significance for rejecting H0 in favour of the
hypothesis H1 (assuming H1 is right) exceeds 5 σ with mH = 350 GeV/c2

4

Outlook

We have seen that by exploiting the full decay information in the golden channel , H → ZZ → 4ℓ,
one is able to say a lot about the identity of a putative Higgs resonance around the moment of
discovery. Our results also show that asymptotically, utilizing the full physics run of the LHC,
it should be possible to explore very detailed properties of such a resonance, including it’s spin
and quantum numbers. A complete discussion of these results can be found in 1 .
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The Next-to-Minimal Supersymmetric Standard Model
U. ELLWANGER
LPT, Bat. 210, University Paris 11 et CNRS, F-91405 Orsay

1

The Higgs Sector in Supersymmetric Extensions of the Standard Model

First we recall why supersymmetric extensions belong to the most popular extensions of the
Standard Model (SM) at scales beyond a TeV. As is well known, the electroweak scale Mweak
is the only explicit mass scale in the SM. A priori, this scale could also be explained by new
strong interactions at ∼ 1 TeV, or compact (large) extra dimensions of a size ∼ 1 TeV−1 . In
supersymmetric (Susy) extensions of the SM, Mweak is of the order of the Susy breaking scale
MSusy which corresponds to the scale of the soft Susy breaking masses of squarks, sleptons,
gauginos and Higgs bosons.
However, only with Susy the ratios of the three gauge coupling constants are naturally
explained by the assumption of Grand Unification (GUT) with a simple GUT group as SU (5)
17
or SO(10) at a reasonable scale 1016 GeV <
∼ MGU T <
∼ 10 GeV! Moreover, Susy extensions
of the SM (with unbroken R-parity) imply the existence of a stable particle (the Lightest Susy
Particle, LSP) which can naturally explain the observed dark matter in the universe.
Any Susy extension of the SM requires a generalisation of the Higgs sector in the form of at
least two SU (2) doublets Hu and Hd , where Hu couples to up-type quarks and Hd to down-type
quarks and leptons. The corresponding soft Susy breaking mass terms m2Hu , m2Hd trigger Hu0 ,
Hd0 6= 0 provided that at least m2Hu < 0. This latter condition is satisfied naturally through
1
radiative corrections, if the top quark Yukawa coupling is large enough implying mtop >
∼ 60 GeV ,
which is obviously the case.
Once the Goldstone bosons are omitted, the physical states in the Higgs sector of this
Minimal Susy extension of the SM (MSSM) consist in two CP-even neutral scalars h and H,
one CP-odd neutral scalar A and a charged Higgs H ± . The higgsinos mix with the electroweak
gauginos (bino and winos) and form 4 neutralinos and 2 charginos.
The masses and couplings of these states depend on undetermined parameters like m2Hu , m2Hd
and, via radiative corrections, on squark masses etc.. It is convenient to chose as undetermined
parameters in the Higgs sector tan β = Hu0 / Hd0 and MA , the mass of the CP-odd neutral
scalar A. For MA ≫ MZ the extra Higgs states H, A and H ± form a nearly degenerate SU (2)
doublet of a mass MA . Then h couples to the electroweak gauge bosons similar to the SM Higgs
boson.
The mass of the lighter Higgs state h is bounded from above in the MSSM, although this
upper bound depends somewhat on the squark masses due to the radiative corrections. For

reasonable squark masses below a few TeV one obtains Mh <
∼ 130 GeV. This implies that its
detection at the LHC is guaranteed through one of the various production and decay modes
once an integrated luminosity of 30 fb−1 at a c.m. energy of 14 TeV is achieved 2 . However, this
“No-lose Theorem” is actually more difficult to satisfy for lighter Higgs masses (Mh <
∼ 120 GeV),
since here it becomes more difficult to disentangle the signal from the background.
2

The NMSSM

We have noted above that the charged fermionic superpartners of Hu,d mix with the charged
SU (2) gauginos (winos) to form two charginos. These have not been observed at LEP II,
which implies that their mass is larger than ∼ 103 GeV. This requires a Susy mass term µ for
the higgsinos with |µ| >
∼ 100 GeV; note that masses for fermions are not soft Susy breaking
parameters. This requirement in the MSSM spoils a nice relation: otherwise one could have
Mweak ∼ MSusy with MSusy as the only dimensionful parameter below the Planck or GUT
scale.
A non-vanishing µ-term is also required in the Higgs potential in order to make sure that both
Higgs vacuum expectaion values Hu0 and Hd0 are non-vanishing. However, since the µ-term
is supersymmetric, it implies a positive mass term ∼ µ2 for both Hu and Hd which must not
2
in order to ensure the electroweak symmetry
dominate the negative mass term m2Hu ∼ −MSusy
breaking. Hence the µ-term must satisfy |µ| ∼ MSusy , which is a priori difficult to understand 3 .
Mechanisms within supergravity exist (implying an ad hoc dependency of the Kähler potential on Hu , Hd 4 ) which solve this so-called µ-problem of the MSSM, but a simpler solution
consists in the generation of higgsino masses in a way similar to the generation of quark and
lepton masses in the SM: introduce a (Susy) Yukawa coupling of the higgsinos to a scalar field S,
where hSi =
6 0. In fact, hSi =
6 0 is easy to achieve with the help of a (negative) soft Susy breaking mass term and/or a trilinear self coupling for S implying automatically |µ| ∼ hSi ∼ MSusy
as desired. Note that, since the µ-parameter is gauge invariant, S must be a gauge singlet
(super-)field. The corresponding extension of the Higgs sector of the MSSM is denoted as the
Next-to-Minimal Susy extension of the SM (NMSSM), for a recent review see 5 .
In terms of the superpotential W the replacement of the µ-term of the MSSM by the singlet
S corresponds to
1
WM SSM = µHu Hd + . . . → WN M SSM = λSHu Hd + κS 3 + . . . ,
3

(1)

hence the superpotential WN M SSM is scale invariant (without any Susy mass parameter); λ and
κ denote two dimensionless Yukawa couplings. For the higgsino masses Eq. 1 implies
µψu ψd → λSψu ψd
3

or

µef f = λ hSi .

(2)

The Higgs sector of the NMSSM

Since the superfield S contains a CP-even and a CP-odd scalar as well as a fermion (the so-called
singlino) which mix all with the Higgs and higgsino states of the MSSM, the physical states in
the Higgs sector of the NMSSM consist in three CP-even neutral scalars Hi , two CP-odd neutral
scalar Ai and a charged Higgs H ± . Now we find five neutralinos (but still 2 charginos).
It is important to note that the larger number of states in the Higgs sector does not imply
that at least one Higgs boson is easier to detect at colliders! The reason is that the pure singlet
states in S would decouple from gauge bosons and quarks/leptons, hence their mixing with
the MSSM Higgs states will reduce the corresponding couplings of the physical eigenstates. Of
course, this mixing can be very weak (if λ is very small), in which case the NMSSM becomes

difficult to disentangle from the MSSM since the singlet-like states will hardly be produced.
Otherwise, the phenomenology of the NMSSM can differ considerably from the MSSM in the
CP-even and CP-odd Higgs sectors:
1. For large λ (but λ <
∼ 0.7 in order to avoid a Landau singularity below MGU T ), the SM-like
CP-even scalar h can be ∼ 10 GeV heavier than in the MSSM 6 .
2. The lightest CP-even Higgs scalar can have a large singlet component, and satisfy the
LEP II constraints with a mass well below 114 GeV due to its reduced couplings to the
Z-boson.
3. The lightest CP-odd Higgs scalar A1 can have a large singlet component, and can be very
light in contrast to the MSSM (satisfying all phenomenological constraints, see the talk
by F. Domingo 7 ). In this case the SM-like CP-even scalar h can decay dominantly as
h → A1 A1 → 4b, 2b2τ, 4τ . . . (depending on MA1 ), which modifies considerably the signal
for h-detection.

95% CL limit on ξ

2

In fact, both possibilities 1. and 3. above make it somewhat easier to satisfy the present
constraints from LEP II on the SM-like Higgs sector. The results of the four LEP experiments
searching for a Higgs scalar decaying into H → bb̄, τ + τ − (assuming SM branching fractions)
have been combined by the LEP-Higgs Working Group 8 and are shown in Fig. 1. There, ξ
denotes the reduced coupling of a Higgs scalar to the Z boson (compared to the coupling of the
SM . Shown are upper bounds on ξ 2 as function of a scalar Higgs
SM Higgs scalar), ξ ≡ gHZZ /gHZZ
mass MH , which one can interpret as lower bounds on MH at fixed ξ 2 .
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Figure 1: Upper bound on ξ 2 as function of a scalar Higgs mass H, where ξ denotes the coupling of the Higgs
scalar to Z bosons (normalized w.r.t. the SM Higgs boson).

One can note a light excess of events for h ∼ 95−100 GeV (of ∼ 2.3 σ statistical significance),
which is difficult to explain in the SM. The NMSSM offers two possible explanations for this

excess of events: i) a Higgs scalar with a mass of ∼ 95 − 100 GeV can have a reduced coupling to
the Z boson (ξ <
∼ 0.4 − 0.5) due to its large singlet component; or ii) a Higgs scalar with a mass
of ∼ 95 − 100 GeV can have a reduced branching ratio into bb̄, τ + τ − , since it decays dominantly
into a pair of light CP-odd scalars with a BR(h → A1 A1 ) ∼ 80 − 90%. In the latter case, the
coupling of h to Z bosons can be SM-like. In 9,10 it has been argued that this scenario allows to
alleviate the “little finetuning problem” of the MSSM (since Mh >
∼ 114 GeV is not required).
However, the LEP experiments have also searched for h → A1 A1 → 4b 8 , and the constraints
are very strong for Mh ∼ 95 − 100 GeV. On the other hand, if MA1 is below the bb̄ threshold
of ∼ 10.5 GeV, A1 would decay dominantly into τ + τ − . If MA1 is 9.5 − 10.5 GeV, it satisfies
constraints from CLEO and Babar and can solve a puzzle concerning the recently discovered
ηb -mass, see the talk by F. Domingo 7,11,12 .
The channel h → A1 A1 → 4τ has recently been re-investigated by the ALEPH collabora14
tion 13 , and is now also strongly constrained for Mh <
∼ 107 GeV (see the talk by K. Cranmer ).
Still, for MA1 in the 9.5−10.5 GeV range and for small tan β (where the branching ratio A1 → cc̄
is enhanced), Mh ∼ 95−100 GeV could be possible 15 , although now different more general Higgs
search topologies can impose constraints 16 .
In any case the dominant decay h → A1 A1 → 4τ remains a possibility in the NMSSM for
Mh >
∼ 107 GeV, which will be very challenging for Higgs searches at the Tevatron and the LHC:
due to the (at least) four neutrinos in the final state, invariant masses of combinations of visible
final state particles will not show strong peaks; the two τ leptons from the same A1 will be nearly
collinear with a low invariant mass, and without a large pT ; the SM provides backgrounds in
the form of Υ-production and heavy flavour jets.
Several proposals have been made in order to circumvent these difficulties at the LHC: In 17
diffractive Higgs production pp → pp + h has been investigated, whose study would require the
installation of additional forward proton detectors. Combining the vector-boson-fusion-channel
and Higgs-Strahlung with W ± bosons, the 4τ → 2µ + 2 jets and 4τ → 4µ final states have
been studied in 18,19 . In 20 it has been argued that the subdominant A1 → µ+ µ− decay (with
a branching ratio of ∼ 3 · 10−3 ) allows to see a peak in the µ+ µ− invariant mass, and hence to
look for h → A1 A1 → 2τ + 2µ with h produced via gluon fusion. These proposals still have to
be investigated and confirmed by the LHC detector collaborations.
4

Possible implications of the extended neutralino sector in the cNMSSM

In the NMSSM, the LSP can be the additional singlino-like neutralino, i.e. χ01 ∼ χS (the singlino
mixes always somewhat with the other neutralinos as the bino). This is not a far-fetched scenario;
it is even generic in the cNMSSM, where the soft Susy breaking scalar masses, trilinear couplings
and gaugino masses are assumed to be universal (given by m0 , A0 and M1/2 ) at the GUT (∼
Planck) scale 21,22 . (Note that here the singlet-dependent soft Susy breaking terms are assumed
to be universal as well, as it would happen in minimal supergravity.)
The reason for a singlino-like LSP in the cNMSSM is fairly easy to understand: in order
to obtain hSi =
6 0, the Susy breaking singlet mass m2S must not be large. Since mS is hardly
renormalized between the GUT and the weak scale, this implies a small value for m0 (compatible
with m0 = 0). In the MSSM, m0 ∼ 0 leads to an intolerable stau (τe) LSP. In the cNMSSM,
χS can be somewhat lighter than the τe (which is now the NLSP), and give the correct dark
matter relic density through co-annihilation with the τe. This implies A0 ∼ −1/4M1/2 . Finally
constraints from the Higgs sector require λ <
∼ 0.02, so that M1/2 remains essentially the only
undetermined parameter in the fully constrained cNMSSM 21,22 . For non-vanishing (but small)
m0 , a singlet-like CP-even Higgs scalar with a mass of ∼ 100 GeV might even explain the light
excess of events in Fig. 1.
A singlino-like LSP will have important consequences for Susy particle (sparticle) searches,

since it will appear in practically every sparticle decay cascade: since χS couples only weakly
to all other sparticles, these prefer to decay first into the NLSP (the τe); only at the end of the
cascade the τe will decay into τe → τ + χS . Hence a typical squark (q̃) decay cascade looks as
q̃ → q + χ02 (bino) → q + τ + τ̃ → q + τ + τ + χ01 (singlino) ,

(3)

which gives two τ ’s per cascade. However, only the first τ from χ02 → τ + τ̃ is hard and relatively
easy to detect; the second τ from τe → τ +χS is relatively soft, since the mass difference mτ̃ −mχS
is only a few GeV in order to allow for successful co-annihilation. For very small λ and/or a
small mass difference mτ̃ −mχS , the τe life time can even become so long that the τe decay vertices
are visibly displaced, up to the order of several cm 22 .
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Figure 2: Gluino and squark masses as function of M1/2 in the cNMSSM

The squark and gluino masses in the cNMSSM are displayed in Fig. 2 as function of M1/2 .
One finds that the gluino is generally somewhat heavier than the squarks (due to m0 ∼ 0). For
M1/2 >
∼ 500 GeV, the cNMSSM satisfies all constraints from sparticle searches, Higgs searches
at LEP II, B-physics etc. 21,22 . A preferred range for M1/2 can be obtained if one requires
that the Susy contribution to the anomalous magnetic moment of the muon explains the ∼ 3σ
discrepancy with respect to the SM 23 : from Fig. 3 one deduces that M1/2 <
∼ 1 TeV is preferred
by this observable, with M1/2 ∼ 500 GeV giving the best fit. For this value of M1/2 one has
squark masses of ∼ 1 TeV, and a gluino mass of ∼ 1.2 TeV.
Of course it is interesting to ask whether this scenario is visible at the LHC. First, at 7 TeV
c.m. energy, one expects ∼ 10 events/fb−1 . It is not excluded that, after 1 fb integrated
luminosity, a few τ -rich events become visible above the background, but no definite conclusions
could be drawn at this stage. At 14 TeV c.m. energy the signal gives ∼ 1000 events/fb−1 . In 24
we propose dedicated cuts for the cNMSSM in the form of two jets with pT > 300/150 GeV and
ET (miss) > 350 GeV; these cuts are quite hard, but appropriate for the heavy squark/gluinospectrum. Since the τ -acceptance is only ∼ 30 − 40% for hadronically decaying τ ’s (the leptonic
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Figure 3: The Susy contribution δaSusy
to the anomalous magnetic moment of the muon as function of M1/2 in
µ
the cNMSSM.

τ decays are not useful) with pT >
∼ 30 GeV, it is not reasonable to require more than one
>
reconstructed τ with pT ∼ 30 GeV. Together with standard cuts on ∆φ(jets − ET (miss)) and
MT these cuts still accept ∼ 10% of the signal, but strongly suppress the SM background. (From
the tt̄ background we expect ∼ 8 events/fb−1 after these cuts; τ -fakes from QCD-jets are under
investigation.)
Hence the signal-to-background ratio looks quite promising. Moreover the τ pT -spectrum is
quite hard even after taking into account the τ -acceptance, since one has at least two energetic
τ ’s per event. The τ pT -spectrum would allow, in addition, to distinguish the cNMSSM from
the stau-coannihilation-region of the cMSSM, where less energetic τ ’s per event are expected.

5

Conclusions

The NMSSM has several attractive features as compared to the MSSM: it solves the µ-problem,
has a scale invariant superpotential and thus satisfies Mweak ∼ MSusy without additional incredients. Its larger parameter space allows to satisfy constraints from LEP II on the Higgs sector
more easily: the SM-like Higgs boson can be somewhat heavier, or mix with the singlet-like
CP-even boson, or decay differently as into A1 A1 .
The latter scenario (which is in any case possible for a heavier SM-like Higgs boson) can
render the Higgs detection at the LHC quite difficult. As stated above, studies - also on h →
A1 A1 → 2b + 2τ - are under way, but no “No-lose-Theorem” is confirmed at present for the
NMSSM. Hence, in the worst case the non-detection of a Higgs signal at the LHC can be a
signal for the NMSSM!
Also sparticle searches have possibly to rely on unconventional signals (as compared to the
MSSM), if the scenario with a singlino-like LSP is realized in the NMSSM. As stated above, this
scenario appears automatically in the fully constrained cNMSSM. With a stau NLSP, one will
find ∼ 4 τ leptons per Susy event and, possibly, displaced vertices from stau-decays.
Some aspects of these signals are currently under investigation, but more studies are required
and should be ready when the LHC operates as originally forseen.
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MODELS AND SIGNATURES OF EXTRA DIMENSIONS AT THE LHC
M. BESANCON
CEA-Saclay/Irfu/SPP, Bat. 141,
91191 Gif sur Yvette, France
Models for extra dimensions and some of the most promising ensuing signals for experimental
discovery at the LHC are briefly reviewed. The emphasis will be put on the production of
Kaluza Klein states from both flat and warped extra-dimensions models.

1

Introduction

One of the first motivation for the recent renewed interest for extra dimensions (since the early
years of the 20th century, back in the G. Nordström 1 , T. Kaluza 2 , O. Klein 3 A. Einstein
and P. Bergmann 4 time where they were first discussed from the physics point of view a and
since some further developments from the 50’s to the 70’s) comes from the possibility they
have to address the hierarchy problem of the standard model of particle physics. In the course
of their development, it quickly appears that they can also address some other issues such
as symmetry breaking, provide some understanding for masses and mixing of the Standard
Model fermions, allow for TeV scale unification without supersymmetry and provide dark matter
candidates. There are also strong motivations for extra dimensions from more fundamental
underlying candidate theories such as for example string theories that will not be discussed in
the following since it would bring this short review too far out of scope.
There are many possible approaches for extra dimensions models connected to basic questions
such as: how many extra dimensions can there be ? Which geometry can they have ? How large
can they be, with which consequences for the phenomenology ? Which fields are sitting where ?
There are two kinds of possible geometries for extra dimensions. One is called factorizable
or flat where one can have in principle any number of extra dimensions i.e. 3 space dimensions
+ 1 time dimension + D − 4 extra-dimensions, with a metric written in the so called usual way
ds2 = gµν dxµ dxν (µ, ν = 0, 1, 2, 3...D). The other one is called non factorizable or warped and
is characterized by the presence of a warp factor a(y), depending on usually only one extradimension y, put in front of the 4 dimensional metric (often identified with the Minkowki metric
ηµν ) ds2 = a(y)(ηµν dxµ dxν ) + dy 2 (where here µ, ν = 0, 1, 2, 3).
Extra dimensions have not yet been seen experimentally so if they exist they must be small
a
Not to mention the older mathematical point of view back in the 19th century with B. Riemann and G. Cantor
including among other the very basic notion of what a dimension actually is and means which turns out to be
a non trivial question (G. Cantor discovered in 1877 that the points of a square i.e. 2 dimensional, can be put
into one to one correspondance with the points of a line segment i.e. one dimensional, thus rendering the simple
idea of dimension problematic) also interesting to be discussed. For this latter notion, we refer the reader to the
following (non exhaustive list) textbooks: Dimension Theory by W. Hurewicz and H. Wallman, Princeton 1941
and Modern Dimension Theory by J. Nagata, North-Holland, 1965.

(for flat geometries) i.e. compact. Compactifying extra dimensions leads to some periodicity
conditions on fields so that one can Fourier expand them:
φ(xµ , y) =

+∞
X

φ(k) (xµ )e

iky
R

(1)

k=−∞

and separate the 4 dimensional component which gives rise to the so called Kaluza-Klein (KK)
modes or states or excitations φ(k) (xµ ). The number of KK states is infinite. They are massive
and the mass of the k th mode is given by the inverse compactification size/radius R:
m2k = m2o +

k2
.
R2

(2)

Answering the question which field is sitting where leads to an immense variety of possible
approaches for extra dimensions. One of the first and simplest approach is the so called ADD
model 5 where only gravity propagates in the full D dimensional spacetime with flat geometry
and with n compactified extra space dimensions which will be called the bulk. The compactified
extra dimensions can be quite large as we will see later on. The Standard Model fields are
confined on a 4 dimensional sub-spacetime which will be called brane. The so called T eV −1
models are models where one can have one or more small compactified extra dimensions with
flat geometries with sizes of the order of the inverse of the TeV scale i.e. O(10 −19 ) m, where
the Standard Model gauge bosons can propagate 6 . This whole setup can be embedded in a
larger space where gravity propagates. The fermions of the Standard Model are still confined
on a 4 dimensional sub-spacetime. Universal extra-dimension (UED) models 7 are models with
flat geometry where Standard Model gauge bosons as well as fermions can propagate in the
bulk with one (or more recently two) extra dimension. An important set-up is the so called RS
setup 8 which is a setup where gravity only propagates in a 5 dimensional warped bulk with one
compactified extra dimensions and with two 4 dimensional branes. The Standard Model fields
are confined on one brane i.e. the infrared or TeV brane, is at the TeV scale while the other
brane, the Planck brane, is at the Planck scale. One can further extend the previous minimal
RS setup by putting a scalar field in the warped bulk which will allow to stabilize the interbrane
distance 9 . In the following, this approach will be referred to as the stabilized RS approach. One
can further extend the previous setup by putting Standard Model gauge boson as well Standard
Model fermions in the warped bulk (with the Higgs boson field being localized near the TeV
brane) which is presently giving rise to a huge activity and, in the following, will be referred to
as the bulk RS approach.
Anticipating a bit on the following, extra dimensions model building becomes very challenging especially in view of the present electroweak precision measurements and the experimental
constraints from flavor physics.
The outline of this short overview naturally follows the above discussion and will be divided
into two main parts. The first part will focus on the flat extra dimension models with the
ADD, T eV −1 and UED models. The second part will be devoted to the warped extra dimension
models with minimal RS, stabilized RS and Bulk RS models.
Every possible models and signatures at the LHC will not be touched upon in this short
overview because there are way too many for the size of this mini-eview but instead some
examples will be picked up to illustrate each topic mentioned in the outline.
Higgsless models is discussed in 10 . Black holes, string states, supersymmetric extra dimensions models as well as models from intersecting branes (including intersecting branes at angle)
will not be discussed in this short overview.

2

Flat compactified extra dimensions models

2.1

ADD models

As already mentioned, the ADD model is an approach where only gravity propagates in a bulk of
4 + n dimensions with n compactified extra dimensions. The Standard Model fields are confined
on a 4 dimensional brane. This model addresses the hierarchy problem since one can relate the
ordinary 4 dimensional Planck scale M P2 l(4) to a fundamental TeV scale via an extra-dimension
volume factor Rn :
n
MP2 l(4) = MPn+2
(3)
l(4+n) R
where R stands for the size of the n compact extra dimensions. For a fundamental scale M D =
MP l(4+n) of the order of 1 TeV, very large extra dimensions can be expected. For example, in the
case of one extra dimension, the size of the extra dimension can be of the order of the size of the
solar system. Having in mind that the ADD approach also predicts important deviations from
the Newton law of classical gravitation, one can see that the one extra dimension case is already
ruled out experimentally since no subsequent effect of have been observed at the level of the solar
system. In the case of 2 or more extra dimensions the size can be of the order of the millimeter or
nanometer. This scenario does not contradict submillimetric gravity measurements 11 especially
if the effects of the shape of the compactifying space is taken into account, even in the simplest
case of toroı̈dal compactifications 12 .
In addition to submillimetric gravity measurements one can also constrain the ADD scenario
from various areas such as astrophysics and cosmology as well collider physics and explore
its phenomenology. In the following the focus will be put on collider physics 13 and more
specifically the LHC. At colliders the production of KK graviton states provides the handle to
sign the existence of compact extra dimensions. One can have so called direct searches where
KK gravitons are present in the final state. In the ADD approach the KK graviton states are
close to each other in mass namely with mass differences down to a fraction of electron volt:
∆m ∼ (

MD n+2 12n−31
) 2 10 n
T eV

(4)

so that they form a quasi continuum of states which compensates the smallness of their individual
coupling to Standard Model field which is of the order of the inverse of the usual 4 dimensional
Planck mass 1/MP l(4) . At the LHC KK gravitons can be produced in association with a jet
from a quark or a gluon, with a photon (γ) or a Z boson thus giving rise to jet + missing energy,
γ + missing energy or Z + missing energy signature respectively (where the missing energy
component is due to the escaping KK graviton). The production cross sections are sizeable and
directly related to the number of extra dimensions n and to the scale M D . One can also have
indirect searches where no KK graviton states are present in the final states. Thus one has to
look for deviations in fermion or boson pair production with respect to the prediction of the
Standard Model. In contrast to the direct searches, the cross sections are not directly related
to the fundamental scale. For 2 and more extra dimensions the cross sections diverge and, in
the context of field theory b , the introduction of a cut-off is required. However this cut-off is
related to the fundamental scale only through an arbitray factor which is usually taken equal
to 1. Current collider constraints from HERA, LEP and Tevatron on scales are of the order of
1.6 − 2.1 TeV for 2 extra dimensions.
At the LHC one can look at mono-jet events as done for example by the CMS experiment 14 .
One can look for an excess of events over the background in observables such as the vectorial
sum of jets pT after a simple set of cuts. Either exclusions above the current constraints or
discovery can be achieved with relatively low luminosities i.e. O(100) pb −1 , as shown in Fig. 1
b

Cross section can be regularized in the context of type-I string theory.

Figure 1: (a): exclusion at 95% C.L. showing the minimum luminosity to exclude a given value of M D . (b):
discovery potential as a function of MD for various number of extra dimensions δ after 200 pb−1
√ of integrated
luminosity. The horizontal lines correspond to 3σ and 5σ significance level. Both plots assume s =10 TeV.

from 14 . Similar conclusions can be reached for indirect searches for example in the γγ channel
as shown in 15 .
2.2

T eV −1 Models

As already mentioned TeV−1 models are models where the Standard Model gauge bosons can
propagate in a bulk with small compactified extra-dimensions of size of the order of TeV −1 .
For simplicity we can here consider models with only one extra dimension. In fact it has been
shown that the 5 dimensional effective gauge couplings are finite while for more than one extra
dimension they become divergent c . The standard model fermions are confined on a 4 dimensional
brane and the KK 0th mode of the gauge bosons are identified with the 4 dimensional Standard
Model gauge bosons. A global fit including not only electroweak precision measurements but
also high energy data from LEP, HERA and the Tevatron Run 1 allows to set a lower limit of
6.8 TeV on the KK gauge bosons masses 16 . Direct searches at present colliders set lower limits of
the order of 1 TeV. If kinematically allowed, KK gauge bosons can be resonantly produced at the
LHC and one can look for a resonance decaying into fermions pairs. Otherwise one has to rely on
indirect effects and look for deviations in fermion pair production cross sections measurements
and asymmetries with respect to the predictions of the Standard Model. For example the study
of the search for resonances has been done in a quite generic way at the LHC for both Z’
and W’ types of gauge bosons. Depending on particular models and detector performances
(lepton identification, missing energy resolution) one can achieve a 5σ discovery from 1 TeV
with O(10) pb−1 of well understood data up to 3 TeV where much more integrated luminosities
are required namely in the O(10-100) fb −1 region as shown by the ATLAS collaboration 17 .
2.3

Universal extra dimension (UED) models

UED models are models where all Standard Model fields propagate in the bulk (gravity is
not included). The minimal versions of such models are 5 dimensional models with one extra
c

Again string theories and some brane configurations have to be invoked in order to regularize these couplings.

compact dimension. The KK 0th modes are identified with the 4 dimensional Standard Model
particles. The non-zero KK modes are massive and loop corrections involving bulk fields lead
to non degenerate mass spectra 18,19 . The electroweak precision measurements set constraints
on the typical mass scale M of this UED scenario 7 i.e. M > 300 GeV. These constraints
increase up to M > 700 GeV when taking into account two-loop standard model contributions
as well as LEP2 analyses 20 . Momentum conservation considerations in the bulk lead to the
conservation of a number call KK-parity which in turn lead to a phenomenology resembling to
the phenomenology of supersymmetry with conserved R-parity. Namely UED KK states are pair
produced, a UED KK state decays into a UED KK state and a particle of the Standard Model
i.e. cascade decays can occur, and finally there exists a lightest KK particle, the LKP, which is
stable and which can escape a detector at colliders thus being a source of missing energy. The
LKP provides a dark matter candidate which can be either the first KK mode of a photon γ 1 or
the first KK mode of a neutrino ν1 21 . At the LHC the pair production of the lightest coloured
KK states have the largest production cross-sections 22 . The production of UED KK states, after
cascade decays, can then lead to signatures such as multileptons and missing transverse energy
or multi leptons , multijets and missing transverse energy or multijets and missing transverse
energy i.e. similar to supersymmetry signatures. As shown for example in 23 , in the 4 leptons and
√
missing transverse energy channels, one can expect a 5σ discovery (at s = 14 TeV) above the
current constraints with more than O(1) fb −1 of integrated luminosity. It would also be desirable
to distinguish minimal UED signatures from supersymmetry signatures. In order to achieve this
goal, one of the best way would be to search for the second level of KK states, namely start to look
for the KK tower structure. At similar masses the cross sections of UED processes are greater
than the cross section of supersymmetric processes (because both left and right handed SU(2)
doublet KK fermions are present in UED while one has only left handed SU(2) squarks doublet,
one integrates different angular distribution i.e. (1 + cos 2 θ) for fermions versus (1 − cos 2 θ) for
scalars and for production close to threshold one has different cross section threshold suppression
i.e. β for fermions versus β 3 for scalars). Level 2 KK quarks can be directly pair produced (or
produced in association with KK gluons). However cross section times branching ratios for
multi-leptons and missing transverse energy channels, for example, are still challengingly small
and there are challengingly small statistics to distinguish from level 1 modes. Alternatively the
search for level 2 KK gauge boson V2 offers good prospect 24 in particular when one includes the
possibility of single KK gauge boson production via KK number violation interactions (but still
with KK parity conservation) i.e. looking for processes such as pp → V 2 → f0 f¯0 where f0 stands
for fermion a 0th KK level namely a fermion of the Standard Model. One striking signature
would be a double peak structure of γ 2 and Z2 in dilepton invariant masses as shown in Fig. 2
with near mass degeneracy further corrobating the UED interpretation. Preliminary studies 24
show that one should be able to explore the O(0.6-1) TeV mass range using from O(1) fb −1 up
√
to O(100) fb−1 of integrated luminosity (at s = 14 TeV).

3
3.1

Warped extra dimension models
Minimal Randall Sundrum (RS) models

As mentioned in the introduction, Randall and Sundrum (RS) 8 proposed a phenomenological
model with two 4 dimensional branes in a 5 dimensional space-time with a warped geometry
where gravity propagates (minimal RS). One can write the metric as ds 2 = e−2krc φ ηµν dxµ dxν +
rc dφ2 with a compact 5th dimension where φ sits in [0, π] and with the warp factor e −2krc φ where
k is a dimensionful parameter of the order of the 5 dimensional Planck scale M 5 . In contrast to

Figure 2: The γ2 − Z2 diresonance structure in UED (see text) with with R −1 = 500 GeV√for the dimuons (a)
and dielectron channel (b) at the LHC with with 100 fb−1 of integrated luminosity (at s = 14 TeV) .

the ADD relation (eq. 3), the 4 dimensional Planck scale in the RS approach is given by:
MP2 l(4) =

M53
[1 − e−2krc π ]
k

(5)

so that k, M5 and MP2 l(4) have comparable magnitude when the warp factor is small. The
warp factor allows to generate a low energy scale on one brane (TeV brane), from a high
energy scale, typically the Planck scale, on the other brane (the Planck brane). In particular
a Λπ = Mpl(4) e−krc π =1 TeV energy scale can be generated from the 4 dimensional Planck
scale if krc ∼ 12 (rc = 10−32 m) thus allowing to solve the hierarchy problem. In contrast to
the ADD approach the graviton field expansion into KK modes in the RS approach is given
by a linear combination of Bessel functions. In consequence the masses of the KK gravitons
are not regularly spaced but are given by m n = xn ke−kπrc where xn are the roots of Bessel
functions. Furthermore the order of magnitude of the mass of the first KK graviton mode is
O(1) TeV. The Standard Model fields are localized on the TeV brane. The coupling of the 0 th
mode graviton to standard model fields is inversely proportional to the 4 dimensional Planck
mass and is thus suppressed. Nevertheless the coupling of the non zero KK graviton modes is
inversely proportional to e−kπrc MP l namely the 4 dimensional Planck mass multiplied by the
warp factor. i.e. the coupling of the non zero KK graviton modes to the standard model fields
is enhanced by the warp factor ekπrc . KK graviton modes are resonantly produced at colliders
if they are kinematically accessible. Once they are produced they decay predominantly into two
jets 25 and then into other decay channels such as W + W − , ZZ, l+ l− , tt̄ and hh. Although
leptonic decay channels are not dominant they offer a clear signature in particular at the LHC.
The phenomenomlogy of this minimal RS approach can be described by two parameters namely
the mass M1 of the first KK graviton mode and a parameter c = M 1 /(x1 Λπ ) where typically
0.01 < c < 0.1. Searches for the KK graviton have been performed at the Tevatron and
constraints have been set 26 . By looking for a resonance decaying into electron pairs it has also
been shown that the LHC should be able to cover the whole region of interest with less than
√
100 fb−1 at s = 14 TeV as shown in 27 and 28 . It has also been shown that one should be able
to distinguish between spin 1 and spin 2 resonances by using angular distribution in the lepton
lepton center of mass frame 29 .
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Figure 3: Discovery reach for the radion at the LHC from Higgs boson searches from ATLAS and CMS (see text).

3.2

Stabilized RS

There are gravitational fluctuations around the RS metric which contain a massless scalar mode
called the radion. The presence of this scalar field in the bulk with interactions localized on
the branes allows to stabilize the value of r c i.e. the interbrane distance 9 . In order to recover
ordinary 4 dimensional Einstein gravity the radion must be massive and, for this stabilized RS
model to still solve the hierarchy problem, the radion should be lighter than the KK graviton.
It turns out out that the radion is likely to be the lightest state from the RS models. The
radion couple to Standard Model fields via the trace of the energy-momentum tensor and can
have direct coupling to gluon and photon. The phenomenology of the radion resembles to the
phenomenology of the Higgs boson for both production and decay except for this direct coupling
to gluon which allows to enhance the production with respect to the Higgs boson and modify
the light radion decay 30 . The radion predominantly decays into a gluon pair at low mass or W
pair above the WW mass threshold. Besides, there also is, in addition, possible mixing between
the Standard Model Higgs boson and the radion which allows to consider new physical mass
eigenstates. The decay branching ratios of these new eigenstates are different from those of the
Standard Model Higgs boson. Depending on the value of the coupling which is responsible of the
Higgs boson-radion mixing the difference can be sizeable i.e. up to a factor 50 for the W + W − et
ZZ decays. This mixing can also lead to non negligible branching ratios for invisibly decaying
Standard Model Higgs boson. This analysis has been confirmed in a more fundamental context
involving type I string theory 32 . The Opal collaboration 31 performed a search for the radion
via existing searches of the Higgs boson. No evidence for the radion has been found and the
Opal collaboration derived constraints on the parameters of the stabilized RS model (see 31 ) for
various scenario of Higgs-radion mixing. Pure radion effects (i.e. without the above mentioned
mixing) on precision electroweak observables have been shown to be small 34 . It is possible to
use the Standard Model Higgs boson searches to search for the radion√33 as shown in Fig. 3 where
the explorable domain in the radion coupling and mass plane (Λ φ = 6Λπ ,mφ ) in a model where
all Standard Model fields are in the RS bulk 35 (anticipating a bit on the next section).

3.3

Bulk RS models

Shortly after the development of the minimal and stabilized RS models, it has been realized
that in order to solve the hierarchy problem of the Standard Model only the Standard Model
Higgs has to be localized near the TeV brane thus giving rise to the bulk RS models 36 . In the
bulk RS models, Standard Model fermions and gauge bosons are allowed to propagate in the
RS bulk and the 4 dimensional Standard Model particles correspond to the 0 th mode of the 5
dimensional fields. The bulk profile of the Standard Model fermion wave function depends on
its five dimensional mass parameter. The Yukawa coupling of Standard Model fermions depend
on the overlap of their wave function with the wave function of the Higgs boson. In other
words the masses and Yukawa couplings of the Standard Model fermions depend on the bulk
profile of the corresponding 5 dimensional fields. Thus bulk RS models allow to understand the
Standard Model Yukawa coupling hierarchies and allow to suppress dangerous FCNC from higher
dimensional couplings. One can choose to localize the 1st and 2nd generation fermions near the
Planck brane where their wave functions have small overlaps between with the wave function of
the Higgs boson (localized near the TeV brane). One can also choose also to localize the top and
bottom quarks near the TeV brane with a bigger overlap of their wave functions with the wave
function of the Higgs boson giving rise to bigger Yukawa coupling. Electroweak precision data
(including Z → bL b̄L ) and data from flavor physics (K and B physics, CP violation, rare decays)
are very constraining for the bulk RS models 36 37 . With the help of additionnal symmetries in
the RS bulk such as custodial isospin symmetries sufficient to suppress excessive contributions
to the T parameter (and flavour symmetries) one can lower the lower limits/constraints on KK
masses namely O(3 TeV) for KK gauge bosons, O(2-4 TeV) for KK graviton and O(1-2 TeV)
for fermions excitations. Without fermions in the bulk (i.e. having only gauge bosons in the
bulk) and without custodial symmetries the lower limits on KK graviton and KK gauge bosons
would have been in the O(30-40 TeV) region i.e. well beyond the reach of the LHC. Constraints
from flavour physics are still striking hard any realistic model building attempt and a lot of
effort is being put in RS flavor models developments 37 which are beyond the scope of this short
overview.
There are many possible signatures for bulk RS models at the LHC 38 . KK gravitons (1st
mode G1 ) localized near the TeV brane can be resonantly and produced dominantly through
the process gg → G(1) for which the gluon profile in the bulk is supposed to be flat. The 1 st
generation fermions being localized near the Planck brane they have small wave functions overlap
with the KK graviton and hence the KK graviton coupling to u and d quarks is suppressed.
At the LHC the production of KK gravitons then occurs dominantly via gluons. KK gravitons
have decays which differ from the decays of the minimal RS model i.e. KK gravitons decay
predominantly into tt̄, since the 3rd quark generation fermions is also supposed to be localized
near the TeV brane, and into W W and ZZ.
KK gluons (g (1) ) and KK gauge bosons (Z (1) , W (1) ) can also be resonantly produced with
(1)
g → tt̄, Z (1) → W W and W (1) → W h decays. Finally KK fermions can be pair produced via
for example pp → g + g (1) → t(1) t̄(1) .
Assuming for example a 10%
has been shown that a 5 σ
√ top identification efficiency, it (1)
reach (i.e. here in terms of S/ B where S stands for the gg → G → tt̄ signal and B for the
background from the Standard Model top quark pair production) can be achieved at the LHC
√
(with s = 14 TeV) for top quarks localized very near the TeV brane and for not too heavy
KK gravitons i.e. in the O(1-2 TeV) mass range.
The top quarks from the KK graviton decay are expected to be boosted. Improvements in
the KK graviton mass reach are expected with the use of boosted top jet algorithms 39 in order
to improve the top tagging and identification efficiencies. For example such algorithms have
been used to search for KK gluons 40 in all hadronic channels i.e. pp → g (1) → tt̄ → bb̄jjjj. It

has been shown that a typical 40 % efficiency can be obtained for jet p T greater than 700 GeV
for a fake tag rate below 6 % and that a 5σ discovery can be made for cross sections of 43.6, 4,
√
1.6 and 1.3 pb respectively, this with 100 pb −1 of integrated luminosity at s = 10 TeV.
4

conclusion

There is a wide spectrum of possible models and signatures of extra-dimensions which can be explored at the LHC. There are strong constraints from electroweak precision data and data flavor
physics which are very challenging for realistic model building. Some examples of non-resonant
KK states searches with mono jets as well searches for KK resonances in dileptons, di-boson and
top quark pairs as well as the use of Higgs boson searches have been discussed. Signal discovery
can be achieved with relatively low integrated luminosities considering optimistic model parameters and not too high KK states masses. However to establish that the discovered signals are
actually coming from extra dimensions and further dedicated studies may need a LHC running
at the highest possible center of mass energy and higher integrated luminosities.
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I review Higgsless model in warped extra dimensions as well as the related gaugephobic Higgs,
and Unhiggs models. I also discuss attempts to develop four dimensional Higgsless models
using magnetic monopoles.

1

Introduction

The standard model is in perfect agreement with all experimental data, however is most probably
wrong. This is because the standard model includes a fundamental scalar field: the Higgs. It
has been known since the 1930s from Weisskopf’s calculation 1 of self-energies that fundamental
scalars have mass terms that diverge quadratically with the cut-off. This was later dubbed the
hierarchy problem. Weisskopf’s conclusion was that we would not find a fundamental scalar
field in Nature, so far his prediction has been borne out. On the other hand we need Goldstone
bosons to provide the longitudinal components of the massive W and Z gauge bosons, so the
question is: where do these bosons come from if not from a fundamental scalar field?
In the context of extra dimensions it’s relatively easy to see that a gauge symmetry can be
broken by a boundary condition.2 With a warped extra dimension,a the ratio of the Kaluza-Klein
gauge boson mass scale and W mass is enhanced by a logarithm, so these types of models are
phenomenologically preferred. In this scenario the Goldstone bosons are simply the longitudinal
components of 5D gauge bosons. Such 5D models are easy to calculate with and are thought to
be dual to strongly coupled 4D gauge theories with approximate conformal symmetry. However
it is not known for sure if there really is a 4D dual, so it is still tempting to try develop strictly 4D
models. Recently there have been some new ideas in this direction using magnetic monopoles.
2

Extra Dimensions

Let us consider a modification of the Randall-Sundrum model. The metric is
ds =
2



R
z

2 

ηµν dxµ dxν − dz 2



(1)

and the extra dimension z goes from R ∼ 1/MP l and to R0 ∼ TeV−1 . Thus R and R0 give
the locations of the UV brane and the TeV brane respectively. The 5D gauge symmetry is
SU (2)L × SU (2)R × U (1)B−L ; this should correspond to a 4D theory with a global SU (2)L ×
SU (2)R × U (1)B−L symmetry 3,4 that has been weakly gauged. If the gauge symmetry is broken
a

For a review of warped extra dimensions see the talk by Marc Besançon in this volume.
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Figure 1: On the left the W mass as a function of the boundary VEV, on the right the 5D profile of the gauge
boson corresponding to v = 1000 GeV.

to the standard model SU (2)L × U (1)Y on the UV brane and to SU (2)D × U (1)B−L on the TeV
brane, then we have the correct spectrum of massive gauge bosons. The global SU (2)L ×SU (2)R
symmetry is a custodial symmetry that ensures the correct ratio of W and Z masses, just as in
technicolor models.
How does one choose the gauge symmetry breaking boundary condition on each of the
branes? Imagine starting out with a Higgs on the brane: the boundary condition for the gauge
boson profile would be
g2v2
∂z ψ(z) = − 5 ψ(z)
(2)
2
where g5 is the 5D gauge coupling and v is the VEV of the Higgs on the brane. As we increase v,
the gauge boson becomes more massive, however as we see Figure 1, the mass begins to plateau
at some point. This is because as we increase the VEV, it costs more and more energy for the
gauge boson to be on the brane, so the profile is suppressed near the brane. For a large enough
VEV, the profile approaches zero at the brane, in which case the VEV no longer contributes
directly to the mass; the gauge boson mass comes from the gradient energy of distorted profile
along the extra dimension. Thus it no longer matters if there are quadratic divergences which
cause the VEV to diverge, the gauge boson mass is not sensitive to the value of the VEV, rather
it depends on the size of the extra dimension.
Just as in technicolor models there are corrections to precision electroweak measurements.5
The size of these corrections depends on where the quarks and leptons are localized in the extra
dimension. Fermions that are peaked near the UV brane correspond to elementary fermions in
the 4D picture, whereas fermions peaked near the TeV brane correspond to composites of the
strong 4D gauge dynamics.7 As in technicolor, elementary fermions coupled to the strong gauge
sector give a value for the S parameter around 1. Surprisingly if the fermions are taken to be
composite, then a large negative value for S is generated.8 It’s not rocket science to see that for
fermions that are distributed evenly through the extra dimension, S has a value near zero, 6 as
experimentally preferred. This amounts to a fine-tuning on the order of the per cent level which
makes these models just as bad as supersymmetry and all other attempts to solve the hierarchy
problem.
It is also fairly obvious that one can interpolate between Higgsless models and RandallSundrum models by adjusting the size of the Higgs VEV on the TeV brane. One has an
additional parameter at one’s disposal in 5D, which is the size of the 5D mass of the Higgs field.
In Randall-Sundrum models one takes this mass to be infinite, which completely localizes the
Higgs on the TeV brane. This corresponds in the 4D picture to having an infinite dimension
operator breaking electroweak symmetry. Thus one can also interpolate between these models
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Figure 2: Landscape of models: the horizontal axis is the suppression of the Higgs to other particles, while the
vertical axis shows the scaling dimension of the operator which breaks electroweak symmetry. In pure Higgsless
models, the Higgs is completely decoupled, corresponding to an infinite Higgs VEV. The standard model (SM),
Randall-Sundrum model (RS), and the minimal composite Higgs model (MCH) are shown for comparison.

and the standard model by adjusting this scaling dimension between infinity and one. Thus we
have a two dimensional space of electroweak symmetry breaking models, as shown in Figure 2.
While it is difficult for an experimentalist to measure the dimension of the symmetry breaking
operator the effects of changing the VEV are easier to observe. As we’ve seen, increasing the
Higgs VEV suppresses the coupling of the gauge boson to the Higgs, and this also happens for
fermions as well. Thus if we measure the deviation of the Higgs couplings, we are sensitive to
the size of the VEV in the 5D theory. As long as the dimension is larger than two, we are
still solving the hierarchy problem, since the Higgs mass term is an irrelevant operator. These
interpolating models are referred to as gaugephobic Higgs 9 models. If the dimension goes below
2, then we can only hope to solve the little hierarchy problem, that is we can try to push the
cut-off up from 1 TeV to near 10 TeV. These latter models are called Unhiggs 10 models.
The standard model Higgs has other jobs than just giving a mass to other particles. It is
required to unitarize W W scattering. In Higgsless models this job falls to the Kaluza-Klein
modes of the 5D gauge boson, and the unitarization is forced by 5D gauge invariance.2 In order
to perform this task properly these resonances must be light, less than about 1200 GeV, so
they are prime targets for uncovering Higgsless models at the LHC. A variety of gauge boson
resonance signals have been studied 11 , and even some gaugephobic Higgs boson signatures 12
can be found. For the Unhiggs, no one has found a signal unless the model is so similar to the
standard model that it does not help at all with the little hierarchy problem.
3

Monopoles

Ever since Dirac showed 13 how magnetic monopoles are consistent with quantum mechanics it
has been known that such particles have strong interactions, since they couple with the inverse
of the electric charge. More recently Seiberg and Witten have found 14 examples of massless,
fermionic magnetic monopoles. If massless, magnetically charged fermions were simply added
to the standard model, it would seem that the monopoles would have to have magnetic hypercharges, since hypercharge is the only U (1) gauge force in the standard model. With chiral
gauge couplings the simplest way to satisfy anomaly constraints is to add an entire magnetically
charged fourth generation. Since magnetic charges force the gauge coupling to run in the opposite direction from the running due to electric charges, the electric hypercharge coupling could
be forced into a strong coupling or fixed point regime. However it is also possible that having
more electrically charged fermions could outweigh effects of the magnetic charges and that the
electric hypercharge coupling could continue to be IR free. In that situation the strength of the

magnetic coupling would grow as we run towards the IR. We could then expect that, as in QCD
and technicolor, the chiral symmetries of the model are dynamically broken in the infrared. If
the chiral symmetries were weakly gauged by SU (2)L × U (1)Y then this chiral symmetry breaking would also break the electroweak gauge symmetry.16 Such a theory would be like a U (1)
technicolor model. It would have the double advantage of not having a Higgs boson and not
having any new gauge interactions: the standard model gauge interactions simply break themselves. A further advantage arises through the existence of Rubakov-Callan operators. These
operators are required for the consistency of a theory with monopoles,15 and for a particular
choice of monopole charges these operators can feed down electroweak symmetry breaking to
the top quark. Thus such models are spared the pain of having something like extended technicolor interactions; the coupling of the electroweak symmetry breaking condensate to quarks
and leptons can arise purely through their required interactions with monopoles.
At the LHC such monopoles could be pair produced and they are most strongly coupled
to photons, since photons have by far the smallest coupling to ordinary charges. If such a
pair were produced, the extremely strong Coulomb potential between the monopole and antimonopole would probably cause any excess kinetic energy to be released as bremsstralung, and
the monopole pair would annihilate back into many photons. Thus the signature of this type of
model seems to be a fireball of photons. The ATLAS group has been working on a monopole
trigger that relies on highly ionizing tracks that curve unlike a charged particle. However as of
this writing they do not have a trigger for a high multiplicity photon final state. Fortunately
the CMS collaboration have already developed such a trigger in order to look for squirks.16
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YUKAWA-UNIFIED SUSY AND 7 TEV LHC
S. KRAML
Laboratoire de Physique de Subatomique et de Cosmologie (LPSC), UJF Grenoble 1,
CNRS/IN2P3, INPG, 53 Avenue des Martyrs, F-38026 Grenoble, France
Simple SUSY GUT models based on the gauge group SO(10) require t−b−τ Yukawa coupling
unification, in addition to gauge coupling and matter unification. The Yukawa coupling unification places strong constraints on the expected superparticle mass spectrum, with 1st/2nd
generation scalar masses around 10 TeV while gluino masses are much lighter: in the 300500
GeV range. We hence expect large rates for gluino-pair production at hadron colliders, followed by decays to final states with large b-jet multiplicity. We discuss the discovery reaches
for the Tevatron and the LHC at 7 TeV. We find that the early LHC reach for Yukawa-unified
SUSY should be enough to either claim a discovery of the gluino, or to practically rule out
this class of models.

1

Introduction

Grand unified theories (GUTs) find a welcome inclusion of supersymmetry (SUSY) into their
structure in that SUSY tames the gauge hierarchy problem via the well-known cancellation of
quadratic divergences [1]. In particular, the GUT group SO(10) is highly motivated in that
it allows for– in addition to gauge unification– the unification of all the matter superfields of
each generation into the 16-dimensional spinor representation [2]. The matter unification only
works if the 15 matter superfields of the Minimal Supersymmetric Standard Model (MSSM) are
augmented by a SM gauge singlet superfield N̂ic which contains a right-hand neutrino (RHN)
field. The presence of RHN fields is essential to describe data from the past decade on neutrino
mass and flavor oscillations; in particular a Majorana mass term near the GUT scale, needed to
implement see-saw neutrino masses [3], should be generated by the breakdown of SO(10) gauge
symmetry. In addition to gauge and matter unification, in the simplest SO(10) SUSY GUT
models– wherein both MSSM Higgs doublets reside in a 10 of SO(10)– one expects Yukawa
coupling unification in the third generation: ft = fb = fτ (= fντ ) at MGUT .
Recently, a variety of studies have examined the MSSM(+RHN) to check whether the measured values of gauge couplings and third generation fermion masses do indeed allow for t − b − τ
Yukawa coupling unification [4–15]. Essential to the calculation is the inclusion of 2-loop renormalization group equations [16] (RGEs) and inclusion of weak scale threshold corrections [17]
which occur due to the MSSM → SM transition in effective field theories. These threshold
corrections imply that Yukawa coupling unification depends on the entire spectrum of SUSY
particles, since the SUSY particles enter the various t, b and τ self-energy diagrams [17].
Assuming universal boundary conditions at the GUT scale, the parameter space of our
SO(10)-motivated SUSY model consists of
2
m1/2 , m16 , m10 , MD
, A0 , tan β, sign(µ),

(1)

Figure 1: Scatter plot of Yukawa unified models in the R vs. mg̃ plane, for solutions in the DR3 model (blue)
and the HS model (red).

where m1/2 is the common gaugino mass at MGUT , m16 is the common GUT mass of all matter
2 parametrizes potential splittings in the
scalars, m10 is that of the Higgs soft terms, and MD
GUT scale Higgs (and possibly matter scalar) soft terms. Such splittings are expected to arise
from the breaking of the SO(10). It has been found that t − b − τ Yukawa coupling unification
can occur in the MSSM within this setup, but only for very restricted forms of the soft SUSY
breaking parameters at MGUT . For the case of µ > 0, preferred by BR(b → sγ), these are:
m16 ∼ 5 − 15 TeV, A0 ∼ −2m16 , m1/2  m16 , tan β ∼ 50.

(2)

These boundary conditions give rise to an inverted scalar mass hierarchy, wherein first/second
generation scalars end up with masses ∼ 10 TeV, while third generation scalars, Higgs scalars
A, H and H ± and µ are of order ∼ 1 − 2 TeV.a
To achieve radiative electroweak symmetry breaking (REWSB), the Higgs soft terms have
to be split at MGUT , with m2Hu < m2Hd , thus giving m2Hu a head start over m2Hd in its running
towards the weak scale.b Such splitting naturally occurs due to D-term (DT) contributions to all
scalar masses arising from the breakdown of SO(10). Most studies however applied the splitting
to only the Higgs sector (“just-so” Higgs splitting, HS)
2
m2Hu,d = m210 ∓ 2MD

(HS model)

(3)

because it results in better Yukawa unification as compared to full DT splitting. In [15] it has
been shown that DT splitting, combined with the running effect of the neutrino Yukawa coupling
fντ and a small mass splitting between first/second versus third generation scalars (the DR3
model) can allow for Yukawa coupling unification to a few percent.
Both the HS and DR3 schemes lead to mass spectra characterized by (i) 1st/2nd generation
scalars with masses in the ∼ 10 TeV range, (ii) third generation scalars in the ∼ 1 TeV range,
(iii) light gluinos with mg̃ ∼ 300 − 500 GeV, (iv) a light bino-like LSP with mZe1 ∼ 50 − 90 GeV.
We quantify the degree of Yukawa unification as
R=

max(ft , fb , fτ )
min(ft , fb , fτ )

(4)

where ft , fb and fτ are the top, bottom and tau Yukawa couplings, respectively, evaluated at
Q = MGUT . Figure 1 shows the location of a large number of Yukawa-unified models in the
a
b

Scenarios with very light H/A are excluded by BR(Bs → µ+ µ− ), see e.g. [11, 12, 15].
This can be different in non-universal models, see [10, 13, 14].

R vs. mg̃ plane, for the HS model (red dots) and the DR3 model (blue dots) obtained through
a Markov Chain Monte Carlo (MCMC) scan of the parameter space (for details, see [15]). As
can be seen, if we require R < 1.05 in the DR3 case, then mg̃ is at most about 550 GeV. In the
HS model, while mg̃ ∼ 300 − 500 GeV is favored for low R < 1.05 solutions, it is possible (but
not likely) to have scearios with mg̃ as large as ∼ 700 GeV.
Since the value of mg̃ is so low in Yukawa-unified SUSY models, we expect the whole scenario
to soon be tested at the CERN LHC [18] and to some extend also at the Fermilab Tevatron
collider [19]. This is the main topic of this contribution.
Before we proceed to discuss collider phenomenology, two comments is in order First, under
the assumption of gaugino mass unification, the LEP2 chargino mass limit that mW
f1 > 103.5
GeV normally implies that mg̃ > 430 GeV. However, in Yukawa-unified SUSY, the large trilinear
soft breaking term A0 ∼ −2m16 causes a large effect on gaugino mass evolution through two-loop
RGE terms, resulting in a much smaller splitting between gaugino masses M2 and M3 than in
mSUGRA-like cases. Thus gluino masses as low as ∼ 300 GeV are possible respecting chargino
mass bounds from LEP2.
THe second comments concerns the SUSY dark matter candidate. In models with the above
e1 state, the neutralino relic density is computed
listed superpartner spectrum and a bino-like Z
2
4
to be ∼ 10 − 10 times the measured abundance [9,11] (unless one sits right on the h pole), and
the models are seemingly excluded. However, if one invokes the Peccei-Quinn solution to the
strong CP problem [20–24], then an axion/axino supermultiplet is expected in the theory [25].
e1 → ãγ, which greatly
With an axino of mass mã ∼ 1 MeV the neutralinos will decay via Z
reduces the dark matter density by a large factor: mã /mZe1 . Cold dark matter solutions can be
found consisting of mainly cold axions and thermally produced axinos, with a small component
e1 → γã decay, which occurs on time scales of order 1 sec. Such
of warm axinos arising from Z
scenarios are worked out in detail in [26].
2

Gluino cascade decays

Since mg̃  mq̃ in the HS and DR3 models, gluino decays are dominated by three-body modes.
The branching ratios are in general largely model dependent, but since here t̃i and b̃i are always
the lightest squarks, and tan β is large, the decays are mostly restricted to the following channels:
ei + bb̄, i = 1, 2
• g̃ → Z
e1 + tt̄
• g̃ → Z
f + bt̄ .
f − b̄t or W
• g̃ → W
1
1
The general feature mg̃  mq̃ is common to both the HS and DR3 models, since it relies mostly
on the fact that m1/2  m16 . However, the inclusion of the D-term splitting for all matter
scalars in the DR3 model pushes mb̃R to lower values, when compared to the HS model, where
mb̃L ∼ mb̃R .c As a result we have b̃1 ∼ b̃R and mb̃1 < mb̃2 in the DR3 case, while b̃1 ∼ b̃L
and m ∼ m in the HS case. Now, since Ze2 is wino-like in both models, it just couples to
b̃1

b̃2

left-squarks, what suppresses the g̃ → Ze2 + bb̄ decay in the DR3 model and favors it in the HS
case. Figure 2 shows typical branching fractions for model lines in the HS and DR3 schemes.
e2 and W
f1 also decay dominantly via three-body modes, Z
e2 → Z
e1 f f¯, W
f ± → Ze1 f f¯0 ,
The Z
1
where the decays are primarily mediated by intermediate virtual W ∗ and Z ∗ diagrams (recall
that the sleptons and squarks are very heavy). If mg̃ ≥ 500 GeV, then the two-body modes
f1 → Z
e1 W and Z
e2 → Z
e1 Z turn on.
W
c

The stop masses and mixing are basically the same in both models, since the D-term splitting is equal for
2
2
both t̃L and t̃R , m2Q = m2U = m216 + MD
, while m2D = m216 − 3MD
.
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Figure 2: Gluino branching ratios for typical HS and DR3 model-lines as a function of the gluino mass.
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Figure 3: Left: Total cross-section for gluino pair production with mq̃ = 10 TeV versus LHC collider energy s,
for mg̃ = 300, 400 and 500 GeV. Right: Leading order total cross-sections for sparticle production in the HS and
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DR3 models as a function of the gluino mass for pp collisions at s = 7 TeV.

Putting all segments of the cascade decays together, we expect the HS signal to be rich in
¯ and/or
b-jets and opposite-sign/same-flavor (OS/SF) isolated dileptons coming from Ze2 → Ze1 ``,
0
e
f
f
SS dileptons coming from g̃ → W1 q q̄ followed by W1 → `ν` Z1 decay. For the DR3 point, we
expect the signal to be rich in b-jets with a harder ETmiss spectrum (when compared to the HS
case) due to the direct gluino decay to Ze1 , at least for mg̃ < 500 GeV, but with small rates in
the multilepton channels.
3

LHC discovery potential at 7 TeV

Let us now examine the discovery potential for Yukawa-unified SUSY, characterized by light
gluinos, in the first phase of LHC operation. The left panel of Fig. 3 shows cross sections of
√
gluino-pair production, σ(pp → g̃g̃X), as a function of the collider energy s, for mg̃ = 300, 400
√
and 500 GeV, while taking mq̃ = 10 TeV. For mg̃ = 400 GeV, LHC operating at s = 7 TeV
yields a cross section of σ ∼ 104 fb. It is expected that about 1 fb−1 of integrated luminosity
will be collected at this energy. Then, the LHC should move up in energy, ultimately reaching
√
its design energy of s = 14 TeV, where the cross section increases to ∼ 105 fb. The total
√
cross-sections for sparticle production at s = 7 TeV are shown in the right panel of Fig. 3.
√
In order to study the discovery potential of the LHC at s = 7 TeV we used Isajet7.79 [27]
to generate signal events for the HS and DR3 cases (the points HSb and DR3b mentioned
below have mg̃ ' 350 GeV and mg̃ ' 320 GeV, respectively). Moreover, we used AlpGen [28]
and MadGraph [29] to generate the background hard scattering events and Pythia [30] for the
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Figure 4: Signal (red/green lines for HSb/DR3b cases) and backgrounds (gray histograms) for Yukawa-unified
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SUSY at the LHC with s = 7 TeV. Left: ETmiss distribution after the C0 cuts. Right: b-jet distribution after
adding a cut of ETmiss > 100 GeV (C1 cuts).

subsequent showering and hadronization.
A toy detector simulation is then employed with calorimeter cell size ∆η × ∆φ = 0.05 ×
√0.05
and −5 < η < 5 . The HCAL (hadronic calorimetry) energy√resolution is taken to be 80%/ E +
3% for |η| < 2.6 and FCAL (forward calorimetry) is 100%/ E + 5% for |η| > 2.6, where the two
terms are combined in√quadrature. The ECAL (electromagnetic calorimetry) energy resolution
is assumed to be 3%/ E + 0.5%. We use the Isajet jet finding algorithm (cone type) to group
the hadronic final states into
p jets. The jets and isolated lepton definitions are as follows: Jets
are required to have R ≡ ∆η 2 + ∆φ2 ≤ 0.4 and ET (jet) > 25 GeV. Leptons are considered
isolated if they have pT (l) > 5 GeV with visible activity within a cone of ∆R < 0.2 of ΣETcells < 5
GeV.
Jets are tagged as b-jets if they contain a B hadron with ET (B) > 15 GeV, η(B) < 3 and
∆R(B, jet) < 0.5. We assume a tagging efficiency of 60% and light quark and gluon jets can be
mis-tagged as a b-jet with a probability 1/150 for ET ≤ 100 GeV, 1/50 for ET ≥ 250 GeV, with
a linear interpolation for 100 GeV ≤ ET ≤ 250 GeV. For more details, see [18].
Figure 4 (left panel) shows the ETmiss distribution for signal and backgrounds (BG) after a
basic set of cuts, which we call “C0 cuts”:
• n(jets) ≥ 4 with ET (j) ≥ 50 GeV, η(j) ≤ 3 and for the hardest jet ET (j1) ≥ 100 GeV,
• ST ≥ 0.2,
• n(b) ≥ 1,
where ST is the transverse sphericity and n(b) the number of b-jets. If no cut on ETmiss is applied,
the signal exceeds the BG for n(b) ≥ 4. For both the HS and DR3 model lines, the approximate
5σ LHC reach extends to mg̃ ∼ 360 GeV for 0.1 fb−1 , and ∼ 400 GeV for 0.2 fb−1 . This is
comparable to what Tevatron experiments can achieve using > 5 fb−1 of data (see below).
When a reliable ETmiss measurement is available, supplementing the C0 cuts with a ETmiss >
100 GeV requirement (“C1 cuts”) leads to a drastic reduction of the BG. The n(b) distribution
after C1 cuts is shown in the right panel of Fig. 4. Now the signal’s peak at n(b) =1, 2 is visible
above the BG, and the hard distribution in n(b) should be a striking signature for both the
DR3b and HSb models, since the combined signal plus BG distribution becomes approximately
flat for 0 ≤ n(b) ≤ 2. along with expected signal rates from the HS and DR3 model lines.
Requiring n(b) ≥ 2, we find an LHC reach for Yukawa-unifed SUSY out to mg̃ = 500 (600) GeV
for 0.2 (1) fb−1 . For n(b) ≥ 3, the SM background is greatly reduced. In this case, we find a
reach to mg̃ = 540 (630) GeV for 0.2 (1) fb−1 . The reach is largely independent of whether one
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Figure 5: Early LHC reach for Yukawa-unified SUSY using cuts C1 plus nb ≥ 2 and nb ≥ 3.

is in the HS or the DR3 model. The SM background level and 5σ level for 0.2 and 1 fb−1 are
shown in the plots of Fig. 5,
A corrorating signal should be observable in the OS/SF dilepton channel. For the HS model,
where we obtain a high rate for g̃ → bb̄Ze2 decays, we find a reach up to mg̃ = 400 (500) GeV
for 0.2 (1) fb−1 of integrated luminosity. For the DR3 model line, there is no reach for 0.2 fb−1 ,
e1 decay is dominant. With 1 fb−1 , however, a signal with 5σ significance
since here the g̃ → bb̄Z
should be visible for mg̃ ∼ 300 − 450 GeV.

4

Competition from the Tevatron

The light gluinos in the mass range we are considering here are of course also searched for at the
Fermilab Tevatron collider. While negative searches for gluino pair production currently require
(under an analysis with ∼ 2 fb−1 of integrated luminosity) mg̃ ≥ 308 GeV [31, 32] in mSUGRAlike models, use has not yet been made of the large gluino pair production cross section and
high b-jet multiplicity expected from Yukawa unified models.
Indeed gluino-pair production cross sections at the Tevatron are greatly enhanced in Yukawaunified scenarios. The reason is that the production is dominated by q q̄ → g̃g̃, which receives
contributions from s-channel gluon exchange, along with t- and u- channel squark exchange
diagrams.The st- and su-channel interference terms contribute negatively to the total production
cross section, thereby leading to an actual suppression of σ(pp̄ → g̃g̃X) for mq̃ ∼ mg̃ . For
mq̃  mg̃ on the other hand, the t-channel, u-channel and interference terms are all highly
suppressed, leaving the s-channel gluon exchange contribution unsuppressed and dominant.
The situation is illustrated in Fig. 6, where we plot the LO and NLO gluino pair production
cross section for mg̃ = 300, 400 and 500 GeV versus mq̃ . We see that as mq̃ grows, the total
production cross section increases, and by a large factor: for mg̃ = 400 GeV, as mq̃ varies from
400 GeV to 10 TeV, we see a factor of ∼ 10 increase in total rate!
We again point out the importance of exploiting the b-jet multiplicity to maximize the
discovery reach. By requiring Tevatron events with ≥ 4 jets plus large ETmiss , along with ≥ 2
or 3 tagged b-jets, QCD and electroweak backgrounds can be substantially reduced relative to
expected signal rates. In [19] we found that the CDF and D0 experiments should be sensitive
to mg̃ ∼ 400 − 440 GeV with 5 − 10 fb−1 of integrated luminosity. Thus, Tevatron experiments
are sensitive to much higher values of gluino mass than otherwise expected from conventional
searches. With 5 − 10 fb−1 of data, Tevatron experiments can indeed begin to explore a large
swath of Yukawa-unified SUSY model parameter space.
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Figure 6: Cross section of gluino pair production (in fb) at the Fermilab Tevatron collider as a function of mq̃ ,
for mg̃ = 300, 400 and 500 GeV. Dashed is LO QCD, while solid is NLO, as given by Prospino.

5

Conclusions

In t − b − τ Yukawa-unified SUSY, we expect a characteristic spectrum of superpartners with
first/second generation squarks and sleptons around 10 TeV, third generation sparticles, heavy
Higgs bosons and µ around the few TeV level, and very light gauginos, with mg̃ ∼ 300 − 500
GeV (although here we consider even higher values). Thus, at LHC, we expect to see gluino
f − + c.c.. SUSY searches
pair production at a high rate, followed by gluino decays to bb̄Zei or tb̄W
1
should therefore exploit the high multiplicity of b-jets expected in this scenario.
The LHC reach at very low luminosity and without ETmiss , but requiring n(b) ≥ 4, is about
mg̃ ∼ 400 GeV. This is comparable to the Tevatron reach in the multi-b + ETmiss channel with
5–10 fb−1 of data. This may lead to a tight competition for the discovery or exclusion of the
simplest Yukawa-unified SUSY scenario. When a reliable ETmiss resolution is available, we find
√
that the LHC reach, using s = 7 TeV and 1 fb−1 of integrated luminosity, will move into the
mg̃ ∼ 600 − 650 GeV range for both the HS and DR3 model lines, if we require ETmiss ≥ 100
GeV along with n(b) ≥ 3.
Thus, our main conclusion is that at its first stage of operation theLHC stands an excellent
chance to either discover Yukawa-unifed SUSY, or exclude almost all its model parameter space!
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Going Beyond the Minimal Composite Higgs Model
Ben GRIPAIOS
CERN PH-TH, Case C01600, 1211 Geneva 23, Switzerland.
If electroweak symmetry breaking arises via strong dynamics, electroweak precision tests and
flavour physics experiments suggest that the minimal model should closely resemble the Standard Model at the LHC. I describe two directions going beyond the minimal model that result
in radically different physics at the LHC. One direction extends the Higgs sector and the other
involves composite leptoquark states.

1

Introduction

Strong coupling provides a solution of the electroweak hierarchy problem that is natural in the
literal sense of the word. That is to say, we already have an example in Nature where a hierarchy,
namely the one between the proton mass and, say, the Planck scale, is generated by a stronglycoupled theory, QCD. As such, and given the problems suffered by the only weakly-coupled
candidate that can stabilize the hierarchy, namely supersymmetry, strongly-coupled dynamics
remains an attractive mechanism for electroweak symmetry breaking.
But strongly-coupled dynamics has severe problems of its own, in the form of clashes with
electroweak precision tests and flavour-changing neutral currents. The former can be solved,
to some extent, by clever use of symmetries. To see how this may occur, let me first remark
that we do not yet know what the ‘symmetry’ of electroweak symmetry is. Certainly, we do
know that it contains the SU (3) × SU (2)L × U (1)Y of the Standard Model (SM) as a gauged
subgroup, but it is quite possible that the true global symmetry of the strongly-coupled sector is
somewhat larger. If we enlarge the SU (2)L × U (1)Y to SU (2)L × SU (2)R ' SO(4) (which is an
accidental symmetry of the renormalizable SM Higgs potential), then we find that the W and
Z bosons automatically obtain their measured mass ratio.1 Furthermore, by adding the discrete
parity that interchanges L ↔ R (or equivalently enlarging SO(4) to O(4)), we can suppress
unwanted corrections to the coupling Zbb.2 The remaining nuisance is the S-parameter, which,
alas, no symmetry can forbid without simultaneously forbidding electroweak symmetry breaking.
Nevertheless, one can still use symmetry to argue that S, although it cannot vanish, could be
small.
The argument goes as follows. If SU (2)L were a symmetry of the vacuum, then S would
indeed vanish.3 This implies that S must be proportional to some positive power of the electroweak vev, v; in fact, since S transforms as an SU (2)L triplet, whilst v transforms as a doublet,
we have that S ∝ v 2 . Now, S is dimensionless, so we must have that S ' v 2 /f 2 , where the
scale f is set by the strong dynamics; if we could arrange for v/f to be somewhat less than
unity, by some dynamical accident, then we might end up with an acceptably-small value for
S. One way to do this is to further enlarge the global symmetry of the strong sector to SO(5)
and then to decree that strong dynamics breaks it to SO(4).4 The theory then contains four

pseudo-Nambu-Goldstone bosons (PNGBs), which have the quantum numbers of the SM Higgs.
v is then set by minimizing the potential of these PNGBs, which is generated by loop effects
involving gauge and (proto-)Yukawa couplings (which break the global symmetry) and wherein
the hoped-for miracle might occur.
As for the problems with flavour-changing neutral currents (FCNCs), these too can be
ameliorated, by thinking carefully about the way in which fermion masses arise in a stronglycoupled theory. The obvious way to generate fermion masses is to declare that, as in the SM,
fermion masses arise via elementary fermions (external to the strong sector) being coupled bilinearly to a scalar operator of the strong sector that carries the same SM quantum numbers as
the SM Higgs. Schematically,
L⊃

qOH u
,
Λd−1

(1)

where I have allowed for the operator OH to have arbitrary dimension d > 1. Now, this operator
certainly allows for the observed fermion masses to be generated. However, to this effective
Lagrangian we should also add other operators that are compatible with the symmetries of the
theory. Amongst these are
L⊃

qqqq
0
†
OH .
+ Λ4−d OH
Λ2

(2)

The first of these is responsible for flavour changing neutral currents; for these to be small
enough, Λ > 103−4 TeV. But then, in order to get a mass as large as that of the top from
the operator in eq. 1 (which is suppressed by Λ), we need to choose d to be rather small:
d . 1.2 − 1.3.5 Next, we need to worry about the second operator in eq. 2. In order not to destabilize the hierarchy, its dimension, d0 , had better be greater than four, rendering it irrelevant.a
So what is the problem? The limit in which d → 1 corresponds to a free theory, and in that
limit d0 → 2d. So in order to have an acceptable theory, we need a theory containing a scalar
operator OH (with the right charges) with a dimension that is close to the free limit, but such
†
OH greater
that the theory is nevertheless genuinely strongly-coupled, with the dimension of OH
than four.
In fact, this possibility is not so outlandish as may first appear. Indeed, the Ising model
in two dimensions has operators with similar properties.6 But sadly, in the real world of four
dimensions, we are close to a theorem stating that such a theory cannot exist.6,7
One way out of this impasse is to note that there exists another way to generate fermion
masses.8 In this alternative, fermion masses arise by allowing the elementary fermions to couple
linearly to fermionic operators of the strong sector. Schematically, the Lagrangian is
L ∼ qOq + uOu + Oq Oq + Ou Ou + Oq OH Ou

(3)

and the light fermion masses arise by mixing with heavy fermionic resonances of the strong sector,
which feel the electroweak symmetry breaking. The beauty of this mechanism is that fermion
masses can now be generated by relevant operators (cf. the operator that generates masses in
eq. 1, which is at best marginal, since d > 1); this means that one can, in principle, send Λ
to infinity and the problem of flavour changing neutral currents can be completely decoupled.
There is even a further bonus, in that the light fermions of the first and second generations,
which are the ones that flavour physics experiments have most stringently probed, are the ones
that are least mixed with the strong sector and the flavour-changing physics that lies therein.
a

It is, perhaps, instructive to see how the hierarchy problem of the SM is cast in this language. There, OH
†
corresponds to the Higgs, with dimension close to unity, whilst OH
OH is the Higgs mass operator, with dimension
close to two.

In conclusion, the problems of electroweak precision tests and flavour-changing neutral currents may be avoided in a strongly-coupled model. But lest the reader be tempted to leap out
of his or her bathtub, declaring electroweak symmetry breaking a closed subject, it is perhaps
pertinent to remark that we do not actually have an explicit model in hand. We have shown
only that such a model, if one exists, is not necessarily inconsistent.
Nevertheless, it is interesting to peruse what the implications for the LHC might be. We
have argued that the minimal model should have SO(5) symmetry broken to SO(4), with the
SM subgroup gauged. The light degrees of freedom of such a model are just those of the SM, and
the constraints on the S parameter (and also those from FCNCS) suggest that v/f should be
rather small. This implies not only that the strongly-coupled resonances must be rather heavy
(multi-TeV), but also that the couplings of the light degrees of freedom should be close to their
SM values (the departures being set by v/f ). As such, the minimal model will look very much
like the SM at the LHC.
To find a strongly-coupled model which is compliant with electroweak precision and flavour
tests, and whose predictions differ from those of the SM as regards the LHC, we need to go
beyond the minimal model. In the following, I describe two possible directions.

2

Beyond the Minimal Composite Higgs Model

One possible direction is to enlarge the symmetry of the strong sector, whilst retaining the
custodial symmetries and SM Higgs degrees of freedom described above.9 An obvious choice
is to enlarge the global symmetry from SO(5) to SO(6). As for the unbroken subgroup, one
could stick with the original breaking to SO(4), or enlarge it to SO(4) × SO(2), or SO(5). Of
these three possibilities, the first two give rise to models with two Higgs doublets, and these reintroduce a problem with the T -parameter. To wit, the custodial symmetry SO(4) only protects
T if an SO(3) is preserved in the vacuum. With a single Higgs doublet this is guaranteed, but
with two Higgs doublets the symmetry will, in general, be further broken to SO(2).10 The third
possibility, by contrast, contains only an extra SM singlet. This extra singlet does not spoil the
agreement with existing experiments, but it can dramatically change the phenomenology at the
LHC.
Most strikingly, the singlet, being a PNGB, can naturally be rather light. Indeed, the singlet
does not get a contribution to its mass from gauge interactions and the dynamics of the strong
sector may be such that the contribution to the mass of the singlet coming from couplings to
fermions may also be rather small. In particular, there is a U (1) symmetry of the strong sector
that can be used to make the singlet arbitrarily light in a way that is technically natural.b As
such, the singlet can have a mass in the 1 − 10 GeV range, in which case the Higgs decays
dominantly into a pair of singlets, which each in turn decay into two SM particles. Which SM
particles they decay to depends on the mass and couplings of the singlet: the parameter space
of the model in fact allows many possibilities, including bb, τ τ , cc, such that a Higgs with mass
below 114 GeV could have been missed at LEP. For the latest bounds, see ref. 11 .
There are a number of other interesting phenomenological possibilities. One is that, if the
singlet obtains a vev, one has an additional source of spontaneous CP violation in the theory.
This may be of relevance for electroweak baryogenesis. Another is that, in this model, there
may be physics associated with the Wess-Zumino-Witten term 12,13 that captures topological
information about the strongly-coupled sector.14,15
b

This is in contrast with some other models that advocate non-standard decays of the Higgs, in which symmetries purporting to guarantee the lightness of the singlet are at best approximate.

3

Composite Leptoquarks

To see another way in which strongly-coupled models might deviate from the SM,16 let us look
again at the generation of fermion masses. If fermion masses are generated according to eq. 3 (as
suggested by FCNCs), then the strong sector must know about SU (3) colour, in that the strong
sector must possess fermionic operators, such as those that couple to elementary quarks, that
carry colour (as well as electroweak charges) This is fundamentally different to the fermion mass
generation mechanism of eq. 1, where the strong sector need only know about the SU (2) × U (1)
part of the SM gauge symmetry.
Now, given that the theory necessarily contains fermionic operators (or rather, light resonances) carrying colour and electroweak charges, it is plausible to imagine that the strong sector
might also feature light, bosonic resonances carrying colour and electroweak charges. Such
operators could couple to a quark and a lepton, playing the rôle of leptoquark states.
As an explicit example, let us take a toy model where the strongly-coupled dynamics is just
an SU (3) gauge theory, like QCD. Indeed, the original model 8 was of just this form and there one
finds, as well as baryonic resonances that are necessary for fermion mass generation as per eq. 3,
mesonic resonances that are leptoquarks. As another example, we could also consider composite
models which incorporate gauge coupling unification by enlarging the global symmetries of the
strong sector to some GUT group (see ref. 17 and refs. therein). There, bosonic resonances, like
the Higgs, must come in complete representations of the GUT group, and so leptoquark states
seem inevitable.
What properties might we expect these composite leptoquarks to have? Generically, we
expect resonances around the TeV scale, and these may or may not be within the reach of the
LHC. But leptoquarks may also be much lighter, if they arise (like the Higgs) as PNGBs of
the strong dynamics. Then, naı̈ve dimensional analysis suggests that a mass of around several
hundred GeV seems more likely.16
In other leptoquark scenarios (such as plain-Vanilla GUTs), such light leptoquarks would
have been ruled out my many orders of magnitude by bounds from various flavour-changing
physics processes to which they contribute. For a comprehensive list, see ref. 18 . But in our
scenario, leptoquark contributions to flavour-changing processes are suppressed by exactly the
same mechanism that suppresses generic strong-sector contributions to flavour physics: the light
generations, which are most stringently probed in experiments, are the ones least mixed with
the strong sector in general, and the leptoquarks in particular.
Roughly speaking, the leptoquark couplings scale hierarchically like the Yukawa couplings,
since they arise from the same mixings. Using a plausible estimate for the leptoquark couplings,
it was found in 16 that all the bounds in ref. 18 were evaded by at least a factor of ten, except
for the bounds coming from the decays µ → eγ and τ → µγ. Here, the constraints can only be
satisfied if the leptoquarks are chiral: that is, they couple only to either left- or right-handed
quarks, but not to both. A glance at the classification table of leptoquarks in the PDG shows
that this rules out only a small fraction of the possible leptoquarks. In the case that leptoquarks
are chiral, the bounds from the aforementioned processes are also a factor of ten or more above
my estimates.
What about the prospects for the LHC? The composite leptoquarks described here only
have dominant couplings to third generation quarks and leptons. As a result, they will be only
pair-produced at the LHC, via QCD interactions. These pair-produced leptoquarks will then
/T,
each decay to a b or a t and a τ or a ντ , so the dominant final states will be 2b2τ , 2b + E
/ T . The leptoquarks are now being added to the HERWIG event generator, in
2t2τ , or 2t + E
preparation for future phenomenological studies.19

4

Summary

If strong dynamics is responsible for electroweak symmetry breaking, it seems that the minimal
incarnation thereof will look a lot like the SM at the LHC. I presented two directions in which one
can obtain non-minimal models, which differ spectacularly from the SM in their LHC predictions.
One direction is to extend the Higgs sector, and the other involves composite, third-generation
leptoquark states at the TeV scale.
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STATUS OF CKM ANGLE MEASUREMENTS,
A REPORT FROM BABAR AND BELLE

Owen Long
Department of Physics and Astronomy, University of California,
Riverside CA 92521, USA
I will review the latest developments in determining the CP -violating phases of the CKM
matrix elements from measurements by the BaBar and BELLE experiments at the highluminosity B factories (PEP-II and KEKB). The emphasis will be on the angle γ/φ3 of the
∗
∗
Unitarity Triangle, which is the relative phase arg(−Vud Vub
/Vcd Vcb
), or the CP -violating
phase of the b → u transition in the commonly used Wolfenstein convention.

1

Introduction

Only 8 years after the experimental discovery of CP violation 1 , Kobayashi and Maskawa noted
in a seminal paper 2 that extending the quark sector to 3 generations would naturally introduce
a CP violating phase in weak interactions. The BaBar and BELLE experiments and the highluminosity B factories (PEP-II and KEKB) at the SLAC National Accelerator Laboratory and
KEK were designed and built with the primary goal of performing the first precision tests of
the Kobayashi-Maskawa theory using CP asymmetry measurements in B decays. The unitarity
∗ +V V ∗ +
constraint involving the 1st and 3rd columns of the CKM quark mixing matrix Vud Vub
cd cb
∗
Vtd Vtb = 0 is often visualized as a triangle (“The Unitarity Triangle”) in the complex plane. The
CP asymmetry measurements from BaBar and BELLE can be directly related to the interior
angles of the Unitarity Triangle with little theoretical uncertainty 3 .
The current experimental constraints on the Wolfenstein parameters ρ̄ and η̄, which give
the coordinates of the tip of the rescaled Unitarity Triangle in the complex plane, are shown in
Figure 1. The analysis was done by two independent groups using different statistical approaches
(frequentist for CKMfitter 4 and Bayesian for UTfit 5 ). However, the conclusions are the same
– the CP violation parameters of the CKM matrix are overconstrained and the KobayashiMaskawa theory has been experimentally confirmed. Kobayashi and Maskawa were awarded
half of the 2008 Nobel Prize in physics.
The constraint on the angle β (or φ1 ), from the amplitude of the proper-time-dependent CP
asymmetry of B 0 → J/ψKS0 and other b → cc̄s decays, is the strongest, with a one standard
deviation uncertainty of less than one degree. The most difficult angle to measure is γ (or φ3 ).
Recent progress has been made over the past year in improving our measurements of γ and I
will focus on this for the rest of this writeup.

Figure 1: Experimental constraints on the Wolfenstein parameters ρ̄ and η̄. The CKMfitter group (left) uses a
frequentist statistical approach, while the UTfit group (right) uses a Bayesian statistical approach.

2

Methods for measuring γ (or φ3 )

∗ /V V ∗ ) can be measured from direct CP violation in B decays where
The angle γ ≡ arg(−Vud Vub
cd cb
both b → c and b → u decay amplitudes contribute to the same final state and interfere with
each other. The methods 6,7,8 that currently give the strongest constraints on γ use decays of the
type B − → D 0 K − (from a b → cūs decay) with B − → D̄ 0 K − (from a b → uc̄s decay) where the
D decays to a final state that is accessible from both the D0 and the D̄0 . These are both tree
level b decays, so the interpretation of the measurements in terms of γ is theoretically extremely
clean. However, the ratio of the hadronic B decay amplitudes rb ≡ |A(b → u)/A(b → c)| and
the CP -conserving (strong) phase difference δb between A(b → u) and A(b → c) can not be
calculated with precision and must be experimentally determined. In addition to γ, all of the
various B → DK methods share the same hadronic parameters (rb and δb ). Decays of the type
B → D ∗ K and B → DK ∗ may also be used with each distinct B decay having its own rb and
δb .
The precision of the current γ measurements is limited due to two factors. First, the signal
samples of B → DK are relatively small (at most 100’s of events) due to CKM suppression of
the decay amplitudes. The second factor is that rb is relatively small (about 0.10 due to CKM
and color suppression) which limits the size of the interference that we are trying to measure.

3

The B → DK, D decay Dalitz approach

The best individual measurements of γ come from using a 3-body D decay (either KS0 π + π −
or KS0 K + K − ) in the B → DK method. The amplitude (AD ) and CP -conserving phase of
the D → KS0 h+ h− decay varies accross the D decay Dalitz plot, which is the decay intensity
in the plane of s+ = m2 (Kh+ ) vs s− = m2 (Kh− ). Assuming no CP violation in D decays,
the D̄ 0 Dalitz plot is the same as the the D 0 Dalitz plot after reflection through the s+ = s−
diagonal, i.e. AD̄ (s+ , s− ) = AD (s− , s+ ). The parameters of a D decay Dalitz amplitude model
are determined from the data by fitting a very clean, high statistics sample of flavor-tagged D0
mesons from D∗+ → D 0 π + decays produced in e+ e− → cc̄ events. The overall amplitudes for
the processes B ± → DK ± ; D → KS0 h+ h− are given by
A(B + ; s+ , s− ) ∝ AD (s− , s+ ) + rb e+iγ+iδb AD (s+ , s− )
+

+

A(B ; s , s ) ∝ AD (s , s ) + rb e
−

−

−

−iγ+iδb

+

AD (s , s )
−

(1)
(2)

B decay mode
B±
B±
B±
B±

→ DK ±
→ D ∗ (Dπ 0 )K ±
→ D ∗ (Dγ)K ±
→ DK ∗±

BELLE (KS0 π + π − )
657 M B B̄
757 ± 30
168 ± 15
83 ± 10

BaBar (KS0 π + π − )
468 M B B̄
920 ± 35
246 ± 22
191 ± 19
163 ± 17

BaBar (KS0 K + K − )
468 M B B̄
142 ± 14
53 ± 11
31 ± 7
28 ± 6

Table 1: Signal yields for the samples used in the final fits for the CP parameters. These results are preliminary.

where the first term is from the b → c transition and the second is from the b → u transition.
The relative weight of the two terms, both in magnitude and CP -conserving phase, is known
from AD (s+ , s− ), apart from an overall factor of rb e±iγ+iδb that is experimentally determined
in the data analysis.
3.1

The B → DK, D decay Dalitz data samples

Both BaBar and BELLE have shown updates to their γ measurements using the D decay Dalitz
technique in the past year. The BaBar collaboration has analyzed their full dataset, which
contains 468 million B B̄ events 9 , while the Belle collaboration has shown results using 657
million B B̄ events 10 . The BaBar results with their full dataset were shown for the first time
in this talk. Both the BaBar and BELLE analyses have been submitted for publication and
are still preliminary. Both experiments have done the analysis for the following three B decays:
B ± → DK ± , B ± → D ∗ (D 0 π 0 , D0 γ)K ± , and B ± → DK ∗± (KS0 π ± ) using the D → KS0 π + π −
decay mode. The BaBar analysis also includes results using D → KS0 K + K − .
The signal is separated from combinatoric
q background using two standard reconstruction
2
− p2B and ∆E = EB − Ebeam . Continuum
variables in the center of mass frame: mES = Ebeam
(e+ e− → q q̄) background is rejected using event shape variables that are combined in an optimal
linear combination (Fisher discriminant). These shape variables take advantage of the fact that
the decay products in B B̄ events are fairly isotropic, while continuum events have a preferred
direction along the q q̄ axis. Large B + → D (∗) π + data control samples, where the b → u
amplitude is more suppressed with respect to the b → c transition (rb ≈ 0.01), are used to
calibrate and validate the analysis methods.
The Dalitz model parameters are determined from large, clean, flavor-tagged charm samples
from continuum production. The D0 → KS0 π + π − Dalitz models in the BaBar and BELLE
analyses are not the same. The main differences are in the treatment of the S-wave components.
Babar uses a K-matrix formalism with the P-vector approximation and 5 poles for the ππ S-wave
and a LASS model consisting of a K0∗ (1430)∓ resonance together with a coherent non-resonant
contribution parameterized by a scattering length and an effective range for the Kπ S-wave.
BELLE includes σ1 and σ2 ππ scalar resonances and a K0∗ (1430) for the Kπ S-wave. Details of
the Dalitz models can be found in the preprints 9,10 describing the measurements.
Table 1 gives the B → D(∗) K (∗) signal yield for the samples used in the final fits for the
CP parameters (described below). The BaBar signal efficiencies have improved substantially
(20% to 40% relative) with respect to the previous BaBar analysis, which used 383 million B B̄
events 13 , coming mainly from reprocessing the data with improved track reconstruction and
particle identification.
3.2

The B → DK, D decay Dalitz CP analysis

The CP parameters are determined using unbinned maximum likelihood fits. Probability density
functions in the likelihood depend on ∆E, mES , continuum rejection variables, and the Dalitz

CP parameters for B + → DK + , D → KS0 π + π −
Parameter
BaBar
BELLE
x− (%)
6.0 ± 3.9 ± 0.7 ± 0.6
10.5 ± 4.7 ± 1.1
y− (%)
6.2 ± 4.5 ± 0.4 ± 0.6
17.7 ± 6.0 ± 1.8
x+ (%)
−10.3 ± 3.7 ± 0.6 ± 0.7 −10.7 ± 4.3 ± 1.1
y+ (%)
−2.1 ± 4.8 ± 0.4 ± 0.9
−6.7 ± 5.9 ± 1.8
Table 2: Preliminary results of the CP fit for B + → DK + . The BELLE fit uses D → KS0 π + π − , while the BaBar
fit uses both D → KS0 π + π − and D → KS0 K + K − . The uncertainties from left to right are statistical, experimental
systematic, and Dalitz model systematic. The BELLE analysis does not report Dalitz model uncertainties on x±
and y± .

plot position. The interference terms in the intensity are proportional to
x± = rb cos(δb ± γ)

and

y± = rb sin(δb ± γ).

(3)

The Cartesian parameters are free parameters in the fits. They are used rather than rb , δb , and
γ directly because they are uncorrelated with Gaussian uncertainties.
The full results of the fits can be found in the BaBar and BELLE preprints 9,10 and averages
are available through HFAG 12 . Table 2 gives the x± and y± results for the B + → DK + mode
as an example to give you an idea of the measurement precision and the consistency of the
two measurements. The BaBar and BELLE results are consistent with each other. The BaBar
statistical errors are lower due to the higher signal statistics (see Table 1). The degree to which
the x± and y± are inconsistent with zero is the significance of the b → u transition, while the
degree to which x− 6= x+ and y− 6= y+ is the significance of the CP violation.
The interpretation of selected x± and y± measurements is given in Table 3. Each experiment independently finds a value of γ close to around 70◦ , which is consistent with indirect
determinations of γ within the CKM framework (see Figure 1 and refs 4,5 ). Each experiment
rules out CP conservation with a significance of 3.5 standard deviations. The Belle experiment
favors a larger b → u contribution to the decay (larger rb ), which leads to a smaller statistical
uncertainty on γ, though the BELLE and BaBar rb measurements are not incompatible. Both
the BaBar and BELLE measurements are statistics limited.
One noteworthy difference between the BaBar and BELLE measurements is the uncertainty
from the Dalitz model, which is 3◦ for BaBar and 8.9◦ for BELLE. The BaBar γ analysis 9 and
D0 mixing analysis 11 used the same Dalitz model and the same model variations in the evaluation of the systematic uncertainties. The Dalitz model systematic errors are not negligible in
the D 0 mixing analysis, so the Dalitz model and model variations were refined and reconsidered,
with respect to the initial BaBar D decay Dalitz γ analysis 13 . This Dalitz model work, motivated by the requirements of the D0 mixing analysis, was propagated back into the γ analysis,
which lead to the substantial improvement in the model systematic uncertainty on γ. In the
future, LHCb and super B factories will have much larger datasets, making model independent
approaches 8,14,15 feasible.
4

The “ADS” approach for γ

The so-called “ADS” method (for Atwood, Dunietz, and Soni 7 ) for determining γ maximizes
the size of the interference term with a clever choice of final state. The favored b → c transition
from B − → D 0 K − is combined with the suppressed c → d transition from D0 → K + π − . This
interferes with the suppressed b → u transition from B − → D̄ 0 K − followed by the favored c̄ → s̄
transition from D̄0 → K + π − . Since both paths to the [K + π − ]D K − final state involve a CKM
favored transition combined with a CKM suppressed transition, the paths have roughly equal

Parameter
γ (◦ )

BaBar
68

+15
−14

{4, 3}

rb , DK (%)

9.6 ± 2.9 {0.5, 0.4}

rb∗ , D ∗ K (%)

13.3

δb , DK (◦ )
δb∗ ,

D∗ K

(◦ )

+4.2
−3.9 {1.3, 0.3}
119 +19
−20 {3, 3}

−82 ± 21 {5, 3}

BELLE
+10.8
−11.6
16.0 +4.0
−3.8
+7.2
19.6 −6.9
136.7 +13.0
−15.8
341.9 +18.0
−19.6

78.4

± 3.6 ± 8.9
± 1.1
± 1.2

+5.0
−1.0
+6.2
−1.2

± 4.0 ± 22.9
± 3.0 ± 22.9

Table 3: Interpretation of selected x± and y± measurements. For the BaBar results, the first uncertainty gives the
68.3% confidence interval including all sources of uncertainty (stat., expt. syst., Dalitz model). The values inside
the {} indicate the symmetric contributions to the total uncertainty coming from the experimental systematic
and Dalitz amplitude model systematic uncertainties, respectively. For the BELLE results, the uncertainties from
left to right are statistical, systematic, and Dalitz model systematic. All results are preliminary.

amplitudes. This means the direct CP asymmetry can be quite large (of order 1) but you pay
a heavy price in signal statistics due to the CKM suppression. This method is quite sensitive
to the amplitude ratio rb , which is common with the other B → DK methods, such as the D
decay Dalitz method above.
Both BaBar and BELLE have searched for B − → [K + π − ]D K − . The BaBar collaboration
recently released a preliminary version of their analysis using the full dataset of 468 million B B̄
events. Unlike previous searches from both experiments, the new BaBar analysis sees the first
signs of ADS signals in B ± → DK ± and B ± → D ∗ K ± . Figure 2 shows the mES distributions
separately for B + → [K − π + ]D K + and B − → [K + π − ]D K − . Comparing the B + and B −
distributions, a large CP asymmetry is evident.

Figure 2: Distributions of mES for B + → [K − π + ]D K + (left) and B − → [K + π − ]D K − (right) for the preliminary
BaBar analysis of 468 million B B̄ events. The dotted blue curve is combinatoric background only, the dashed red
curve is combinatoric plus peaking background, and the solid blue curve represents all components including the
signal.
∗
The interpretation of the ADS rate and CP asymmetry gives rb = (9.0+5.6
−5.1 )% and rb =
+3.4
∗
∗
(11.6−5.0 )% for B → DK and B → D K respectively and constraints on γ, δb , and δb that are
consistent with the D decay Dalitz measurements.

5

Summary and future prospects

The CKM parameters are now over constrained. All CP violation measurements made thus far
are consistent with the Kobayashi-Maskawa mechanism of the Standard Model. The B factory

experiments, BaBar and BELLE, have made recent progress on the most difficult Unitarity
Triangle angle to measure: γ or φ3 . Unlike other angle measurements, γ from B → DK involves
only tree-level processes, which make the interpretation very clean theoretically, providing a
solid Standard Model reference. However, our experimental constraints on γ from B → DK are
still relatively weak and statistics limited. The analysis of all experimental

constraints by the
◦
+19 ◦
5
4
UTfit and CKMfitter collaborations gives γ = (72 ± 11) and γ = 69 −21 , respectively.
Looking ahead, the LHCb experiment will make substantial progress on γ using B → DK
decays, taking advantage of the huge bb̄ production cross section in pp collisions to address the
current limitation, which is signal statistics. The high statistics will make model-independent
D decay Dalitz approaches viable, removing the dependence on the Dalitz amplitude model
assumptions. A super B factory could also turn γ into a precision measurement.
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D0 MIXING AND CHARM CP VIOLATION
Jordi Garra Ticó
Departament d’Estructura i constituents de la matèria, Universitat de Barcelona,
Diagonal, 647, planta 6, 08028 Barcelona, Catalonia
Recent results by the BaBar and Belle collaborations on neutral D meson mixing and CP
violation are presented. Both experiments have established evidence for neutral D mixing,
confirmed by the CDF collaboration, but no evidence of CP violation has yet been found in
the D sector.

1

Introduction to mixing of neutral D mesons

For a system of a pair of neutral D mesons, different neutral states are relevant to the discussion
of different processes:
• The two flavor eigenstates, |D 0 i and |D̄ 0 i, have a definite quark flavor content and are
those relevant to particle production and decay processes. They are mixed with each other
as they propagate through space and time.
• The two Hamiltonian eigenstates, |D1 i and |D2 i, have definite mass and lifetime, and
they propagate through space and time in a definite way. The Hamiltonian eigenstates are
written in the flavor basis as
|D1,2 i = p D0 ± q D̄0 .

(1)

• If CP were preserved, the Hamiltonian eigenstates would also be CP eigenstates, namely
|D+ i and |D− i.
For the system of the two neutral kaons, it is relevant to observe that their mass eigenstates
have different average lifetimes, although similar masses, so it is convenient to define their states
as KL0 and KS0 for the long-lived and short-lived states, respectively. However, for neutral D
mesons, the mixing rate is slower than the decay rate, so the flavor eigenstates are the most
convenient basis for them.
An arbitrary linear combination of the neutral D flavor eigenstates, a|D 0 i + b|D̄ 0 i, evolves
in time according to the time-dependent Schrödinger equation
 
 
  
d a
i
a
a
i
,
(2)
=H
≡ M− Γ
b
b
dt b
2
where M and Γ are 2 × 2 Hermitian matrices, but the effective
Hamiltonian H is not. |D1 i and

i
|D2 i are the eigenstates of H, with eigenvalues m1 + 2 Γ1 and m2 + 2i Γ2 , respectively.

Defining
Γ=

Γ1 + Γ2
,
2

x=

m1 − m2
,
Γ

y=

Γ1 − Γ2
,
2Γ

(3)

the time evolution of the Hamiltonian eigenstates can be written as
Γt

|D1,2 (t)i = e− 2 h1,2 (t) |D1,2 i ,
with
h1,2 (t) = e∓

(y+ix)Γt
2

(4)

.

(5)

The analyses presented in this document are devoted to measure the mixing parameters x
and y defined in (3) by means of different techniques.
It is useful to define
Af = hf |H|D 0 i,

Āf = hf |H|D̄ 0 i,

χ=

q Āf
,
p Af

so the amplitude of the flavor eigenstates evolves in time as


1+χ
1−χ
0
− Γt
h1 (t) +
h2 (t) ,
hf |H|D (t)i = e 2 Af
2
2

(6)

(7)

and similarly for D̄0 .
2

Introduction to CP violation in D meson decays

The possible manifestations of CP violation can be classified in a model-independent way:
• CP violation in the decay occurs in decays of both charged and neutral mesons. It occurs
when the amplitude of a decay is different from that of the decay of its CP conjugate.
• CP violation in the mixing occurs in neutral meson decays, when the Hamiltonian eigenstates cannot be chosen to be CP eigenstates as well.
• CP violation in the interference between decays with and without mixing occurs in decays
into final states that are common to |D 0 i and |D̄0 i.
3

Standard model predictions of D meson mixing and CPV

Mixing in the standard model originates from short and long distance contributions. Short
distance contributions come from box diagrams with quarks and W ± bosons. The standard
model predicts small mixing effects because b quarks are CKM suppressed and s and d quarks
are GIM suppressed 1 . The main short distance contribution is to the x mixing parameter.
Long distance contributions come from loop diagrams with hadronic intermediate states. These
contributions are expected to be dominant, but still small. Since they are not perturbative, they
are difficult to estimate, but predictions exist 2,3 that bound x and y in the range [0.001, 0.01],
with |x| < |y|.
New physics could arise through new particles in loops. For example, if |x| was found to be
much larger than |y|, this could be a hint of new physics.
The standard model predicts CPV in the D sector to be ∼ 10−3 . If CPV was to be found
with the current sensitivity (∼ 10−2 ), this would also be a hint of new physics 3 .

4

Mixing and CP violation searches

Mixing has been studied using a variety of suppressed hadronic decays: in the time dependence
of the wrong sign events in D 0 → K + π − 4,5,6 , in the ratio of lifetimes of D 0 → K + K − and
D 0 → π + π − events with respect to D 0 → K − π + events 7,8,9 , and in a D 0 time-dependent
amplitude analysis of D 0 → K + π − π 0 events 10 . Mixing has also been studied in semileptonic
events 11,12,13 by the BaBar and Belle collaborations, and in a time-dependent amplitude analysis
of Ks π + π − events 14,15 .
D mesons are tagged at production by means of D ?+ → D 0 πs+ and its conjugate, where the
charge of the low momentum pion πs± tags the flavor of the produced D meson.
CP violation has been studied in single Cabibbo-suppressed decays with CP even final
states D 0 → π + π − and D 0 → K + K − 16,17 and D 0 → π + π − π 0 18,19 and D 0 → K + K − π 0 18 . The
standard model predicts CP violation in these modes to be ∼ 10−4 − 10−5 , so evidence of CP
violation in them would be a sign of physics beyond the standard model 3 . CP violation has
also been studied in D 0 → K + π − π 0 events 10,20 and in D 0 → K + K − π + π − decays.
4.1

Mixing from D 0 lifetime measurements in D 0 → h+ h− and D 0 → K − π +

D meson mixing and CP violation alter the lifetime distributions of CP eigenstates h+ h− . A
good approximation for the average lifetime is
#−1
"
±1
q
(y cos φf ∓ x sin φf )
,
(8)
τ ± = τKπ 1 +
p
where τ + is the lifetime of D 0 → h+ h− , τ − is the lifetime of D̄0 → h+ h− , τKπ is the lifetime of
D 0 → K − π + , and


q Āf
.
(9)
φf = arg
p Af
The mixing and CP observables are
τKπ
yCP = y cos φf =
− 1,
hτhh i

∆y = y sin φf =

τKπ
Aτ ,
hτhh i

(10)

where

τ+ + τ−
τ+ − τ−
,
,
Aτ = +
2
τ + τ−
are the lifetime average and the asymmetry, respectively.
Belle’s results 8 are

(11)

hτhh i =

yCP = (1.31 ± 0.32 (stat) ± 0.25 (syst)) · 10−2 ,

(12)

Aτ = (0.01 ± 0.30 (stat) ± 0.15 (syst)) · 10−2 ,

(13)

which provide evidence of D meson mixing at 3.2 σ.
BaBar published the result of a tagged analysis 7 ,
yCP = (1.03 ± 0.33 (stat) ± 0.19 (syst)) · 10−2 ,
−2

∆y = (−0.26 ± 0.36 (stat) ± 0.08 (syst)) · 10

(14)
,

(15)

and also a combined result of an analysis of a combined set of disjoint tagged and untagged
events 9 ,
yCP = (1.13 ± 0.22 (stat) ± 0.18 (syst)) · 10−2 ,
(16)
which shows the largest significant evidence up to date of D meson mixing at 4.1 σ.
The Heavy Flavor Averaging Group 21 averages for yCP are shown in figure 1.
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Figure 1: Heavy Flavor Averaging Group averages for yCP .

4.2

Mixing in time-dependent Dalitz plot analyses of D 0 → KS0 h+ h− (h = π, K) events

These analyses use tagging at production from D ?± decays, and have the KS0 reconstructed in
the decay channel Ks → π + π − .
These analyses use expression (7) to study the D 0 proper lifetime dependence as a function
of the position in the Dalitz plot. This provides sensitivity to the mixing parameters x and y
directly, if CP conservation in the decay is assumed. An accurate phenomenological decay model
for the variation of the amplitude over the Dalitz plot is needed in order to have sensitivity to
x and y.
The generic variables used in these analyses are mD , defined as the reconstructed invariant
mass of the D meson obtained from the 4-momenta of the 4 charged particles of the final state,
∆m, defined as the mass difference between the masses of the D ? and the D mesons, obtained
from the 4-momenta of the D daughters and the low-momentum pion, the D meson proper
lifetime t, obtained from its flight length, and its error σt .
These generic variables and the Dalitz variables m2K 0 h+ , m2K 0 h− and m2h+ h− have been charS
S
acterized. Several categories have been introduced to describe the signal and the background.
A D meson is considered to be a true one if the four charged particles of the signal channel
have been reconstructed and matched correctly. A low momentum pion is considered to be true
if its mother is a D ? . The categories have been defined according to these definitions, and are
shown in table 1.
Table 1: Signal and background categories.

Category
1
2
3
4
5
6

D
true
true
false
false

πs±
true
false
true
false

Description
Signal

Combinatoric background
D 0 → 4π/2π2K
D 0 → KS0 KS0

Peaking behavior
mD and ∆m
mD
∆m
Not peaking
mD and ∆m
mD and ∆m

For each category, the generic variables have been characterized separately, i.e., parameterizations have been found to describe well their distributions. Figure 2 shows the BaBar
preliminary distributions of mD and ∆m for data events.
In the analysis done by BaBar, the amplitude model is taken from a published BaBar paper 22
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Figure 2: BaBar preliminary KS0 π + π − mD and ∆m distributions for data events.

on the measurement of the CKM angle γ. In this model, the amplitude is expressed as
X
A=
ar eiφr Zλ (m2AB , m2AC , m2BC )Bλ,r (m2AB )Gr (m2AB ),

(17)

r

where Zλ describe the angular distribution of the decay products, Bλ,r are the Blatt-Weisskopf
penetration factors, and Gr is a propagator that describes the resonance. The most of the
propagators are relativistic Breit-Wigner functions, except for a Gounaris-Sakurai function to
describe the ρ0 component and a combination of K-matrix and LASS formulations for a better
description of overlapping ππ and Kπ S-waves.
The BaBar preliminary result for x and y is
x = (0.16 ± 0.23 (stat) ± 0.12 (exp) ± 0.08 (mod)) · 10−2 ,
−2

y = (0.57 ± 0.20 (stat) ± 0.13 (exp) ± 0.07 (mod)) · 10

,

(18)
(19)

where the first uncertainty is statistical, the second is experimental systematic, and the third is
model related systematic.
The analysis done by the BaBar collaboration is the first combined analysis of KS0 π + π − and
0
KS K + K − events, and provides the most precise direct measurement of x and y up to date.
It excludes the no-mixing hypothesis with a significance of 1.9 σ, similarly to Belle 15 , which
excludes it at the level of 2.2 σ,
x = (0.80 ± 0.29
y = (0.33 ± 0.24

+0.09
−0.07
+0.08
−0.12

+0.10
−0.14 ) ·
+0.06
−0.08 ) ·

10−2 ,

(20)

10−2 .

(21)

The analysis from Belle also fits for CP violation, yielding
q
= (0.86
p

+0.30 +0.06
−0.29 −0.08

φf = (−14

+16 +6 +2 ◦
−18 −3 −4 ) .

± 0.08) · 10−2 ,

(22)
(23)

The result from the BaBar collaboration favors a lower value for x than for y, which makes
the central value move toward the standard model prediction.
5

Conclusions

BaBar and Belle have established evidence for mixing, confirmed by CDF. No single measurement exceeds a significance of 5 σ, but the combined measurements, yet without taking into
account the latest result from BaBar, exclude the no-mixing hypothesis at more than 10.2 σ.
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The Heavy Flavor Averaging Group 21 first five σ contour levels of x and y and of |q/p| and
φf are shown in figure 3. No evidence of any kind of CPV has yet been found in the D sector.
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B MESON DECAYS TO FINAL STATES WITH TAU LEPTON AT BELLE
M. ROZANSKA
for the Belle Collaboration
H. Niewodniczanski Institute of Nucler Physics, Radzikowskiego 152,
31 352 Krakow, Poland
We report measurements of B meson decays to final states containing τ leptons: B → τ ντ
and B → D(∗) τ ντ . The large τ mass results in enhanced sensitivity of these processes to new
physics effects. The results are based on a large data sample collected with the Belle detector
at Υ(4S) at the KEKB asymmetric-energy e+ e− collider.

1

Introduction

Leptonic and semileptonic decays of B mesons involving τ lepton can provide important constraints on the Standard Model (SM) and its extensions. The large mass of the τ lepton has
many interesting consequences. Within the SM, the decay B + → τ + ντ a offers a unique opportunity to measure B meson decay constant, while B → D̄ (∗) τ + ντ modes can provide information
on form-factors that cannot be accessed in other semileptonic modes 1 . B decays invloving τ
lepton have also enhanced sensitivity to physics beyond the SM. The most important examples
come from theories with an extended Higgs sector like supersymmetry 2 or two Higgs doublet
models3 , where non-SM contributions from charged Higgs exchange occur at the tree level.
In this report, we present the results of studies of B + → τ + ντ and B + → D̄ (∗)0 τ + ντ decays
based on a large data sample collected at the Υ(4S) resonance with the Belle detector 4 at the
KEKB collider 5 .
2

Experimental Techniques

Experimental studies of tauonic B decays are very challenging. The main difficulty is the lack of
clear-cut kinematic constraints, because of multiple neutrinos in the final states. Experimental
strategies at B-factories exploit advantages of the exclusive production of B B̄ pairs in Υ(4S)
decays and measure such processes via the recoil of the accompanying B meson (Btag ). Reconstruction of the Btag provides constraints on the other B (denoted further as Bsig ); in particular
it allows one to calculate the missing four-momentum in Bsig decay, which helps to identify
the signal events. At the same time it strongly suppresses the combinatorial and continuum
backgrounds. Limitations of the method come from the low Btag reconstruction efficiency and
a detailed strategy should be optimized for each process under study, depending on the signal
efficiency and background level.
In the most common approach, the first step is to reconstruct the Btag in a set of exclusive
decays and next to examine the remaining particle(s) for the experimental signatures of the
a

Charge-conjugate modes are implied throughout the papaer.

searched signal. The Btag candidates can be selected using both hadronic and semileptonic B
decays. The Btag reconstruction efficiency in this way of tagging (further referred to as the
’exclusive tags’) is of the order of 10−3 (10−2 ) for hadronic(semileptonic) tags.
Alternatively, for processes with a clean signature of the signal decay, one can select first a
Bsig candidate and reconstruct the Btag ’inclusively’ from all the remaining tracks and clusters.
As compared to the exclusive hadronic tags, the inclusive Btag reconstruction efficiency is a few
times higher, albeit at the expense of a lower purity.
3

B + → τ + ντ

In the standard model, purely leptonic decays B → lν proceed via W-mediated annihilation.
The branching fraction is given by
B(B + → l+ νl ) =

m2
G2F mB m2l
(1 − 2l )2 fB2 |Vub |2 τB ,
8π
mB

(1)

where GF is the Fermi coupling constant, ml and mB are the lepton and B meson masses,
τB is the B + lifetime, fB is the B meson decay constant and |Vub | is the magnitude of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element. As can be seen from Eq. 1, the B + → l+ νl
branching fraction provides a good opportunity to measure directly the product of fB and |Vub |.
Due to the helicity suppression, represented by the factor m2l in Eq. 1, the τ mode has the
branching fraction by few orders of magnitude higher than the corresponding decays to light
leptons, and thus it is the most accessible experimentally B decay of this type.
The B + → τ + ντ decay rate can be significantly modified by new physics contributions, like
exchange of a charged Higgs boson. In the 2HDM of type II the charged Higgs effect is described
as 3
m2
(2)
B(B + → τ + ντ ) = B(B + → τ + ντ )SM × (1 − tan2 β 2B ),
mH +
where MH + is the mass of the charged Higgs boson and tan β denotes the ratio of the two
Higgs vacuum expectation values.√ The contribution of the charged Higgs is destructive, unless
MH + / tan β is smaller than mB / 2.
The first evidence of the B + → τ + ντ decay with a significance of 3.5 standard devia+0.46
−4 has
tions (σ) and the branching fraction B(B + → τ + ντ ) = (1.79+0.56
−0.49 (stat)−0.51 (syst)) × 10
been reported by Belle 6 . The analysis uses about 6.8 × 105 of B B̄ events with exclusively
reconstructed hadronic decays of Btag , extracted from a data sample of 414 fb−1 . Another
Belle measurement uses statistically independent sample, obtained by reconstructing Btag in
semileptonic decays. Preliminary result, based on a data sample of 657 × 106 B B̄ pairs, yields
+0.35
−4 with a significance of 3.8σ 7 . The results
B(B + → τ + ντ ) = (1.65+0.38
−0.37 (stat)−0.37 (syst)) × 10
are in good agreement with analogous measurements carried out by BaBar, which reported
B(B + → τ + ντ ) = (1.7 ± 0.6) × 10−4 with a significance of 2.8σ for combined samples, obtained
with hadronic and semileptonic tagging 8 .
These measurements are systematically larger, but consistent within uncertainties, with the
SM expectations B(B + → τ + ντ )SM = (1.20 ± 0.25) × 10−4 , taking fB from HPQCD 9 and |Vub |
from HFAG 10 . It should be mentioned, however, that the SM estimation depends on the choice
of the values of fB and |Vub |. Alternatively, one can use the prediction obtained from the CKM
−4
fit 11 B(B + → τ + ντ )CKM = (0.80+0.16
−0.11 ) × 10 , which is by 2.4σ lower than the world average of
direct measurements. This tension, though still statistically limited, deserves further study. It
also represents an interesting question to be addressed at the next generation super B-factory
experiments 12 .

4

B → D̄ (∗) τ + ντ

Semileptonic decays B → D̄ (∗) τ + ντ offer an alternative route to study charged-Higgs effects13 .
Having different sources of theoretical uncertainties, these decays are complementary to the
B + → τ + ντ mode. The theoretical predictions for B → D̄ (∗) τ + ντ depend on the relatively well
known element of the CKM matrix, |Vcb |, and on the form-factors, which are constrained by
the Heavy Quark Effective Theory14 and by B → D (∗) lνl (l = e, µ) mesurements. Morover, the
three-body semitauonic B decays provide more observables sensitive to new physics than purely
leptonic B + → τ + ντ channel. Of particular interest is the τ polarization. The effects of new
physics are expected to be larger in B → D̄τ + ντ than in B → D̄ ∗ τ + ντ . It should be mentioned,
however, that the decays to the vector meson are cleaner experimentally and offer an interesting
possibility of studying correlations between D ∗ polarization and other observables 15 .
Owing to the clean signature provided by the charmed meson in the signal decay, the inclusive
reconstruction of Btag can be employed to study the B → D̄ (∗) τ + ντ decays. Using this method,
Belle reported the first observation of an exlusive semitauonic B decay ih the B 0 → D ∗− τ + ντ
mode with the branching fraction B(B 0 → D ∗− τ + ντ ) = (2.02+0.40
−0.37 (stat) ± 0.37(syst))% and the
16
significance of 5.2σ .
The same strategy was adopted in the recent Belle analysis of B + → D̄ (∗)0 τ + ντ decays, based
on the data sample of 657 × 106 B B̄ pairs 17 . The signal canidates are selected by combining
+ decay. The D̄ 0 candidates are
a D̄ (∗)0 meson with a charged track, d+
τ , expected from τ
+
−
+
−
0
reconstructed in the K π and K π π final states and the D̄ ∗0 candidates are reconstructed
from D̄ 0 π 0 . To reconstruct the τ lepton candidates, the τ + → e+ νe ν̄τ , τ + → µ+ νµ ν̄τ , and
τ + → π + ν̄τ modes are used.
The particles that are not associated with Bsig , are used to reconstruct the Btag decay.
The consistency of a Btag canidate with a B-meson decay is checked
using the beam-energy
q
P
2
constrained mass and the energy difference variables: Mtag = Ebeam − p2tag , ptag = i pi ,
P
and ∆Etag = Etag −Ebeam , Etag = i Ei , where Ebeam is the beam energy and pi and Ei denote
the momentum vector and energy of the i’th particle in the Υ(4S) rest frame. The summation
is over all particles that are assigned to Btag .
The background suppression exploits observables that characterize the signal decay, like
and visible energy Evis , i.e. the sum of the energies
missing energy Emiss = Ebeam − ED̄(∗)0 − Ed+
τ
of all particles in the event. The most useful variable for separating signal and background
is obtained
by combining Emiss and (D̄ (∗)0 d+
τ ) pair momentum: Xmiss = (Emiss − |pD̄ (∗)0 +
q
2
− m2B . The Xmiss variable is closely related to the missing mass in the Bsig decay
pd+
|)/ Ebeam
τ
but does not depend on the Btag reconstruction. Requirements imposed on the Evis , Emiss
and Xmiss select events with large missing energy and result in flat Mtag distributions for most
background components, while the distribution of the signal modes remains unchanged. Small
peaking background comes from the semileptonic decays B + → D̄ ∗0 l+ νl and B → D̄ ∗∗ l+ νl (D̄ ∗∗
includes non-resonant D̄ (∗) π decays). The background is evaluated from fits to experimental
distributions in the side-band regions defined by Mtag < 5.26GeV/c2 andXmiss < 2.0.
The signal and background yields are extracted from an extended unbinned maximum
likelihood fit to two-dimensional distributions in Mtag and momentum of D 0 from Bsig measured in the Υ(4S) frame. The fits are performed simultaneously to all data subsets, taking into account cross-feeds between the D̄ ∗0 τ + ντ and D̄ 0 τ + ντ modes. The results of the
fit are shown in Fig. 1. The signal yields extracted from the fit are 446.2+57.8
−55.6 events of the
+ → D̄ 0 τ + ν decay. The obtained
B + → D̄ ∗0 τ + ντ decay and 146.3+41.8
events
of
the
B
τ
−41.3
+ →
branching fractions are B(B + → D̄ ∗0 τ + ντ ) = (2.12+0.28
−0.27 (stat) ± 0.29(syst))%, and B(B
D̄ 0 τ + ντ ) = (0.77 ± 0.22(stat) ± 0.12(syst))%. The significances of the observed signals are 8.1σ
for B + → D̄ ∗0 τ ντ and 3.5σ for B + → D̄ 0 τ ντ . The result on the B + → D̄ 0 τ ντ represents the
first evidence of this mode. The branching fractions are consistent with other measurements by

150

b)

40

N / 80 MeV/c

N / 4 MeV/c2

N / 80 MeV/c

N / 4 MeV/c2

a)

100

100

c)

100

d)

50

50
20

0
5.2

5.22

5.24

5.26

5.28

5.3

Mtag [GeV/c2]

0
0

50

0.5

1

1.5

2

PD0 [GeV/c]

0
5.2

5.25

5.3

M tag [GeV/c 2 ]

0
0

0.5

1

1.5

2

P D0 [GeV/c]
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BaBar19 and with preliminary Belle results20 , obtained with exclusive hadronic tags.
The measured branching fractions can be compared with the SM expectations that are
around 1.4% for B → D̄ ∗ τ + ντ and 0.7% for B → D̄τ + ντ (see e.g.18 ).
5

Summary

Tauonic B decays represent currently an active field of research at B-factories. The large
data samples of B B̄ events compensate the tiny reconstruction efficiency of Btag , enabling first
measurements of exclusive B decays to final states involving τ leptons. The measured branching
fractions for B + → τ + ντ and B → D̄ (∗) τ + ντ are consistent, within the current precision, with
the SM expectations but, given the uncertainties, they still live a room for sizeable new physics
contributions.
The obtained results deomnstrate the potential of B-factories to study B decays with large
missing energy. Based on the present experience, we can anticipate many interesting results
in this field from Belle-II, the next generation B-factory experiment, which is planned at the
SuperKEKB collider12 .
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STRANGE BEAUTY AND OTHER BEASTS FROM Υ(5S) AT BELLE
K. Kinoshita
University of Cincinnati, PO Box 210011
Cincinnati, OH 45221, USA
The B-factories have successfully exploited the unique advantages of the Υ(4S) resonance to
study many aspects of Bd and Bu mesons. The Υ(10860) (aka Υ(5S)) resonance, which is
above mass threshold for the Bs and shares many of the same advantages, has been relatively
unexplored. The Belle experiment has collected more than 120 fb−1 at the Υ(10860) and 7.9
fb−1 at higher energies, corresponding to more than 7 million Bs events. Recent results based
on ≈20% of these data are presented and prospects for future possiblities discussed.

The Belle experiment,1 located at KEKB,2 was built primarily to measure CP asymmetries of
B meson decay in e+ e− annihilations at the Υ(4S) resonance. In December 2009, the integrated
luminosity surpassed 1000 fb−1 (=1 ab−1 ), fulfilling the goal stated in the original Belle proposal.
Not all of the data were taken at the Υ(4S), however – results from the Υ(10860) resonance are
presented here.
The Υ(10860), (M c2 = 10865 ± 8 MeV/c2 , Γ = 110 ± 13 MeV),3 is interpreted as Υ(5S),
the fourth excitation of the vector bound state of bb̄. It is above Bs B̄s threshold and, given the
success of the Υ(4S) program in characterizing properties of Bd,u , it is natural to contemplate
Bs at Υ(10860). The e+ e− environment produces clean events, efficiently triggered, with precisely known center-of-mass energy. Furthermore, the B-factory offers an existing facility with
high luminosity, a well-studied detector with precise and sensitive photon detection, and an
abundance of Υ(4S) data for comparisons. While rates are low compared to hadronic collisions,
σ(e+ e− → Υ(10860))≈ σ(e+ e− → Υ(4S))/3 ≈ 0.3 nb, and events include Bd,u as well as Bs , the
Υ(10860) can be competitive nonetheless, particularly in aspects of Bs decay that are limited
by systematic effects at a hadron machine.
Belle has collected data at the Υ(10860) in several runs. In June 2005 a three-day “engineering” run served to test KEKB, which had never operated at energies above the Υ(4S), and
study the basics of Υ(10860), Bs , and Bs∗ . A scan of five energy points was used to locate the
√
peak, at s =10869 MeV, where 1.86 fb−1 were collected. By June 2006, results confirmed the
projected potential of Υ(10860), and 21.7 fb−1 were collected in 20 days. In December 2007,
≈ 8 fb−1 were collected in a scan of six energy points near and above the Υ(10860). Finally, a
large fraction of the data collected in October 2008-December 2009 have been at the resonance.
The integrated luminosity collected on resonance over all data sets thus far is ≈ 120 fb−1 .
As prerequisite to studies of Bs , its abundance in Υ(10860) events was determined from the
2005 data.4 About 10% of the hadronic events are resonance (assumed to be bb̄), the rest being
continuum e+ e− → q q̄ (q = u, d, s, c). Figure 1 (L) displays R2 , the ratio of the 2nd and 0th
Fox-Wolfram moments,5 a measure of “jettiness” that tends to be lower for the more isotropic
resonance events. We find (3.01 ± 0.02 ± 0.16) × 105 bb̄ events/fb−1 . The bb̄ events may fragment
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At the energy of the Υ(10860), three types of Bs events are allowed: Bs pairs, Bs∗ pairs,
and mixed Bs B̄s∗ events. These three types may be separated through “full reconstruction” of
Bs decays, where all decay products are measured, a method used with great success for Bq at
+ −
the Υ(4S). Each candidate’s energy
q and momentum in the e e center-of-mass are evaluated as
2
− p2cand . In Bs B̄s events (analogous to Υ(4S)→ Bq B̄q ),
∆E ≡ Ecand − Ebeam and Mbc ≡ Ebeam
the Bs carries the beam energy, so h∆Ei = 0 and hMbc i = MBs . For Bs∗ B̄s or Bs∗ B̄s∗ , the
kinematics of Bs∗ → Bs γ (Eγ = 50 MeV) leads to localized signals as well. In the case of Bs∗ B̄s
the end result is effectively the loss of 50 MeV from the Bs pair, with the energy difference
being shared approximately equally: h∆Ei ≈ −25 MeV and hMbc i ≈ MBs + 25 MeV. For Bs∗ B̄s∗
the corresponding energy reduction is ∼50 MeV. Figure 2 shows distributions in ∆E and Mbc
for Bs → Ds− π + candidates, signal Monte Carlo simulations and (previously reported) data.6
The Bs yields are extracted from a two-dimensional fit in these two variables, unless otherwise
specified. From the relative yields of the three modes, we find 6
fBs∗ Bs∗

≡

σ(e+ e− → Bs∗ B̄s∗ )
σ(e+ e−

→

(∗) (∗)
Bs B̄s )

= (90.1+3.8
−4.0 ± 0.2)%
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fBs∗ Bs

≡

σ(e+ e− → Bs∗ B̄s + Bs B̄s∗ ))
(∗)

(∗)

σ(e+ e− → Bs B̄s )

= (7.3 ± 0.3 ± 0.1)%

The new results presented here, based on 23.6 fb−1 of data collected in 2005-6, include
(∗)−
(∗)+ (∗)−
Bs → Ds∗− π + , Ds ρ+ , Bs → Ds Ds , Bs → J/ψη (′) , Bs → hh, and Υ(5S)→ B B̄X.
(∗)−
The decays Bs → Ds h+ , where h is a light non-strange meson, proceed dominantly via
a CKM-favored spectator process. We reconstruct Ds in the modes φ(→ K + K − )π − , K ∗0 (→
K + K − )K − , and KS (→ π + π − )K − . Shown in Figure 3 are fits to data, projected into Mbc ,
for Bs → Ds∗− π + , Ds− ρ+ , and Ds∗− ρ+ . Two-dimensional fitting for Bs∗ B̄s∗ only yields signals
+14.2
− +
∗− +
53.4+10.3
−9.4 (7.1σ) and 92.2−13.2 (8.2σ) in Bs → Ds π and Bs → Ds ρ , respectively. Taking
+3.0
fBs∗ Bs∗ = 90.1%, fs = (19.5−2.3 )%, and σe+ e− →bb̄ = 0.302 ± 0.014 nb (a weighted average from
4,8 ), we find B = (2.4+0.5 ± 0.3 ± 0.4) × 10−3 and B = (8.5+1.3 ± 1.1 ± 1.3) × 10−3 .9 For each
−0.4
−1.2
result, first error is statistical, the third is systematic (due to the uncertainty in fs ), and the
second is systematic (from all other uncertainties). For Bs → Ds∗− ρ+ , a pseudoscalar decay
to two vectors, the distributions in the helicity angles θDs∗− and θρ+ depend on the relative
contribution from the different helicity states, which depends on the detailed hadronization
mechanism for the decay; for example, the factorization hypothesis predicts that longitudinal
polarization dominates: fL ≈ 88%.10 A four-dimensional fit yields 77.7+14.6
−13.3 (7.4σ) signal events
+2.2
from which we derive a branching fraction (11.8−2.0 ± 1.7 ± 1.8) × 10−3 .9 We also measure
+0.03 9
fL = 1.05+0.08
−0.10 −0.04 .
If the Bs decays via the spectator process where the W − couples to sc̄, the net flavor of
the final state is zero: cs̄c̄s. If the b- and c-quark masses are infinite, CP =+1. Because the
(∗)− (∗)+
state is not far above mass threshold, two-body final states, Bs → Ds Ds , are expected to
dominate.11 As the sc̄ coupling is CKM-favored, this channel comprises a substantial fraction
of Bs decay channels, of order 10%, resulting in a substantial asymmetry in lifetime between
(∗)− (∗)+
the two CP eigenstates that is related to the branching fraction for Bs → Ds Ds : ∆ΓΓCP ≈
(∗)+

(∗)−

2B(Bs →Ds
Ds
) 13
(∗)+ (∗)− .
1−B(Bs →Ds
Ds
)

The quantity of interest here is the sum, which is difficult to measure at

hadron machines due to low efficiencies for detection of the photon from Ds∗ → Ds γ.
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Figure 5: Projections in Mbc , based on 23.6 fb−1 of Belle data at Υ(10860): (left) Bs → Ds+ Ds− , (center)
Bs → Ds∗+ Ds− , (right) Bs → Ds∗+ Ds∗− curves show the fitted total (blue), signal (dashed), wrong combination
(dotted; red), cross-feed (dash-dotted; blue), combinatorial (dash-3dot).

(∗)−

Table 1: Yields, branching fractions, and signal significance for Bs → Ds

Mode
Ds− Ds+
Ds− Ds∗+
Ds∗− Ds∗+
(∗)−

(∗)+

Yield
8.5+3.2
−2.6
9.2+2.8
−2.4
4.9+1.9
−1.7

B(%)
+0.3
1.0+0.4
−0.3 −0.2
2.8+0.8
−0.7 ± 0.7
3.1+1.2
−1.0 ± 0.8

(∗)+

Ds

.

S
6.2
6.6
3.2

We reconstruct Bs → Ds Ds
candidates in the following modes: Ds∗+ → Ds+ γ; Ds+ →
+
0
+
∗0
+
+
∗+
0
φπ , KS K , K̄ K , φρ , K KS , K ∗+ K̄ ∗0 ; φ → K + K − ; KS0 → π + π − ; K̄ ∗0 → K − π + ;
ρ+ → π + π 0 ; K ∗+ → KS0 π + . Candidates are pre-selected by requiring 5.2 < Mbc c2 /GeV < 5.45
and −0.15 < ∆E/GeV < 0.1. In each event the candidate with the lowest χ2 based on M (Ds )
and M (Ds∗ )−M (Ds ) is selected. The yield is evaluated through a simultaneous fit, over all three
(∗)− (∗)+
modes Bs → Ds Ds , accounting for signal, combinatorial background, crossfeed from the
other signal modes, and wrong combinations in signal events. Projections onto Mbc are shown in
Figure 5 and the yields and branching fractions in Table 1. Taking the sum, B = 6.9+1.5
−1.3 ± 1.9,
+0.044
±
0.004,
where
the
last
error
is
the
estimated
theory
error.
we calculate ∆ΓΓCP = 0.147+0.036
−0.030 −0.042
+0.051
This value is consistent with the current PDG value, 0.092−0.054 .
In the Standard Model, mixing-mediated CP -violation occurs in neutral mesons due to the
complex argument of the product of CKM matrix elements of the mixing “box diagram.” For
∗2 V 2 , which is real, so that no significant asymmetry is expected.
Bs the relevant product is Vtb
ts
CP -asymmetries in decays of Bs thus present an opportunity to reveal New Physics. These
measurements will require the reconstruction of a sizable sample of CP -defined final states.
The decays Bs → J/ψη (′) (CP = +1) proceed by the same process as the B → J/ψK 0 , so the
branching fractions may be estimated based on the measured B(Bd0 → J/ψK 0 ) = 8.71 × 10−4 :
B(Bs → J/ψη) ≈ 3.5 × 10−4 , B(Bs → J/ψη ′ ) ≈ 4.9 × 10−4 . The decays are reconstructed
in the following modes: J/ψ → e+ e− , µ+ µ− ; η → γγ, π + π − π 0 ; η ′ → ηπ + π − , ρ0 γ. The
signals are extracted via a 2-dimensional fit in ∆E and Mbc . A yield of 14.9 ± 4.1 events
(7.3σ) is observed in the channel Bs → J/ψη; projections in Mbc are shown in Figure 6. We
−4 and B(B → J/ψη ′ ) =
measure B(Bs → J/ψη) = (3.32 ± 0.87(stat)+0.32
s
−0.28 (sys) ± 0.42(fs )) × 10
+0.5
−4
(3.1 ± 1.2(stat)−0.6 (sys) ± 0.4(fs )) × 10 .
We have also searched for the CP -eigenstate modes Bs → K + K − , Bs → K 0 K̄ 0 , and Bs →
−
π π + , as well as the flavored mode Bs → K − π + . We find B(Bs → K + K − ) = (3.8+1.0
−0.9 (stat) ±
0.5±0.5(fs ))×10−5 , B(Bs → K 0 K̄ 0 ) < 6.6×10−5 (90% CL), B(Bs → K − π + ) < 2.6×10−5 (90%
CL), B(Bs → π − π + ) < 1.2 × 10−5 (90% CL). The findings for K + K − and K 0 K̄ 0 are the first
absolute branching fraction and first reported limit, respectively.
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Figure 6: Projections in Mbc , based on 23.6 fb−1 of Belle data at Υ(10860): (left) Bs → J/ψη, (center) Bs →
J/ψη ′ , η ′ → ηππ, (right) Bs → J/ψη ′ , η ′ → ργ.

While Bs has been the main focus of studies at Υ(10860), the well-tuned methods of B
reconstruction at the Υ(4S) may be applied to study the more complicated assortment of B
events at the Υ(10860).12 The relative rates may inform us about hadronization dynamics, and
the total rate is needed to account for all bb̄ events. Neutral and charged B’s are reconstructed
in the following modes and submodes: B + → J/ψK + , D̄ 0 π + ; B 0 → J/ψK ∗0 , D− π + ; J/ψ →
e+ e− , µ+ µ− ; K ∗0 → K + π − ; D̄0 → K + π − , K + π + π − π − ; D − → K + π − π − . As with the fully
reconstructed Bs , the signal events populate the (∆E, Mbc ) plane in clusters depending on the
type of event. Figure 7(left) shows the projections in Mbc of the distributions for the various
event types. The distribution of candidates in data, after background subtraction, are shown
in Figure 7(right). While the distributions for events containing additional pions overlap each
other, it is clear from data that their contribution is relatively small and that the majority of the
rate is due to two-body events, B (∗) B̄ (∗) . It is also noted that there is an accumulation of events
in the region of B B̄ππ, in the region of high Mbc . The fraction of bb̄ events fragmenting to B B̄,
+2.1
B ∗ B̄, and B ∗ B̄ ∗ are found to be (5.5+1.0
−0.9 ± 0.4)%, (13.7 ± 1.3 ± 1.1)%, and (37.5−1.9 ± 3.0)%,
respectively. The events where Mbc is above the two-body limit are grouped together as “Large
Mbc ” and found to comprise (17.5+1.8
−1.6 ± 1.3)%.
Multibody events, in which one or more additional pions is created, may be identified by
pairing reconstructed B’s with additional charged pions in the event and examining the residual
event energy and momentum, which correspond to the opposing B (∗) and up to one additional
mis . Projections onto M mis
pion. From the residual 4-momentum we reconstruct ∆E mis and Mbc
bc
for various simulated event types are shown in Figure 8(left). The corresponding distribution in
data, with fit result, is shown in Figure 8(right). The fractions of bb̄ events to three-body modes
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Figure 7: (a) MC simulated Mbc distributions for the B 0 → D− π + decay for B B̄, B B̄ ∗ + B ∗ B̄, B ∗ B̄ ∗ and B B̄ ππ
channels (cross-hatched histograms from left to right), and also for the three-body channels B B̄ ∗ π + B ∗ B̄ π (plain
histogram), B B̄ π (dotted) and B ∗ B̄ ∗ π (dashed). The distributions are normalized to unity. (b) Mbc distribution
in data after background subtraction. The sum of the five studied B decays (points with error bars) and results
of the fit (histogram) used to extract the two-body channel fractions are shown.
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− mB data distribution for right-sign B −/0 π + combinations for all five studied B modes.
The curve shows the result of the fit described in the text.

+1.4
B B̄π, B B̄ ∗ π, and B ∗ B̄ ∗ π are found to be (0.0±1.2±0.3)%, (7.3 +2.3
−2.1 ±0.8)%, and (1.0 −1.3 ±0.4)%,
respectively. Paradoxically, no evidence for B B̄ππ is observed, so this channel does not account
for the remaining (9.2 +3.0
−2.8 ±1.0)% of the “Large Mbc ” contribution observed in Υ(10860)→ BX.
The residual is quantitatively consistent with initial state radiation, e+ e− → e+ e− γ, e+ e− → bb̄,
where about half the bb̄ form the Υ(4S) resonance.
In summary the Belle experiment, which was designed to measure CP -asymmetry in B decay,
is exploring the Υ(10860) resonance, with ∼120 fb−1 data to date. We report on 23.6 fb−1 ,
(∗)−
≈1.3 million Bs events. We have made first observations of Bs → Ds∗− π + , Ds ρ+ , Bs →
Ds∗+ Ds− and Bs → J/ψη. First evidence for Bs → Ds∗+ Ds∗− and Bs → J/ψη ′ are also reported,
and search for Bs → hh has yielded first limits on Bs → K 0 K̄ 0 . Using full reconstruction, we
(∗) (∗)
(∗)
measure the rates for Υ(5S)→ BX, BπX and the fractions of Bq B̄q and Bq B̄q π. We find
a residual component of 9.2% which is consistent with being from initial state radiation.
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CP Violation Measurements at the Tevatron
M.R.J Williams
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Department of Physics, Lancaster University, Bailrigg,
Lancaster LA1 4YB, England

The two colliding beam experiments at the Tevatron proton-antiproton collider, CDF and D0,
continue to publish world-leading measurements of CP Violation parameters in the B meson
sector. I will present several recent results from both experiments, including measurements of
direct CP violating parameters in decays of Bu+ , Bd0 and Bs0 mesons; a new D0 measurement
of assl using time-dependent analysis of Bs → µ+ νDs− X decays; and the latest Tevatron
combination of the CP violating phase βs , measured in the ‘golden mode’ Bs → J/ψφ.

1

Introduction

While observational evidence strongly indicates that our universe is matter dominated, fundamental symmetry principles require that during the big-bang origin of the universe, exactly equal
amounts of matter and antimatter were produced 1 . Hence, current theoretical models postulate
that a matter-antimatter asymmetry developed at some point in the history of the early universe. The pioneering physicist Andrei Sakharov postulated three necessary conditions for such
a situation to occur. These are: Baryon number violation, a period of non-thermal-equilibrium,
and sources of both C- and CP-symmetry violation 2 . The Standard Model of particle physics
includes some degree of CP-violation (CPV) as a result of a complex phase in the quark mixing
(CKM) matrix. However, theoretical models strongly suggest that the level of Standard Model
CPV is insufficient to describe the observed baryon asymmetry of the universe, in some cases
by several orders of magnitide 3 . As such, it is important to investigate possible non-SM sources
of CP violation.
CP violation studies in heavy-flavor physics can be divided broadly into three classes. Direct CPV occurs when the decay width of a process differs from that of its charge conjugate
equivalent, for example in B meson decays to a final state f : Γ(B → f ) 6= Γ(B̄ → f¯). The

asymmetry of each such process is characterised by the quantity:
ACP (B → f ) ≡

N (B̄ → f¯) − N (B → f )
,
N (B̄ → f¯) + N (B → f )

(1)

where the convention is that the positive (negative) term in the numerator corresponds to the
b (b̄) quark process.
CP violation can also arise due to the mechanism of neutral B meson mixing, if the mass
eigenstates are not pure CP states. In this case, the characteristic inequality is Γ( B̄ → f ) 6=
Γ(B → f¯), i.e. there is an asymmetry aqSL in the decays of B mesons which have oscillated into
their antiparticle prior to decay:
aqSL ≡

N (B̄q0 → f ) − N (Bq0 → f¯)
.
N (B̄q0 → f ) + N (Bq0 → f¯)

(2)

Finally, in neutral B decays where the same final states are available with or without mixing, CP
violation can be induced via interference between the mixed and unmixed process. An example
of particular interest at the moment is the decay Bs0 → J/ψ`, since it enables a measurement of
the parameter fls , expected to be sensitive to the effects of physics beyond the Standard Model.
All three classes of CPV have been studied at the Tevatron experiments, and will be described
in more detail in the remainder of this talk.
2

Experimental Environment

Both CDF 8 and D0 9 have been described in detail elsewhere. Both contain central tracking
detectors within a magnetic field, surrounded by calorimetry, and with muon detectors placed
furthest from the collision point. One of the strengths of the CDF detector relating to CPV measurements is an excellent momentum resolution, resulting from a large-volume tracking detector
with many detection surfaces. In addition, the trigger system includes a dedicated displaced
secondary-vertex trigger, which provides good efficiency for B hadron processes, in particular
for fully hadronic decays where there is no lepton to provide the trigger signal. A benefit of
the D0 detector is its excellent muon system, providing broad coverage over central and forward
regions, and with thick shielding to reduce contamination from sources such as hadronic punchthrough and beam spray. In addition, the magnet polarities in D0 are regularly reversed, which
helps to mitigate detector-induced asymmetries, significantly reducing systematic uncertainties
on asymmetry measurements.
3

Direct CP Violation

The D0 experiment has performed a search for direct CPV in B ± → J/ψK ± (π ± ) decays,
using 2.8 fb−1 of data 10 . The parameter ACP (B + → J/ψK + ), defined according to Eq. (1),
is predicted by the Standard Model to be small (∼ 0.003). This is due to the smallness of
the relative phase arg[−Vcs Vcb∗ /Vts Vtb∗ ] between tree-level and penguin diagrams in the b →
scc̄ transition. In contrast, the equivalent asymmetry ACP (B + → J/ψπ + ), involving a b →
dcc̄ transition, may be enhanced to order one percent as a result of the much larger phase
arg[−Vcd Vcb∗ /Vtd Vtb∗ ].
After reconstructing the B ± mesons by appropriate combination of two muon objects (from
J/ψ → µµ decay) with a charged track, the signal fraction is optimised using a likelihood ratio
method, combining several signal-sensitive variables into a single discriminant. Since charged
kaons and pions cannot be distinguished on a particle-by-particle basis, the two decays are
reconstructed collectively, and the relative number of each type is extracted from unbinned
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Figure 1: Invariant mass plots used in searches for direct CPV by D0 (left) and CDF (right). In each case, the
number of decays of each charge and type is determined from fits to the data, and used to extract A CP .

maximum likelihood fits to the invariant mass M (J/ψK ± ), as shown in Fig. 1(a). The fit
includes contributions from B → J/ψK, B → J/ψπ (shifted upwards in mass, since the pion
track is allocated the kaon mass), and partially reconstructed decays B → J/ψK ∗ .
To disentangle possible detector effects from the CPV-induced asymmetry, the total data
set is divided into eight sub-samples, according to the sign of the solenoid magnet polarity,
the sign of the J/ψK system pseudorapidity, and the sign of the kaon charge. The number of
J/ψK(π) candidates in each sample is extracted from the likelihood fit, and the results are used
to solve a system of eight simultaneous equations which distinguish the true physics asymmetry
from several possible sources of detector asymmetry. In addition, the contribution from kaon
reconstruction asymmetry (caused by the difference in interaction cross-sections of K + and K −
in the detector) is measured directly in data, and used to correct for this effect. The resulting
asymmetries are found to be:
ACP (B + → J/ψK + ) = +0.0075 ± 0.0061 (stat.) ± 0.0027 (syst.)
+

+

ACP (B → J/ψπ ) = −0.09 ± 0.08 (stat.) ± 0.03 (syst.)

(3)
(4)

For the J/ψK case, this represents an improvement on the current world-average precision,
while the J/ψπ value shows competitive precision.
0 → h+ h0−
The CDF experiment has also performed a search for direct CPV, in decays B (s)
(h, h0 = K or π) using 1 fb−1 of data 11 . Two sets of selection requirements are chosen such as to
minimise the expected uncertainty of ACP separately for low-yield and high-yield modes. The
resulting mass distribution following application of the latter selection requirements is shown in
0 → h+ h0− channels are
Fig. 1(b). Despite the good mass resolution of ∼ 22 MeV, the various B (s)
unresolved in this peak. Detailed Monte Carlo studies are performed to understand the expected
M (ππ) contributions from different sources, which comprise the principal modes B 0 → π + π − ,
B 0 → K + π − and Bs0 → K + K − , in addition to previously unobserved modes B 0 → K + K − ,
Bs0 → π + K − , Λ0b → pπ − and Λ0b → pK − . Using a multi-dimensional unbinned maximum
likelihood fit, the relative contributions of these modes is measured. After subtracting the
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Figure 2: Invariant mass distributions from CPV measurements made by D0 (right) and CDF (left).

asymmetry from kaon interaction effects, the following direct CPV parameters are extracted:
ACP (Bs0 → K − π + ) = +0.39 ± 0.15 (stat.) ± 0.08 (syst.)
0

+ −

ACP (B → K π ) = −0.086 ± 0.023 (stat.) ± 0.009 (syst.).

(5)
(6)

Equation (5) represents the first ever measurement of a CP asymmetry in the B s0 system.
4

CPV in Mixing: assl in Bs → µ+ νDs−X Decays

Bs0 mixing was first observed at the Tevatron in 2006 12,13 . It implies that the mass eigenstates,
BsH and BsL , of the Bs0 system are superpositions of the flavor eigenstates:
| BsH i = p | Bs i − q | B̄s i,
| BsL i = p | Bs i + q | B̄s i.
If p 6= q then the mass eigenstates are not pure CP states, and the symmetry is violated. The
experimental observables describing CPV in mixing are:
`s = arg(−M12 /Γ12 ),
∆Γs = ΓL − ΓH

≈ 2|Γ12 |cos`s ,

∆Ms = MH − ML ≈ 2|M12 |,

(7)
(8)
(9)

where ΓH,L and MH,L are the widths and masses of the heavy and light mass eigenstate, respectively, and Γ12 and M12 are off-diagonal components of the time-evolution matrix.
The flavor-specific semileptonic asymmetry asSL as defined in Eq. 2 is sensitive to these
parameters, according to the relation
asSL =

∆Γs
tan`s .
∆Ms

(10)

D0 has recently performed a measurement of asSL in decays Bs0 → Ds− µ+ νX, with Ds− →
`π − , ` → K + K − and Ds− → K ∗ K − , K ∗ → K + π − 14 . For each channel, the signal selection is
optimised using a likelihood ratio method. The resulting Ds− invariant mass distribution for the
`π − case is shown in Fig. 2(a).

The rates of direct and mixed decays Γ(Bs0 → µ± X) are sensitive to the parameter asSL ,
according to the following relations (assuming no direct CPV):
Γ(Bs0 → µ− X) = Nf · |Af |2 · (1 − asSL ) · e−Γs t · 1/2[cosh(Γs t/2) − cos(∆Ms t)]

(11)

Γ(Bs0

(12)

+

2

→ µ X) = Nf · |Af | · (

1

)·e

−Γs t

· 1/2[cosh(Γs t/2) + cos(∆Ms t)]

with similar expressions for the charge-conjugate decays. Without going into the details of
these equations, which can be found elsewhere 14,15 , they can be used to identify the most
important aspects of the analysis. Firstly, the time-evolution of the decay rates means that a
time-dependent analysis is needed to maximise sensitivity to asSL ; in turn, this requires that
the measured decay lengths be converted to the proper decay length through the use of socalled k-factors, which account for the missing neutrino energy. Secondly, only mixed decays
are sensitive to asSL , which implies that initial flavor tagging is required to reduce dilution from
the non-mixed decays.
A multi-dimensional unbinned maximum likelihood fit is performed on the data, simultaneously fitting the visible proper decay length (VPDL) and its uncertainty, the mass of the D s−
meson candidate, the predicted tagging dilution, and the value of the signal discriminant. The
effect of different backgrounds is studied in detail using MC simulation, and fits to the mass
distribution. In addition, detector asymmetries are accounted for in the fit, by including the
regularly reversed toroid polarity as an additional input parameter. The results of the fit yield
the following measurement of the semileptonic flavor-specific asymmetry:
asSL = [−7.4 ± 9.3 (stat.)

+1.8
−1.6

(syst.) ] × 10−3 .

(13)

This is the most precise single measurement of asSL , with precision currently dominated by the
limited statistics. For reference, the Standard Model prediction is asSL = (0.0206±0.0057)×10−3 .
5

βs in Bs → J/ψφ Decays

The third class of CPV in heavy-flavor physics arises due to the interference between direct
and mixed decays to a common final state. For example, between the processes B s0 → J/ψ`
and Bs0 → B̄s0 → J/ψ`. In this case, the parameter of interest is the relative phase between
the mixing and decay amplitudes, 2fls = −arg[Vtb Vts∗ /Vcb Vcs∗ ]. The SM predicts a value 2fls =
(0.04 ± 0.01) rad, whereas new physics models can enhance this phase significantly. As such,
this channel is an excellent probe for physics beyond the Standard Model.
Since both J/ψ and ` are vector particles, J/ψ` is a superposition of CP-odd and CP-even
final states. Angular analysis is thus required in order to separate the contributions from the
CP eigenstates. In fact, there are three distinct polarisations: longitudinal, mutually parallel, and mutually perpendicular, associated with complex amplitudes A0 (t), Ak (t), and A⊥ (t),
respectively. The differential decay rate can be written:
d4 Γ[Bs0 → J/ψ(µ+ µ− )`(K + K − )]
dcosθd`dcosψdt

= f1 (θ, `, ψ)|A0 (t)| + f2 (θ, `, ψ)|Ak (t)|

(14)

+ f3 (θ, `, ψ)|A⊥ (t)| + f4 (θ, `, ψ) [A∗0 (t)Ak (t)]
+ f5 (θ, `, ψ) [A∗0 (t)A⊥ (t)] + f6 (θ, `, ψ) [A∗k (t)A⊥ (t)],




where (θ, `, ψ) are characteristic decay angles of the event, and fi () are well-defined functions
omitted here for clarity. The complex amplitudes A(t) depend on:
• Physical parameters ∆Γs , ∆Ms , fls , τ̄s (mean lifetime of Bs0 system);
• The initial flavor of the Bs0 meson;
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Figure 3: D0 results (in two variables) of the likelihood fit over the time-dependent angular distribution of decays
Bs0 → J/ψφ, used to measure the physical parameters of the system, such as φs and ∆Γs .

• The boundary values A(t = 0);
• Phases of complex amplitudes δ1 and δ2 .
Both CDF 16 and D0 17 have performed recent measurements of fls in the J/ψ` channel, each
using 2.8 fb−1 of data. The analysis strategy is the same for both experiments: a likelihood fit
is performed over the time-dependent angular distribution. As in the asSL measurement, flavor
tagging is used to provide additional sensitivity. The effectiveness of tagging is characterised by
the power ²D 2 , where ² is the efficiency (fraction of total events which are tagged) and D is the
dilution (fraction of correct tags minus fraction of incorrect tags). For the CDF (D0) analysis,
a power of 1.8% (2.5%) is reported for opposite-side tagging. Another requirement is that the
angular acceptances and efficiencies be well-modelled; simulations are used for this purpose.
Events are selected using a cut-based (D0) or neural net (CDF) selection, with yields of
around 2K and 3K events respectively. Figure 2(b) shows the resulting J/ψ` invariant mass
distribution from the CDF analysis. Following event selection, flavor-tagging, and modelling of
detector effects, the multi-dimensional likelihood fit is performed. Figure 3(a) shows the D0 fit
results for `, one of the three event angles in Eq. (14), while Fig. 3(b) shows the associated fit
result for the lifetime.
Results are presented in terms of the two-dimensional likelihood contours in the (fl s , ∆Γs )
plane, which correct for systematic uncertainties and the effects of non-Gaussian uncertainties
(using pseudo-experiments). The results from CDF and D0 are in agreement, and have been
combined by the Tevatron Averaging Group 18 . The results are shown in Fig. 4(a), and are
inconsistent with the SM prediction at a statistical level of 2.12 σ. The ambiguities apparent in
Fig. 4(a) are a result of symmetries in the complex amplitudes under certain transformations of
fls and ∆Γs . New results in this channel from both experiments are expected for the Summer
2010 conference season.
5.1

The Charmless Analogue: Bs → ``

CDF have performed a search for Bs → `` decays using 2.9 fb−1 of data. This is the charmless
analogue of the golden J/ψ` mode. However, the dominant Standard Model process is the
b → s penguin diagram, and therefore the relative branching fraction is expected to be small

(a) Combination of CDF and D0 measurements (2.8 fb−1 ) of the 2D likelihood contours in (βs , ∆Γs ), obtained from the timedependent angular analysis of Bs0 → J/ψφ
decays. The data is inconsistent with the
Standard Model prediction at a statistical
level of 2.1 σ.

(b) Invariant mass distribution of Bs0 → φφ
decays, the charmless analogue of Bs0 →
J/ψφ. The fit to data allows the relative
branching fractions of the two decays to be
measured.

Figure 4: CP Violation in the interference between mixing and decay amplitudes of B s0 → J/ψφ decays is
expressed in terms of the (βs , ∆Γs ) contour plot (left). The equivalent charmless decay Bs0 → φφ is suppressed
in the Standard Model, quantified by the relative branching ratio measured by CDF (right).

with respect to J/ψ`. In principal, a measurement of the CP-violating phase fl s in this channel
different from the corresponding phase in J/ψ` (tree-dominated) would be an indication of New
Physics in penguin-decays, in addition to any observations in mixing.
Events are selected in the final state K + K − K + K − according √
to requirements on a number
of discriminating variables, optimised separately to maximise S/ S + B, where S (B) is the
number of signal (background) events in the region of the mass peak. The resulting invariant
mass distribution is shown in Fig. 4(b); the signal contribution is fitted with a double-Gaussian
function, with N (``) = 295 ± 20 candidates; the background is modelled by an exponential
function. Using the same selection criteria, the equivalent mass distribution for the J/ψ` final
state is found to contain 1766 ± 48 candidates. In these fits, contributions from mis-identified
decays to J/ψK ∗ and `K ∗ are taken into account using input from simulation. The relative
branching ratio for the two Bs0 decays is then determined using the formula:
N``
B(Bs0 → ``)
B(J/ψ → µµ) εJ/ψ`
=
·
·
· ε„ .
0
B(Bs → J/ψ`)
NJ/ψ` B(` → K + K − ) ε``

(15)

The branching fractions of J/ψ → µµ and ` → K + K − are taken from the Particle Data
Group. The ratio of selection efficiencies εJ/ψ` /ε`` is measured in simulation, and is found to
be 0.939 ± 0.030 ± 0.009; this value is close to unity because all events are required to satisfy
a displaced secondary vertex trigger, with no input from muon-based triggers. The additional
factor ε„ accounts for the fact that, in the J/ψ` case, at least one muon is required to be
identified by the muon detector; it is measured in data to be 0.8695 ± 0.0044. Putting together
all the numbers, the relative and absolute branching ratios are found to be:
B(Bs0 → ``)
= [1.78 ± 0.14 (stat.) ± 0.20 (syst.)]%
B(Bs0 → J/ψ`)
B(Bs0 → ``) = [2.40 ± 0.21 (stat.) ± 0.27 (syst.) ± 0.82 (BR)] × 10−5 .

(16)
(17)

The absolute branching fraction is in agreement with current theoretical predictions, although
the uncertainties on these values are large 19 .
6

Conclusions

CP Violation in B hadron physics is currently generating excitement in the particle physics
community. Both CDF and D0 are becoming sensitive to small deviations from the Standard
Model predictions, as a result of a rapidly increasing dataset, very mature and stable accelerator and detector complex, and improved use of innovative analysis tools, such as multivariate
selection techniques. While disagreement with the SM is only at a low-level (around 2 σ) at the
moment, consistent deviations are observed in multiple independent measurements, from two
independent experiments. As such, it is important that the experimental precision continues
to improve, to increase the statistical power to differentiate between the SM predictions and
possible New Physics contributions.
In addition to the analyses described here, there are several other studies ongoing, such as
(∗) (∗)
a measurement of ΓCP−even
− ΓCP−odd
in decays Bs0 → Ds Ds , and an updated result in the
s
s
dimuon asymmetry measurement, which is sensitive to asSL and `s . In these early days of the
LHC experiment, our goal at the Tevatron is to continue to produce high quality measurements,
build on our legacy as a discovery machine, and set some tough standards to match.
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RECENT RESULTS FROM CLEO-C
P.U.E. ONYISI
Enrico Fermi Institute, University of Chicago
Chicago, IL 60637, USA
The CLEO-c experiment, running at charm threshold, has measured many charmed meson
properties relevant to electroweak physics. Here I discuss results on leptonic and semileptonic decays of D mesons and measurements of hadronic decay strong phases relevant to the
extraction of the CKM angle γ from B decays.

1

Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) matrix is a powerful source of information on the
interactions of matter and the electroweak sector of the Standard Model. Precision measurement of the CKM matrix elements relies on meson decays and properties; relating the observed
hadron behavior to “short-distance” weak dynamics requires understanding the e ects of the
strong force. Lattice QCD o ers the prospect of a systematically-improvable method of calculating hadronic properties from rst principles. In the past decade theoretical and technological
improvements (in particular the handling of virtual quark-antiquark pairs, the so-called “unquenched” calculations) have allowed the lattice to deliver predictions that are in many cases
very precise, have no tunable parameters, and reliably estimate systematic uncertainties. Before
application of these results to extract electroweak parameters in the B system, it is desirable to
test them elsewhere, for example in charm.
The CLEO-c experiment at the CESR-c electron-positron collider collected large data samples in the charm threshold energy region, which enable tests of lattice predictions for charm
hadron decays as well as investigations of many other topics. Here I will discuss measurements of
the meson decay constant fDs , branching fractions and form factors for the semileptonic decays
D0,+ → (K, π)e+ νe , and strong force-induced decay phases that are relevant for interferometry
in the B system.
2

Detector and Data Samples

The CLEO-c detector was a symmetric general purpose detector at the CESR-c e+ e− collider.
The experiment is described in detail elsewhere.1 The relevant datasets for the following analyses
were collected at center of mass energies of approximately 3.77 GeV (the peak of the ψ(3770)
resonance) and 4.17 GeV. The former dataset is used for D0 and D+ analyses, and the latter
for Ds physics. Except where noted, all analyses use the full datasets of 818 pb−1 at 3.77 GeV
and 600 pb−1 at 4.17 GeV.
0
At 3.77 GeV the only allowed open charm nal states are D0 D and D+ D− ; at 4.17 GeV
the only allowed states involving a Ds meson are Ds+ Ds− and Ds± Ds∗∓ . This enables the powerful

tagging technique pioneered by Mark III 2 which uses a fully reconstructed D meson decaying
to a tag mode to indicate the presence of its antiparticle. This is the basis of the technique for
measuring absolute branching fractions used in the analyses discussed below:
B(D → X) =

N (D → tag, D → X)
ϵ(D → tag)
N (D → tag)
ϵ(D → tag, D → X)

(1)

where the ϵ are the respective e ciencies. There are other bene ts to tagging: invisible particles
can be inferred from missing energy and momentum in an event; the removal of a tag’s daughter
particles strongly reduces the combinatorics and backgrounds of the rest of the event; and a
judicious choice of D0 tags allows the exploitation of quantum correlations of the initial state
to measure phases.
3

Leptonic Decays and Decay Constants

The decays X + → ℓ+ ν of pseudoscalars involve a hadronic current (parametrized by the single
“decay constant” fX ) and a leptonic current, which is well understood in the Standard Model.
The branching fraction for such a decay can be written
B(X

+

→ ℓ ν) =
+

G2
2
fX
|V |2 F
8π

mX m2ℓ

(

m2
1 − 2ℓ
mX

)2

(2)

where V is the relevant element of the CKM matrix connecting the valence quarks of X (Vcd and
Vcs for D+ and Ds+ , respectively). In a naıve quantum mechanical picture, the decay constant
is a measure of the wave function of the meson at zero separation between the quarks. This
means it is relevant for processes where the relevant length scales are much smaller than the
hadron size, such as the loop diagrams for Bd0 and Bs0 mixing, which are our primary source of
information on Vtd .
2 |V |2 ; knowing the decay constant, we can obtain
Measuring the branching fraction gives fX
the CKM element, and vice versa. CLEO-c has measured the D+ and Ds+ decay constants in
di erent decay modes, most recently Ds+ → τ + ν (τ + → ρ+ ν), discussed below.
3.1

Ds+ → τ + ν (τ + → ρ+ ν)

This measurement 3 requires a full reconstruction of all visible particles in the event. Nine
hadronic Ds− decays are used as tagging modes a . The photon from the Ds∗ → γDs decay is
identi ed by requiring the mass recoiling against the γDs− system to be consistent with the Ds
mass. This procedure identi es 44 thousand tagged Ds events for further study.
The visible products of the Ds+ (a π + and a π 0 ) are then reconstructed. Events with
additional tracks are vetoed. Since hadrons can interact in the detector material to produce
additional showers in the calorimeter, events with additional calorimeter energy are not rejected;
the sum of extra energy Eextra should, however, be small, and this variable is used to separate
signal and control samples.
To extract the signal, the mass recoiling against the reconstructed visible particles of the
event (speci cally, the missing mass squared MM2 ) is computed. To improve the resolution, the
Ds∗ → γDs transition photon is associated to the Ds− or the Ds+ by choosing the hypothesis with
a better χ2 in a kinematic t, and then the appropriate mass constraints are applied.
Because this decay has two neutrinos in the nal state, the MM2 variable does not peak
for the signal; it instead describes a falling slope from around 0 to 0.5 GeV2 . The leading
backgrounds to the signal involve the loss of one particle and so, by contrast, are peaking
a

Charge conjugate reactions are implied.

Figure 1: Missing mass squared spectra in the B(Ds+ → τ + ν) analysis for different bins of extra calorimeter energy:
Eextra < 0.1 GeV (left) and Eextra > 0.8 GeV (right). (Not shown is the spectrum for the region 0.1 < Eextra < 0.2
GeV.) The signal is seen in the left plot as the relatively at black contribution from 0 to 0.5 GeV2 . The peak in
the left plot at 0.25 GeV2 is due to the Ds+ → K 0 π + π 0 background where the K 0 is not vetoed. The right plot
is the control region for our modeling of backgrounds and resolution. The large peak seen in this plot is due to
Ds+ → ηρ+ ; other peaks are due to various decays with small branching fractions. The large smooth contribution
rising towards the right is the contribution from fake Ds− tags.

Table 1: CLEO-c measurements of D+ and Ds+ leptonic decay branching fractions and decay constants, compared
to lattice QCD predictions from the HPQCD and UKQCD collaborations.

B(D+

→
B(Ds+ → µ+ ν) 5
B(Ds+ → τ + ν) (from τ + → π + ν) 5
B(Ds+ → τ + ν) (from τ + → e+ ν ν) 6
B(Ds+ → τ + ν) (from τ + → ρ+ ν) 3
fD+
fDs+ (combined)
µ+ ν) 4

CLEO-c Result
(3.82 ± 0.32 ± 0.09) × 10−4
(5.65 ± 0.45 ± 0.17) × 10−3
(6.42 ± 0.81 ± 0.18) × 19−2
(5.30 ± 0.47 ± 0.22) × 10−2
(5.30 ± 0.47 ± 0.22) × 10−2
205.8 ± 8.5 ± 2.5 MeV
259.0 ± 6.2 ± 3.0 MeV
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207 ± 4 MeV
241 ± 3 MeV

structures. The background modeling is validated by looking at events with Eextra > 0.8 GeV;
the signal is then extracted separately in the bins Eextra < 0.1 GeV and 0.1 < Eextra < 0.2 GeV.
The background contributions from di erent sources are allowed to oat in these ts and the
results are in good agreement with Monte Carlo expectations. The ts for Eextra < 0.1 GeV
and Eextra > 0.8 GeV are shown in Figure 1. A clear signal is observed allowing for extraction
of the branching fraction and decay constant.
The results of all CLEO-c leptonic branching fraction measurements and the corresponding
decay constants are shown in table 1. The values of input parameters used to obtain these values
are listed in the relevant papers.3,4,5,6
4

Exclusive Semileptonic Decays

Exclusive semileptonic decays have a more involved parametrization than leptonic decays, as
there are at least three particles in the nal state. The partial width for the decay X → X ′ ℓν,
where X and X ′ are pseudoscalars, can be written as
]2
dΓ(X → X ′ ℓν)
G2F [ X→X ′ 2
=
f
(q
)|V
|
p3X ′
dq 2
24π 3 +

(3)

in the limit where the charged lepton mass is negligible. In eq. 3, q 2 is the invariant mass squared
′
of the ℓν system, |V | is the relevant CKM matrix element for the weak transition, and f+X→X

Figure 2: D semileptonic decay form factors for kaon (left) and pion (right) decays as a function of q 2 . The points
are CLEO-c data; the bands are from a lattice QCD prediction.

is a form factor encapsulating the hadronic physics. As in the leptonic decay case, input for |V |
or f+ allows determination of the other.
The analysis 8 of D → (K, π)e+ ν reconstructs hadronic decays of one D in the event to
establish the base sample. A hadron (K ± , π ± , KS0 , π 0 ) and an electron candidate are then
selected, and the missing energy Emiss and momentum p⃗miss are determined. The variable
U ≡ Emiss − |⃗
pmiss | is computed, which peaks at zero for correctly reconstructed signal events.
Events with additional particles, or where the hadron has been wrongly reconstructed, are
strongly separated from zero in U .
The yields as a function of q 2 are used to derive measurements of the form factors. These
are t to several parametrizations: the simple pole model assuming Ds∗ /D∗ dominance, the
“modi ed pole” model,9 and a series expansion.10 All ts describe the data reasonably as long as
all parameters are allowed to oat; however the implied Ds∗ /D∗ masses in the pole models are
many standard deviations from the physical values. Reasonable agreement on the form factor
shape and normalization is found with a lattice QCD prediction from the FNAL, MILC, and
HPQCD collaborations;11 a comparison can be seen in Figure 2. Using lattice predictions for
|f+ (0)|, values for |Vcd | and |Vcs | are also obtained, which are limited by lattice uncertainties.
5

Strong Phases for γ/ϕ3 Measurements

Of the three angles of the unitarity triangle, γ has the largest uncertainties on its direct measurement. A clean measurement of γ from tree decays can be made by exploiting interference
between the decays b → cus and b → ucs. These correspond to decays B → DK and B → DK,
0
which interfere when D0 and D decay to common nal states. Such nal states include K − π +
(interference between Cabibbo-favored and doubly-Cabibbo-suppressed decays) 12 and KS0 π + π −
(Cabibbo-favored in both cases, but populating di erent parts of phase space).13 The total observed interference depends on D decay dynamics — speci cally strong force-induced phases
between D and D decays to the same nal state. As B-factories observe de nite avor in D0
decays (as they tag the soft pion in D∗+ → D0 π + ), they cannot directly observe these phases.
In the case of decays to common three-body nal states, the phases can be estimated by using
models for the resonant substructure of the decays, but this leaves a residual model uncertainty.
0
Production of D0 D pairs at threshold provides unique access to the phase information.
The initial state is strongly constrained (J P C = 1−− ) and so the decays of the two D mesons
are correlated. One obvious correlation is avor-anti avor (in the absence of mixing); a less
obvious one is CP correlation: if one D decays to a CP eigenstate (for example K − K + ), the
0
other must decay to a state of opposite CP . This projects out a linear sum of the D0 and D

Figure 3: Effects of CP correlation on the Dalitz plot of the decay D0 → KS0 π + π − . The KS0 ρ0 component, clearly
visible when KS0 π + π − recoils against a CP -even tag, disappears opposite a CP -odd tag.

avor eigenstates, which interfere. Comparing the rates and dynamics of the same decay when
it happens opposite avor and CP eigenstates directly probes the strong phases in D0 decays
without model systematics. The dramatic e ect of these correlations is shown in Figure 3.
Here I summarize CLEO-c results relevant to γ measurements.
5.1

0

Strong Phase Between D0 → K − π + and D → K − π +
0

The relative phase δ between the decays D0 → K − π + and D → K − π + is relevant for the γ
measurement method of Atwood, Dunietz, and Soni.12 This phase also relates the D0 mixing
parameters y and y ′ . The di erences in the e ective branching fraction for K − π + decay opposite
CP -even and -odd eigenstates, semileptonic decays (which unambiguously determine the charge
of the decaying charm quark), and K + π − are sensitive to δ and in principle to D0 mixing
parameters as well. With 281 pb−1 of data, CLEO-c has made the rst measurement cos δ =
14
1.03+0.31
−0.17 ± 0.06.
5.2

Effective Strong Phases In Multibody Decays

The γ measurement method using K − π + decays can be extended to other decays with larger
branching fractions.15 In this case the relative phase depends on the decay kinematics, and the
Cabibbo-favored and doubly-Cabibbo-suppressed decays will not have complete overlap over the
phase space. These e ects can be described by an e ective average phase and a “coherence factor” which re ects the dilution of total interference relative to a simple two-body decay. CLEO-c
has measured these for the D0 → K − π + π 0 and K − π + π + π − decays, observing signi cant coherence in the former.16

5.3

Phase Space-Dependent Measurements
0

Beyond the averaging approximation above, we can obtain relative D0 –D phases as a function
of decay kinematics by observing how CP tagging a ects Dalitz plots. CLEO-c has performed
0 π + π − decay 17 and work is underway for the K 0 K − K + mode.
this measurement for the KS,L
S,L
Figure 3 shows the e ect of the CP correlations on the D0 → KS0 π + π − Dalitz plot. Even
though only the KS0 modes are relevant for B factory measurements, CLEO-c can reconstruct
KL0 candidates using missing energy and momentum and improve its measurements, as up to
small e ects KL0 π + π − has a CP structure opposite that of KS0 π + π − .
5.4

Impact on γ Measurement

The impact of CLEO-c results on future analyses enabled by the large dataset expected from
LHCb has been studied by the LHCb Collaboration. The D0 → KS0 π + π − analysis is expected
to reduce the current 7–9◦ model uncertainties from BaBar and Belle measurements 18 to around
2◦ .17,19 The K − π + and multibody coherence factor measurements are projected to improve the
10 fb−1 precision of LHCb in B → DK by 8–35% (depending on unknown B decay parameters)
to 2.2–3.5◦ .20
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LATEST RESULTS FROM TOP PRODUCTION AT THE TEVATRON
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Université de Genève, Section de Physique, 24 rue Ernest Ansermet,
CH - 1211 Geneve 4, Switzerland

We present recent results on top quark pair and single top production cross sections in sev√
eral final states at the Tevatron pp̄ collider operating at s = 1.96 TeV. The most precise
single tt̄ cross section measurement is carried out in the lepton+jets final state using a Neural
Network kinematic fit and considering the ratio of the top to the Z cross section. It yields
a cross section value of 7.82 ± 0.38 (stat) ± 0.37 (syst) ± 0.15 (theory) pb for a mass of
172.5 GeV /c2 , using 4.6 fb−1 of CDF data. The total uncertainty is similar to those of the
current best theoretical predictions. It is important to measure the tt̄ cross section in as many
different channels as possible as any significant discrepancy between them could be a sign of
new physics. All current measurements are consistent with the standard Model predictions.
Single top quark production is seen by many as the testing ground for the most complex
analysis techniques that are needed in particular for Higgs searches. The first Tevatron single
top production combination is presented as well as a measurement of the single top polarization. Searches in the top sector reveal no signs of new physics and limits are placed on fourth
generation top-like quark production and on narrow resonances in tt̄ production.

1

Top Quark Pair Production Cross Section

Many new tt̄ cross section measurements from CDF and D0 were available for this conference. For the first time, CDF has used the ratio of the tt̄ to the Z cross sections in order to
cancel out the measurement uncertainty on the luminosity determination that was the dominant uncertainty. Essentially one replaces the luminosity uncertainty with the uncertainty
on the measured Z cross section as well as the uncertainty on the theoretical prediction for
this value, both of which are small. A combination of two measurements in the lepton+jets
channel, one topological and one relying on heavy flavour tagging gives a measured tt̄ cross
section of σtt̄ = 7.70 ± 0.52 pb for a top mass of 172.5 GeV /c2 using 4.6 fb−1 of CDF data 1 .
The individual measurements are σtt̄ = 7.82 ± 0.38(stat) ± 0.37(sys) ± 0.15(theory) pb and
σtt̄ = 7.32 ± 0.36(stat) ± 0.59(sys) ± 0.14(theory) for the topological and b-tagged analyses,

Nevents / bin

respectively. Figure 1 (left) shows the Neural Network distribution used to fit the cross section
in the topological analysis.
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Figure 1: (left) Neural Network variables used to fit the tt̄ cross section in the topological CDF analysis. (right)
background model used for the D0 all hadron tt̄ cross section measurement.

The all hadronic decay mode in tt̄ production is notoriously difficult to measure due to the
difficulty in measuring the multijet background reliably and due to the low signal to background
ratio. D0 uses a novel approach to model this multijet background by looking at events with four
jets, which have a negligible contribution from tt̄ , and attaching additional low pT jets selected
from events with six or more jets to events with four or five jets 2 . A reasonable distribution of the
jets in the available phase space was ensured using a set of matching criteria. Good agreement
in the background model, shown in Fig. 1 (right), is found between events with five jets to which
one has added one jet and those with four jets to which one has added two jets. This analysis
requires two of the jets to be b-tagged. This large multijet background is distinguished from the
tt̄ signal by exploiting differences in the kinematic and topological distributions of jets between
tt̄ and multijet events. The measured cross section, assuming a top quark mass of 175 GeV /c2
, is σtt̄ = 6.9 ± 2.0 pb.
Many other cross sections measurements are performed at both CDF and D0. A recent CDF
tt̄ cross section combination gives a total uncertainty of 6.4%, an improvement in precision of
9% relative to the most precise single measurement mentioned earlier 3 .

2

Single Top Quark Production Cross Section

2009 saw the first observation of single top production, 14 years after the top quark discovery.
Single top production is challenging due to is large backgrounds relative to its signal size, of
the order of 20:1. We thus need to use sophisticated analysis techniques to extract the signal.
Many different analyses techniques are carried out at both CDF and D0. For example D0
looks at 24 independent analysis channels, each containing combinations of up to 97 different
variables 4 . CDF finds that adding all different lepton+jets analysis together into a single final
super discriminant 5 , then combining that with the missing transverse energy plus jets result 6
gains an additional 16% sensitivity. For the first time, a Tevatron combination was carried out
for the combined s- and the t-channel production modes 7 . Figure 2 shows the results from the
two experiments as well as the combination.

Figure 2: Tevatron combination of the single top production cross section.

3

Single Top Quark Polarization

Having ascertained that top quarks can be produced not only in pairs through strong production
but also alone through weak production, one can begin to measure the properties of the top
quark in single top production. In particular, as the top quark decays before it has time to
hadronize, the polarization of the combination of its decay products will be the polarization
of the top quark. Top quarks are produced almost 100% polarized due to the V-A nature of
the weak coupling. By measuring the polarization of the top quark decay, one can study depolarizing effects and non-standard model mechanisms. By measuring simultaneously the V-A
and the V+A components of the single top cross section, one can place limits on non-standard
model contributions 8 . Figure 3 shows the result of this fit and the confidence level contours.
TNo significany V+A cross section is measured.

4

Searches in the Top Sector

The sample of top quarks available at the Tevatron is large enough that we can look in it for
signs of non standard model behaviour in the production or decay of the top quarks or to look for
particles that have properties that resemble those of the top quark. Many beyond the standard
model theories predict the presence of a fourth generation of top quarks. CDF has been looking
into the lepton+jets final state to try and find the fourth generation equivalent of the top quark.
We use a two-dimensional fit to the reconstructed mass of the quark (Mreco ) and the sum of the
transverse energy of all reconstructed objects of the event (HT ) 9 . No significant excess is found
in 4.6 fb−1 of CDF data and thus limits are placed on fourth generation production; assuming
100% branching ratio of the t0 to W + q, we place a lower limit, shown in Fig. 4, on Mt0 at 335
GeV /c2 .
D0 searches for narrow resonances, narrower than the detector resolution, in tt̄ production.
We reconstruct the invariant mass of the tt̄ pair, shown in Fig. 5, and search for excesses in
the spectrum. No significant excess is observed in 3.6 fb−1 . The limits on Z 0 production from
top-assisted technicolor 10 exclude a Z 0 mass below 820 GeV /c2 5.

Figure 3: Fit to the standard model and inverted handedness coupling cross sections at CDF.

Figure 4: Observed (red) and expected (blue bands) limits on fourth generation top-like quark production as a
function of its mass. The theoretical prediction for strong production is shown as the purple line.
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Top Quark Properties at the TeVatron
Yvonne Peters
University of Manchester, Oxford Road, Manchester, M13 9PL, UK

Discovered in 1995 by CDF and D0 at the Fermilab Tevatron collider, the top quark remains
interesting to test the Standard Model. Having collected more than 7 fb−1 of integrated
luminosity with both experiments until today, several top quark properties have been measured
with increasing precision, while other properties have been investigated for the first time. In
this article recent measurements of top quark properties from CDF and D0 are presented,
using between 1 fb−1 and 4.8 fb−1 of data. In particular, the measurement of the top quark
mass, the top quark width, the top antitop mass difference, a check of the electric charge of
the top quark, measurements of the top antitop quark spin correlation and W helicity as well
as a search for charged Higgs bosons are discussed.

1

Introduction

Until today, the top quark is the heaviest known elementary particle, with a top quark mass of
173.1 ± 0.6(stat) ± 1.1(syst) GeV 1 . This property, together with the fact that due to its short
lifetime it decays before it can hadronize, makes the top quark a unique particle to study a bare
quark and explore new physics.
In order to use the top quark to search for new physics, it is crucial to understand if it is really
the particle we expect it to be. In particular, if for example the charge, the decay properties,
the lifetime or the spin correlation deviate from the values predicted by the Standard Model of
particle physics (SM), it could point to physics beyond the SM.
Having collected about 7 fb−1 of integrated luminosity for each experiment, the CDF and D0
detectors at the Fermilab Tevatron collider provide a large amount of data, enabling to measure
many top quark properties with high precision and others for the first time. For example,
the top quark mass measurement exceeds 1% of accuracy now in a single measurement. In
the following, recent measurements of several top quark properties measured by CDF and D0,
including a search for charged Higgs bosons in top quark decays, are presented.

2

Top Quark Mass, Width and Top Antitop Quark Mass Difference

The top quark mass is not predicted by the SM. Besides the interest in itself to determine this
free parameter of the SM, the top quark mass, together with the W boson mass, constrains the
mass of the not yet found Higgs boson.
2.1

Top Quark Mass

Several techniques have been developed to determine the top quark mass as precise as possible.
The simplest method consists of the construction of templates that depend on the top quark
mass, which can be fitted to the data. A recent measurement using this technique in the lepton
plus jets and dilepton final states 2 reconstructs the top quark mass from the two b-quark jets,
the light jets and the leptons. The neutrino energy is reconstructed using constraints on the
mass of the W boson in lepton plus jets events. In case of dileptonic events, the kinematics
is underconstraint due to the two neutrinos in the final state which leave the detector without
interacting, and an additional integration over unknown quantities is performed. Using 4.8 fb−1
of data, the most recent result from CDF is mt = 171.9 ± 1.1(stat + JES) ± 0.9(syst) GeV 3 .
The uncertainty due to Jet Energy Scale (JES) is the dominating systematic uncertainty, but
can be constraint from the hadronically decaying W boson in lepton plus jets events, resulting
in a reduced dependency of the top quark mass measurement on the JES uncertainty.
Another important technique to measure the top quark mass is the so-called Matrix Element
(ME) technique. This method is the most precise one, as it uses the full kinematic information
of the event. The basic idea is the calculation of a per-event probability Psig (x; mt ), where x
denotes the momenta of the final state partons. Psig is the integral over the parton distribution
functions, folded with a leading order (LO) Matrix Element for the tt̄ production and transfer
functions that describe the transition of the true momenta into the measured momenta of the
final state particles coming from the top quark decays. Finally, the likelihood of the product
of these event probabilities is minimized, yielding the measured cross section. By comparing
input and measured top quark masses in ensemble tests, the method is validated and has to be
calibrated for a small bias, due to only using LO matrix elements. More details can be found
in Refs. 4,5 . The most recent measurements using this technique in the lepton plus jets final
state result in mt = 173.7 ± 1.3(stat + JES) ± 1.4(syst) GeV with 3.6 fb−1 of D0 data 4 and
mt = 172.8 ± 0.9(stat + JES) ± 0.8(syst) GeV with 4.8 fb−1 of CDF data 5 , the latter being the
most precise single measurement of the top quark mass today.
Since the discovery of the top quark, several top quark mass measurements in various channels and using various techniques have been performed at the Tevatron. Combining all of these
measurements a precision of 0.75% has been achieved on the top quark mass 1 , not yet including
the two recent measurements form CDF shown here.
Besides the direct measurement, recently the top quark mass has been extracted from the
measurement of the tt̄ cross section 6 , resulting in mt = 169.1+5.9
5.2 (stat + syst) GeV. Although
this result is much less precise than the direct mass measurements, it can clearly be interpreted
as a measurement of the pole mass of the top quark, since inclusive cross section calculations are
used that are performed in the pole mass scheme. In contrast to this it is not exactly clear which
effective mass scheme is used in Monte Carlo simulations used for the direct measurements of
the top quark mass 7,8 .
2.2

Top Antitop Quark Mass Difference

In the SM, particles and their corresponding anti-particles have identical masses. If this were
not the case, it would indicate CPT violation. By extending the event probabilities Psig (x; mt )

to Psig (x; mt , mt̄ ), the Matrix Element method can be extended from a top quark mass measurement to a measurement of the top antitop quark mass difference. Using 1 fb−1 of data, the
D0 collaboration performed the first measurement of a mass difference between a bare quark
and its antiquark. The analysis was performed in the lepton plus jets channel, resulting in
mt − mt̄ = 3.8 ± 3.7 GeV 9 , consistent with the SM. This measurement is still dominated by the
statistical uncertainty, making it interesting to be repeated with more data.
2.3

Top Quark Width

The top quark lifetime is known to be short in the SM, resulting in a top quark width of about
Γt = 1.4 GeV at the world average top quark mass. Using the lepton plus jets final state,
CDF has extended its mass measurement using the template method to extract information
on the top quark width. The templates are the same as for the top quark mass measurement,
i. e. the reconstructed top quark mass, but instead of varying the mass, the top quark width
is fitted to the data. Using 4.3 fb−1 of data, CDF determines the top quark width to be
0.4 < Γt < 4.4 GeV at 68% confidence level (CL), or Γt < 7.5 GeV at 95% CL 10 , in agreement
with the SM prediction.
3

Top Quark Charge

In the SM, the charge of the top quark is predicted to be that of a normal up-type quark, i. e.
+2/3 of the electron charge. Nevertheless, it is possible that the top quark has an exotic charge
of −4/3e. Distinguishing the two requires the measurement of the top quark charge in data. A
recent charge measurement from CDF using events in the lepton plus jets final state exploits soft
lepton b-tagging to test the SM and the exotic charge hypotheses. The event selection requires
at least one jet to be b-tagged with a secondary vertex algorithm, and at least one jet (which
is allowed to be the same one) to contain a soft lepton, coming from a semileptonic B decay.
Furthermore, a kinematic fit is performed, where final state particles from the top and antitop
quark decay are assigned together using constraints from the W boson mass, the requirement
of the top quark mass and finally a low χ2 of the fit. Having then two leptons – one from the
W boson decay and one from the b-jet – with clear charge information, the knowledge from the
kinematic fit allows to predict if both leptons come form the same top quark or one from the
top and one from the antitop, and thus yield information about the top quark charge. With this
technique the exotic top quark charge of −4/3e can be excluded with 95% CL 11 . Somewhat
older top quark charge measurements from CDF 12 and D0 13 , performed with a slightly different
technique, also prefer the SM top quark charge, with 87% and 92% CL respectively.
4

W Helicity Fractions

The coupling of W bosons to fermions is purely left-handed in the SM, thus the relative orientation of the spin of the b-quark and the W boson from the top quark decay are known. The
fraction of negative (f− ), zero (f0 ) and positive (f+ ) helicity of the W boson are predicted to
be about 30%, 70% and less than 3.6 × 10−4 , respectively. In order to measure the W boson
helicity fractions, the angle θ∗ between the down-type decay product of the W boson in the rest
frame of the latter, with respect to the W boson flight direction in the top quark rest frame
is measured. The distribution of the cosine of this angle differs for the three possible helicity
fractions, which is exploited in the measurement.
Similar to the top quark mass, several techniques are used to determine the W boson helicity
fractions. The simplest one is again a template method, where the cos(θ∗ ) distribution is fitted

to the data. To be as model independent as possible, the fractions f0 and f+ are fitted simultaneously. Using this method and 2.7 fb−1 of data, D0 measured f0 = 0.49±.011(stat)±0.09(syst)
and f+ = 0.11 ± 0.06(stat) ± 0.05(syst) 14 , in agreement with the SM.
The other method is the Matrix Element method, where again event probabilities are calculated. In this case Psig depends on f0 and f+ instead of the top quark mass, with the top quark
mass fixed to 175 GeV. A recent result form CDF applying the ME technique using 2.7 fb−1 of
data yields f0 = 0.88 ± .011(stat) ± 0.06(syst) and f+ = −0.15 ± 0.07(stat) ± 0.06(syst) 15 , also
in agreement with the SM.
5

tt̄ Spin Correlations

One of the special features of the top quark besides its high mass is its short lifetime, shorter
than the timescale for hadronization. Therefore, top quarks decay before they hadronize. This
implies that the spin information of the top quark is carried into its decay products, enabling
the measurement of the spin correlation of the top and antitop quark in tt̄ events.
The doubly differential cross section 1/σd2 σ/(d cos(θ1 )d cos(θ2 )) can be written as 1/4(1 −
C cos(θ1 ) cos(θ2 )), where C is the spin correlation strength, and θ1 (θ2 ) is the angle of the downtype fermion from the W boson or the top (antitop) quark decay in the top (antitop) rest frame,
with respect to a quantization axis. Two common choices for the quantization axis are the top
(antitop) flight direction in the tt̄ rest frame – the so-called helicity basis – or the beam axis,
in the so-called beam basis. Depending on the quantization axis and the collision energy, the
SM values of C are different. The spin correlation strength C can be considered as the number
of events with top and antitop having the same spin direction minus the number of events with
opposite spin direction, normalized to the total number of tt̄ events, multiplied with a factor
representing the analyzing power of the down-type fermion used to calculate the angles. For
leptons this additional factor is one, while it is smaller for quarks. This latter fact results in the
spin correlation analysis to be more sensitive in dilepton events although the statistics is lower
than in lepton plus jets events. Moreover, the information in dilepon events is lower, as the two
neutrinos are not identified in the detector.
The outline of the measurement of spin correlations in tt̄ events is the following: The distribution of cos(θ1 ) cos(θ2 ) looks different in case of C = 0 relative to the SM value of C.
In dilepton events, CDF and D0 performed an analysis of the spin correlation strength using
2.8 fb−1 and 4.2 fb−1 of data, respectively. The CDF measurement using the off-diagonal basis
+0.65
16
yields C = 0.32+0.55
−0.78 (stat + syst) , and the D0 analysis yields C = −0.17−0.53 (stat + syst) in
17
the beam basis , in both cases in agreement with a next to leading order (NLO) SM value of
C ≃ 0.78 18 .
Recently, CDF performed the first extraction of the tt̄ helicity fractions in lepton plus jets
events. Similar to the analyses in dileptonic final states, templates of equal and opposite tt̄
helicity are used and fitted to the data. The measured quantity can then directly be translated
into the spin correlation strength C in the helicity basis. With a dataset of 4.3 fb−1 , the spin
correlation in lepton plus jets events is C = 0.60 ± 0.50(stat) ± 0.16(syst) 19 , consistent with a
NLO SM value of C = 0.35 in the helicity basis 18 .
All these three measurements are still statistically limited.
6

Search for Charged Higgs Bosons in Top Quark Decays

In the SM, the top quark decays almost always into a W boson and a b-quark. In several
models, for example supersymmetric models, the Higgs sector has to be extended by at least
one additional Higgs douplet, resulting in additional physical Higgs bosons, one of which is a
charged Higgs boson. In case of this charged Higgs boson being lighter than the top quark, the

decays t → W + b and t → H + b can compete. Over the last years, CDF and D0 have performed
a variety of charged Higgs boson searches in top quark decays, where the charged Higgs boson
could decay either into a tau and the corresponding neutrino, a charm and a strange (anti)quark
or into a W boson and a CP-odd neutral Higgs boson A.
Several search strategies are used. There are searches for a signal in a specific final state.
Furthermore, the existence of a charged Higgs boson can change the fractions between different
final states. Searches using both strategies are presented here.
Assuming B(H + → cs̄) = 100%, CDF performed a search in the lepton plus jets channel
using the invariant mass of the non-b-jets. For charged Higgs boson masses lighter or heavier
than the W boson mass, a peak in the invariant mass spectrum would give hints for a signal. As
no sign of new physics could be seen, limits on B(t → H + b) for mH + between 60 and 70 GeV
and between 90 and 150 GeV were set, varying between B < 0.08 and B < 0.32 at 95% CL 11
for a dataset of 2.2 fb−1 .
Another recent search for charged Higgs bosons from CDF in the lepton plus jets channel
assumes B(H + → W + A) = 100%, where the mass of the CP-odd neutral Higgs boson A is
below two times the b-quark mass. In the next to minimal supersymmetric model this scenario
is still compatible with the limits on neutral Higgs bosons form LEP 21 . It is assumed that A
decays exclusively into two tau leptons. The distribution of low pT isolated tracks from the
tau lepton is investigated for a possible signal from charged Higgs bosons. As no hints for a
signal can be seen, limits on B(t → H + b) for mH + between 80 and 160 GeV are set for various
masses of the CP-odd neutral Higgs boson. These limits, ranging from 65% down below 10%
(depending on the charged Higgs and neutral Higgs boson mass) for 2.7 fb−1 of data, are the
first limits for such a scenario from the Tevatron 22 .
A further search strategy explores the different distribution of events between various final
states compared to the SM, in case the decays t → W + b and t → H + b occur both. By comparing
events in the lepton plus jets, dilepton and τ +lepton final states, D0 performed a search for
charged Higgs bosons using the constraint B(H + → τ ν) + B(H + → cs̄) = 100%. Assuming
the charged Higgs boson decays tauonically, the number of events is expected to decrease in the
lepton plus jets and dilepton final states, but to increase in the τ +lepton channel for increasing
B(t → H + b). A fit to the number of events in the different decay channels is performed, yielding
limits on B(t → H + b). To decrease the systematic uncertainties a simultaneous fit to both the
branching ratio B(t → H + b) and the tt̄ cross section is performed. Using this approach, upper
limits on B(t → H + b) between 0.13 for low charged Higgs masses and 0.26 for high masses
at 95% CL can be set for pure tauonic decays of the charged Higgs bosons. For hadronically
decaying charged Higgs bosons, upper limits of 0.22 at 95% CL can be set, using 1 fb−1 of
data 23 .
These limits on B(t → H + b) can be used to exclude regions in the parameter space
[MH + , tan β] of the minimal supersymmetric standard model, where tan β is the ratio of vacuum
expectation values of the two Higgs duplets. For the search from D0 different benchmark scenarios were considered, e. g. a CP-violating model. For the latter a strangephilic CPX scenario 24
was used, where the charged Higgs boson decay into charm and strange quarks is enhanced by
introducing a hierarchy between the first two and the third generation of sfermions. Charged
Higgs boson masses up to 154 GeV can be excluded for large tan β in this model.
7

Conclusion and Outlook

In this article, a collection of recent measurements of top quark properties has been presented.
Up to 4.8 fb−1 of data collected by the CDF and D0 detector was used, which allows precision
measurements of top quark properties. Until today, more than 7 fb−1 of data have been collected,
and more than 10 fb−1 of data are expected at the end of Run II of the Tevatron. Combined

with the ever improving techniques, the better understanding of our data and the increasing
statistics, the top quark is and will stay an interesting particle to study.
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In this contribution we discuss conceptual issues of current mass measurements performed at the Tevatron. In addition we propose an alternative method which is theoretically much cleaner and to a large
extend free from the problems encountered in current measurements. In detail we discuss the direct
determination of the top-quark’s running mass from the cross section measurements performed at the
Tevatron.

1

Introduction

The top-quark is the heaviest known elementary particle discovered so far. It plays a prominent role in the
physics program of the Tevatron accelerator at Fermilab and the Large Hadron Collider (LHC) at CERN
(for recent reviews see e.g. 1,2 ). The interest in top-quark physics stems from the fact that owing to its
large mass the top quark is a sensitive probe of the mechanism of electroweak symmetry breaking. This
is also the reason why the top quark plays a special role in many extensions of the Standard Model (SM)
aiming to give an alternative description of the mass generation. From the Standard Model viewpoint
top-quark physics involves only the mass and the matrix elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix as free parameters in addition to the strong coupling constant which we assume to be
precisely measured by other means. Assuming that Vtb is close to one—which is supported by indirect
measurements based on the assumption that only three flavour families exist—top-quark properties are
thus precisely calculable in the SM provided the top-quark mass is known with good accuracy. We also
note that the large top-quark decay width Γt ≈ 1.5GeV (a further consequence of the large mass) effectively cuts off non-perturbative effects. As a consequence top-quark physics provides an ideal laboratory
a speaker
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for precise tests of the SM and its extension at the scale of electroweak symmetry breaking. The topquark mass—a very fundamental property of the top quark—is not only important for top-quark physics.
It enters as a very important parameter in electroweak fits constraining the Standard Model, i.e. giving
+1.3
rise to indirect limits on the mass of the Higgs boson (see e.g. 3 ). Currently, a value of mt = 173.1−1.3
GeV
4
is quoted for the mass of the top-quark (For an updated value presented during the Moriond EW session
see 5,6 ). This amounts to an experimental uncertainty of less than 1%. Since the top-quark’s width is so
large that the top quark typically decays before it can hadronise 7 the mass measurements proceed via
kinematic reconstruction from the decay products and comparison to Monte Carlo simulations. However
the reconstruction of the four momentum of the coloured top quark from its uncoloured decay products introduces an intrinsic uncertainty due to the non-perturbative mechanism of hadronisation in which
the coloured partons are transformed to colourless hadrons. There is a further conceptual problem with
the determination of the top-quark mass from the kinematic reconstruction. Strictly speaking a higherorder theoretical prediction of the observable under investigation is required to extract a parameter of
a model in a meaningful way. Only beyond the Born approximation the renormalisation scheme can
be fixed. Thus, there is no immediate interpretation of the quantity currently measured at the Tevatron
in terms of a parameter of the SM Lagrangian in a specific renormalization scheme. A more detailed
discussion will be given in section 3. In order to address this issue, we have chosen the following approach. We start from the total cross section for hadronic top-quark pair production, i.e. a quantity with
well-defined renormalisation scheme dependence which is known to sufficient accuracy in perturbative
Quantum Chromodynamics (QCD). Its dependence on the top-quark mass is commonly given in the
on-shell scheme, although it is well-known that the concept of the pole mass has an intrinsic theoretical
limitation leading, for instance, to a poorly behaved perturbative series. This typically implies a strong
dependence of the extracted value for the top-quark mass on the order of perturbation theory. Similar
effects have been observed in e+ e− annihilation 8 . So-called short distance masses offer a solution to
this problem. As we compute the total cross section as a function of the top-quark mass in the modified minimal subtraction (MS) scheme 9,10,11 we demonstrate stability of the perturbative expansion and
good properties of apparent convergence 12 . In particular, this allows for the direct determination of the
top-quark’s running mass from Tevatron measurements for the total cross section 13 , which is of importance for global analyses of electroweak precision data. The direct extraction of the running mass also
provides an important cross check of the current measurements. The outline of this contribution is as
follows. In section 2 we briefly comment on the theoretical status of the predictions for top-quark pair
production. In section 3 we discuss in some details conceptual issues of current measurements and how
they can be avoided measuring the top-quark mass in the MS scheme often called the running mass for
its dependence on the renormalisation scale. The application is shown in section 4. A short summary is
given in section 5.
2

The total cross section for top-quark pair production

We start by recalling the relevant formulae for the total cross section σ pp→tt¯X of top-quark hadroproduction within perturbative QCD,

∑

σ pp→tt¯X (S, mt ) =
2

i, j=q,q̄,g

2

Li j (s, S, µ f ) =

1
S

ZS
s

ZS

ds Li j (s, S, µ f 2 ) σ̂i j (s, mt 2 , µ f 2 ) ,

(1)

4mt 2

d ŝ
F
ŝ i/p





s
ŝ
2
2
, µ f Fj/p , µ f ,
S
ŝ

(2)

where S denotes the hadronic center-of-mass energy squared and mt the top-quark mass (taken to be
the pole mass here). The standard definition for the parton luminosity Li j convolutes the two parton
distributions (PDFs) Fi/p at the factorization scale µ f . Note that due to the additional factor 1/S the fluxes

at the Tevatron and the LHC can be directly compared. The partonic cross sections σ̂i j parameterize the
hard partonic scattering process after factorzation of initial state singularities. Factoring out a common
mass scale squared 1/mt 2 the remaining part of the cross section (often called scaling functions) depend
only on dimensionless ratios of mt , µ f and the partonic center-of-mass energy squared s.
The QCD radiative corrections for the total cross section in Eq. 1 as an expansion in the strong
coupling constant αs are currently known completely at next-to-leading order (NLO) 14,15,16,17 and, as
approximation, at next-to-next-to-leading order (NNLO) 18,19 . The latter result is based on the known
threshold
p corrections to the partonic cross section σ̂i j , i.e. the complete tower of Sudakov logarithms in
β = 1 − 4mt 2 /s and the two-loop Coulomb corrections, i.e. powers 1/βk (see also 20 for some recent
improvements). It also includes the complete dependence on µ f and the renormalization scale µr , both
being known from a renormalization group analysis. The presently available perturbative corrections
through NNLO lead to accurate predictions for the total hadronic cross section of top-quark pairs with a
small associated theoretical uncertainty 12,18,19 (see also e.g. 21 for related theory improvements through
threshold resummation). For further refinements studied recently we refer to 20,22,23,24 . We stress that
aiming for a precision of the theoretical predictions at the per cent level also electroweak contributions
need to be taken into account. At the LHC these correction can amount up to 1–2%, for details we refer
to 25,26,27 . Very close to the threshold the attractive part of the QCD potential may lead to remnants of a
would be boundstate 28,29 . These corrections affect significantly differential distributions in the threshold
region. A prominent example is the mtt -distribution, the invariant mass distribution of the top-quark pair.
Due to boundstate effects the differential cross section obtains also a contribution from kinematic regions
below the nominal production threshold. If one could resolve this region experimentally it would provide
a sensitive method to measure the top-quark mass similar to what is proposed for a future e+ e− linear
collider. The correction of the total cross section due to this effect is of the order of 10 pb at the LHC. At
the Tevatron where colour octet production dominates this effect is less important.
3

The top-quark mass

We may start the discussion with a few general remarks. When talking about the mass of an elementary
particle one should always keep in mind what is actually meant by this parameter. This is in particular important for states which—due to confinement—do not appear as asymptotic states in the full field
theoretical description. Since no free quarks exist we have to treat the quark mass similar to any other
parameter/coupling appearing in the underlying model. In principle there is no difference between the
treatment of the coupling constant of the strong interaction αs and the self coupling of the quarks denoted
by mt . Note that we restrict our selves to pure QCD and ignore the fact that the masses are generated by
the Higgs mechanism. To measure a parameter of the Lagrangian we have to compare the measurements
with the theoretical predictions depending on the unknown parameters of the theory. The theoretical
prediction should be as precise as possible so that a good agreement between data and theory can be
assumed provided the parameters are chosen (“fitted”) appropriate. In particular one should use at least
a next-to-leading order prediction. There is a second even more important argument why at least a nextto-leading order prescription is required: In leading-order no precise definition of a parameter can be
given. The difference between different definitions implemented by a specific renormalisation schemes
is formally of higher order in perturbation theory and thus only shows up when we go beyond the Born
approximation. To illustrate the point let us come back to the quark mass. Two common schemes are
frequently used in perturbation theory. One is the on-shell or pole-mass scheme. The mass parameter
in the pole-mass scheme is defined as the location of the pole of the propagator. Since self-energy corrections can shift the location the pole-mass definition has to be enforced order by order in perturbation
theory through the renormalisation procedure. That is the renormalisation constants are fixed order by
order such that no shift in the renormalised pole mass occurs. Another scheme is the so-called modified
minimal subtraction scheme (MS). This scheme is defined by subtracting the ultraviolet singularities appearing in the unrenormalised theory order by order in a minimal way. That is just the divergence itself

(together with some irrelevant constants in case of the modified MS) is absorbed into the redefinition of
the bare quantities. Since different renormalisation schemes should be equivalent it must also be possible
to convert from one scheme to another. This is indeed the case. The relation between the pole mass mt
and the MS mass m(µr ) reads for example:
!


αs (µr ) 2
αs (µr )
d2 + . . . .
(3)
d1 +
mt = m(µr ) 1 +
π
π
Treating (n f − 1) flavours massless and expressing the QCD coupling constant in the n f -flavour theory
through the coupling constant in the (n f − 1)-flavour theory—that is using a scheme in which the running
of the coupling constant is solely determined by the massless quarks—the constants d1 , d2 read:
4
+ ℓ,
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with ℓ = ln



µr
m(µr )
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(5)


. As mentioned before we observe in Eq. 3 that the difference between the pole

mass and the running mass is formally proportional to αs . We note that like αs the MS mass depends
on the renormalisation scale. Since the top-quark mass is essentially measured at the Tevatron from a
kinematical fit the renormalisation scheme is not unambiguously fixed. It is believed that the measured
value should be interpreted as pole mass. However one should keep in mind that the reconstruction
of the top-quark momenta from the observed hadron momenta introduces a further uncertainty due to
colour reconnection which is expected to be of the order of ΛQCD . This is supported by a recent study
by Skands and Wicke where the influence of different models for non-perturbative physics has been
investigated 30 . There is a further reason why the use of the pole mass should be avoided when we are
aiming for high accuracy. Qualitatively it is clear that the full S -matrix cannot have a pole at the location
of the quark mass since this would mean that the quark appears as asymptotic state which is not the case
due to confinement. A more formal approach relates this uncertainty to a certain class of higher order
corrections spoiling the convergence of the perturbative series 31,32 . Technically the problem becomes
manifest when one uses a Borel summation of the perturbative series. The back transformation of the
Borel transform is ill-defined due to the existence of a pole on the real axis. Taking the residue of the
pole as an estimate of the theoretical uncertainty it is found that an ambiguity of the order of ΛQCD is
introduced. That is, the pole mass scheme has an intrinsic uncertainty of the order of ΛQCD 32 : It is thus
conceptually impossible to measure the pole mass with an accuracy better than ΛQCD .
Taken the last statements into account, a theoretical clean approach to measure the top-quark mass
is to choose a specific observable, calculate the higher order corrections choosing a well defined renormalisation scheme like for example the running mass and then to compare with the measurements. This
idea has been pursued in 12 . As observable the inclusive cross section has been used. In the next section
we will comment on the details of this approach.
4

The cross section using the MS mass

As outlined in the previous section the main idea to circumvent the aforementioned problems of the
current experimental determination of the top quark mass is to choose a sensitive observable translated
to the MS scheme as far as the mass parameter is concerned. The mass value is than obtained from a
direct comparison with experimental data. In 12 the results for the total cross section 18 were translated
to the MS scheme using Eq. 3 and Eq. 4. The translation is first done at a fixed renormalisation scale

8.5

10

8

9.5

7.5

9

7

8.5

6
5.5
5
4.5
4

MSTW 2008 NNLO
m(m) = 163 GeV

8

σ [pb]

σ [pb]

6.5

Tevatron

7.5
7

Tevatron

6.5

MSTW 2008 NNLO

6

m = 173 GeV

5.5

3.5

5

µr/µf

1

µr/µf

1

Figure 1: Cross section predictions using the pole mass (left) and the MS mass right as function of the renormalisation scale
for three different factorisations scales µ f = 0.5m, m, 2m.

for three different factorisation scales. The full renormalisation scale dependence is recovered from a
renormalisation group analysis. In Fig. 1 the cross section is shown for three different choices of the
factorisation scales µ f = 0.5m, m, 2m as function of the renormalisation scale µr . The left plot shows the
cross section using a pole mass of 173 GeV. The right plot employs the running mass definition with a
mass value m(m) = 163 GeV. The bands at the left side of the two plots show an estimate of what one may
call a theoretical uncertainty. They are obtained by varying the relative scales µr /m and µ f /m between
0.5 and 2. We note that there is typically a crossing of the different curves for a given order. In particular
the central scale is not necessarily between the two extreme scales. This behaviour appears when the
central scale corresponds to a plateau. If one studies the uncertainty bands two important features can be
observed. Compared to the pole mass scheme the cross section prediction using the MS mass is much
more stable. The NLO band overlaps with the NNLO band, in fact the NNLO band is fully included in
the NLO band. Furthermore the size of the bands is reduced compared to the predictions using the pole
mass. The perturbative prediction becomes thus much more stable with respect to radiative corrections.
Using the cross section to determine the mass parameter this leads to a much more stable determination
in the running mass scheme compared to a determination in the pole mass scheme. In Fig. 2 the cross
section is shown as a function of the MS mass evaluated at µr = m. The wide band is the NLO prediction
while the narrow band is an approximation to the full NNLO result. The uncertainty bands are again due
to a variation of the scales. The data point shown to the left is the recent Tevatron measurement 13 for the
cross section:
+0.98
σ = 8.18−0.87
pb.
(6)
We note that this measurement effectively depends on an assumed top-quark mass since detector efficiencies and other systematics are estimated from Monte Carlo simulations using a specific mass. In principle
this dependence is known and can be taken into account. The dependence is however rather mild and thus
does not give a significant shift in the cross section. In the current analysis it is not taken into account.
The extraction of the top-quark mass in the MS mass is now straightforward. Projecting the measured
value on the curves we can immediately read off the corresponding mass value. An illustration of this
procedure is visualized in Fig. 2. The outcome of this procedure is presented in Tab. 1. For comparison
we also show the results for the case that the pole mass is used. We observe that the extraction in the
MS scheme leads—as anticipated already—to very stable results with respect to different orders of the
perturbative prediction. The determination using the pole mass scheme however shows large differences
when going from LO to NLO and finally to NNLO. As final result the value corresponding to the NNLO
approximation is quoted:
+3.3
m(m) = 160−3.2
GeV/c2 .
(7)
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Figure 2: Cross section predictions using the MS mass as function of the top quark mass.

Table 1: The LO, NLO and approximate NNLO results for the top-quark mass in the MS scheme (m(m)) and the pole mass
scheme (mt ) for the cross section measured at Tevatron.

m(m) [GeV/c2 ]

mt [GeV/c2 ]

LO

+3.5
159.2−3.4

+3.5
159.2−3.4

NLO

+3.3
159.8−3.3

+3.5
165.8−3.5

NNLO

+3.3
160.0−3.2

+3.6
168.2−3.5

Converting the running mass to the on-shell mass yields a result which is consistent with the direct
measurements at Tevatron. Due to the weak sensitivity of the cross section with respect to the mass the
method is not competitive with the direct measurements as far as the uncertainty is concerned, however
the method provides an independent cross check and is theoretically rather clean.
5

Summary

The current top-quark mass measurements at the Tevatron claiming an accuracy at the per cent level
suffer from various uncertainties (for a similar discussion see also 33 ):
1. The renormalisation scheme is not uniquely defined since the measurement is based on a kinematic
reconstruction without relying on higher-order predictions required to define unambiguously a
specific renormalisation scheme.
2. The kinematic reconstruction of the top-quark momentum from the momenta of the decay products
introduces an additional uncertainty due to the non-perturbative aspects of colour reconnection.
The naive estimate that the uncertainty is of the order of ΛQCD is supported by phenomenological
studies 30 where the uncertainty was estimated to be of the order of 500 MeV.
3. The pole mass itself has an intrinsic uncertainty of the order of ΛQCD which is usually attributed
to IR renormalons.

One should note that each of the problems itself is hard to improve if not impossible. The intrinsic uncertainty of the pole mass for example cannot be improved. As a consequence we advocate an alternative
method to determine the top-quark mass which is to a large extend free from the aforementined problems.
The basic idea is to extract the mass—as it is done in general for any parameter in a theoretical model—
from a detailed comparison of the value of an experimentally measured observable with the theoretical
predictions therefore. This leads to a clean definition of the renormalisation scheme adopted for the mass
parameter. Using in addition a short distance mass like the MS mass the intrinsic uncertainties of the pole
mass are circumvented. Along these lines we have used the total cross section written in terms of the MS
mass to extract the top-quark mass from the cross section measurements at Tevatron. Our final result for
the top-quark mass m(m) in the MS scheme derived from the cross section measurements at the Tevatron
is presented Eq. 7. We find a remarkable stability with respect to the perturbative order of the theoretical
predictions. Converted to the pole mass scheme the value is consistent with direct measurements. However we stress that despite the large uncertainty due the poor sensitivity of the total cross section with
respect to the mass the result is theoretically rather clean and in particular free of uncertainties which are
not quantified in the direct measurements.
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Searches for New Physics with Leptons at the Tevatron
J. Hays on behalf of the CDF and DØ Collaborations
Imperial College London, Department of Physics, Prince Consort Road,
London, SW7 2BW, United Kingdom.
Searches for new physics in multi-lepton final states in data collected by the CDF and D0 experiments at the Fermilab Tevatron are presented. These include preliminary and published
results making use of between 1fb−1 and 4fb−1 of integrated luminosity from proton-antiproton
collisions at a centre-of-mass energy of 1.96 TeV. Included are searches for charginos, neutralinos, stop-quarks and diboson resonances.

1

Introduction

The very high production rate from proton-antiproton collisions of final states containing jets
of hadrons at large transverse momentum, pT , poses particular challenges to searches for new
physics. Events with one or more isolated leptons occur with much lower rates typical of electroweak production processes and provide very clean signatures which can be used to identify
interesting candidates for new interactions and particles. A collection of searches performed by
the CDF and D0 Collaborations are presented below which rely on signatures with one or more
charged leptons in the final state.
2

Lepton Identification

Descriptions of the CDF and D0 detectors can be found in 1,2 . Electrons are identified by their
characteristic energy deposits in the calorimeters. Clusters of energy in the calorimeters are required to be isolated and match a reconstructed charged track, suppressing photon backgrounds.
Muons are identified by matching charged tracks in the central tracking detectors with hits in the
muon detectors. Muon candidates are also required to be isolated in both the central tracking
detectors and in the calorimetry.
3

Neutralino and Chargino searches: trileptons

In the minimal supersymmetric standard model (MSSM) 3 neutralinos and charginos can be
relatively light. Direct electroweak production and subsequent decays into leptons plus the
lightest-supersymmetric-particle (LSP) leads to a striking three charged lepton signature with
/T , carried away by neutrinos and the LSP. This is the golden
missing tranverse momentum, E
signature for supersymmetry at the Tevatron but the cross sections are relatively low, ∼1pb,
and in certain regions of phase space the mass differences between the supersymmetric (SUSY)
particles can be small and lead to very soft lepton momenta.

Figure 1: Limits on neutralino and chargino production in the m1/2 –mo plane at 95% C.L. for 2.3 (3.2) fb−1 of
integrated luminosity at D0 (CDF).

The search for neutralino and chargino production at D0 4 is carried out in four different
/T ,
final states with three charged leptons (eel, µµl, µτ l, µτ τ ) and missing transverse energy, E
where l and τ denote a lepton candidate formed of an isolated charged track without further
lepton identification requirements and the hadronic decays of a τ lepton, respectively. Hadronic τ
lepton decays are identified using NN classifiers. Three-prong τ lepton decays are not considered
in this analysis since backgrounds from jets mean little additional sensitivity is achieved by
their inclusion. A similar search is peformed by CDF 5 with three charged lepton final states
categorised by lepton quality (tight, loose, track-only) rather than flavour and no explicit τ lepton
identification. Standard model (SM) backgrounds (Drell-Yan, diboson, Υ, tt̄ production, and
W+jet/γ) are estimated using Monte Carlo simulations with instrumental fake-rates of tracks
and leptons estimated using data driven methods. Events are selected via a range of single- and
dilepton triggers (CDF+D0) as well as triggers requiring only one positively identifed lepton but
with an additional high pT charged track (D0). Drell-Yan and Z boson production backgrounds
are reduced by cuts on the dilepton invariant mass and opening angle. Cuts on the scalar sum of
the pT of all high pT jets , HT , supresses contributions from tt̄ production. After the requirement
of the third object, electroweak boson and diboson production dominate the backgrounds. These
are further supressed by requirements on kinematic properties of the event. Optimisation of the
analysis is carried out with respect to minimal supergravity (mSUGRA) 3 as a reference model,
assuming the neutralino is the LSP and for chargino, neutralino, and slepton masses in the range
100–200 GeV. Five independent parameters are used to describe the mSUGRA scenarios: the
unified scalar and gaugino masses m0 and m1/2 , the ratio of the vacuum expectation values of
the two Higgs doublets tan β, the unified trilinear coupling A0 , and the sign of the Higgs mass
parameter µ. No evidence for a signal of new physics is observed by either experiment and limits
are set in the m1/2 –m0 plane for tan β = 3, A0 =0, µ > 0 as shown in Figure 1.
4
4.1

Supersymmetric top searches: dileptons
Light chargino

In R-parity conserving SUSY models the LSP is typically the neutralino and stop particles can
be pair produced via the strong interaction. If the stop is lighter than the top quark and the
chargino is lighter than the stop then the decay channel: t̃ → bχ̃±
1 dominates. The leptonic decay
of the chargino then results in a final state with two high pT charged leptons, two b-quark jets
/T . This signature mimics that of the dilepton final state in tt̄ production. CDF
and significant E
perform a search for events with this signature in 2.7 fb−1 of integrated luminosity 6 . Events are

Figure 2: Reconstructed stop mass in the b-tagged channel (left).The stop signal contribution shown corresponds
to a point in the SUSY parameer space excluded at 95%C.L. Exclusion regions at 95% C.L. (right) in the mχ̃0
1

0 ±
and mt̃1 plane for different values of B(χ̃±
1 → χ̃1 l ν) and mχ̃± .
1

selected containing two high pT leptons (electron or muon) and two high pT jets. b-quark jets are
identified by the presence of a displaced secondary vertex within the jet coming from the decay
of a long-lived B-hadron. Events are categorised according to whether or not the jets are tagged
as coming from a b-quark. The dominant background is tt̄ production with other sources being
Z/γ ∗ +jets, diboson and W +jets production. W +jets production is estimated from data with
the other contributions modeled using Monte Carlo simulations. Normalisation is taken from
the worlds average measurement for tt̄, from theory for diboson production and from data for
Z/γ ∗ +jets and W +jets. The search sensitivity is enhanced through a kinematic reconstruction
of each event under the stop production and decay hypothesis. The reconstructed stop mass for
the b-tagged channel is shown in the left panel of Fig.2, where good agreement is seen between
the SM processes and the data. No evidence for stop production is seen and limits are set in
0 ±
the mχ̃0 and mt̃1 plane for different values of B(χ̃±
and shown graphically
1 → χ̃1 l ν) and mχ̃±
1
1
in the right hand panel of Fig.2.
4.2

Heavy chargino

In the case where the decays: t̃ → bχ̃+ and t̃ → tχ̃0 are forbidden kinematically then the
most probable decays modes proceed either via: the two-body process t̃ → cχ̃0 , the three body
process t̃ → ν̃ 0 l+ , and the four body decay t̃ → bχ̃0 f f¯. D0 search for three body decay of
pair produced stop quarks assuming: a 100% branching fraction in the three body mode; Rparity conservation; and the sneutrino as the LSP or having an invisible decay, with the final
state signature of: bb̄e± µ∓ ν̃ ν̃¯ in 3.1fb−1 of integrated luminosity 7 . Events are selected with an
opposite sign isolated electron and muon for which the SM backgrounds are small. Dominant
backgrounds come from Z → τ τ , multijet, diboson and tt̄ production. Multijet backgrounds
are estimated from data with all others being modeled from Monte Carlo simulations. Cuts
/T reduce
/T and the angular difference between the leptons and the direction of the E
on the E
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Figure 3: (left) HT bins for ST > 220 GeV. Data are shown as points and the background predictions as
histograms. The green line shows the prediction for the hard signal benchmarkl (mt̃1 − 150 GeV, mν̃ = 50 GeV.
Limits in the mν̃ –mt̃ plane are shown on the right, the blue lines are from this analysis.

contributions from multijets and Z → τ τ backgrounds. The remaining events are collected into
/T , the electron pT
12 bins in the HT –ST plane, where ST is defined as the scalar sum of the E
and the muon pT to isolate the W W and tt̄ events into a few bins whilst maximising the signal
to background ratio in the remaining bins. The left plot of Fig.3 shows the predictions and data
for all the bins in HT in the highest ST bin - good agreement is seen between data and the SM
expectation. Limits are set in the mν̃ –mt̃ plane, assuming the central value of the theoretical
prediction of the stop production cross section. These limits are shown in Fig.3.
5

Diboson resonances: single and multileptons

There are models of beyond the standard model physics which predict the existance of resonant
states which decay into pairs of on-shell bosons such as Z ′ , W ′ , or the Randall-Sundrum graviton,
G∗ . CDF conduct a search for these particles decays into W W or W Z and one W decays into an
electron and a neutrino and the other boson decays into jets 8 . Events are selected by requiring
/T , two or three jets and large HT . The
a central isolated high pT electron candidate, large E
/T to form one of the W s. Two
W W or W Z hypothesis is first combines the electron with the E
jets are then combined to form the second boson - in the case of three jet events the pairing of
two jets is chosen that is closest to the W or the Z mass. The dominant background arises from
W +jets production with other contributions from multijets, tt̄, W W , Z+jets, single top, W Z,
W γ, γγ, and ZZ. Multijet backgrounds are estimated from data with all other backgrounds
being modeled using Monte Carlo simulations. Cuts on the transverse energies of the final
state objects are optimised depending on the hypothesised resonance (W ′ , Z ′ , G∗ ) and its mass.
No statistically signifcant excess above SM expectation is observed and limits are set on the
production cross sections at 95% C.L. The left panel of Fig. 4 shows these limits intepreted
as limit on Z ′ production in the MZ ′ –ξ plane, where ξ is the ratio of the new gauge coupling
strength to that in the SM.
D0 search in 4.1fb−1 of integrated luminosity for a charged W ′ resonance decaying into a
/T final state 9 . Events are selected by
W Z pair in the three lepton (electron or muon) + E
first requiring either two electrons or two muons with a combined invariant mass close to the
mass of the Z boson. Then the highest pT remaining lepton is assumed to have come from

W’WZ coupling strength / SSM

Excluded 95% C.L. region
Expected 95% C.L. limit

10

SSM value

1

D∅, 4.1 fb-1
200

300

400

500
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800
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W’ mass (GeV)

Figure 4: Z ′ (left) exclusion regions as function of mass and ξ. The blue line indicates ξ = (MW /MV )2 , commonly
used for mass exclusion regions.

the decay of the W boson. The largest backgrounds come from SM production of W Z and ZZ
where one of the leptons is not reconstructed in the detector and are modeled using Monte Carlo
simulations. Two further important sources of instrumental background arise from Z+jets and
Z + γ production where either jets or a photon are misidentifed as a lepton. These contributions
are estimated using data driven methods. In the absence of a significant signal limits are set
using the W Z transverse mass distribution as the observable. The 95% confidence limits of the
W ′ W Z coupling strength (normalised to that in the sequential standard model) as a function
of W ′ mass are shown in the right panel of Fig.4.
6

Conclusions

A small selection of searches for new physics in multilepton final states has been presented. This
represents a tiny part of the full new phenomena and exotic physics programmes of the CDF and
D0 experiments. While, as yet no evidence for new physics has been observed, only a fraction
of the expected final data-set has been analyzed and sensitivity is increasing. Discovery could
be around the corner.
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MULTI-LEPTON AND ISOLATED LEPTON EVENTS AT HERA
A.RAVAL
DESY, Notkestrasse 85, 22607 Hamburg, Germany
Measurements of the production of events containing isolated high energy leptons (electrons
and muons) produced in ep collisions have been performed with the H1 and ZEUS detectors
at HERA, using data collected in the period 1994 - 2007. Topologies with more than one
charged lepton or with a charged lepton in coincidence with missing transverse momentum
are analysed. The H1 and ZEUS data, corresponding to an integrated luminosity of about
0.5 fb−1 per experiment, are combined in a common phase space. The observed event yields
are compared to the predictions from the Standard Model. In general a good agreement is
found, where the expectation is dominated by photon-photon collisions for the multi-lepton
topologies and by single W production in the case of events with an isolated electron or muon
and missing transverse momentum. Events with large transverse momentum are observed.
Total and differential cross sections of these processes are measured.

1

Introduction

The electron-proton collisions at HERA provide a unique opportunity to look for physics beyond
the Standard Model. Events with one or more isolated leptons in the final state, as well as in
combination with missing transverse momentum, may be a signature for rare processes. Good
lepton identification and hadronic final-state reconstruction of the H1 and ZEUS experiments
means that such topologies provide a clean signal. The Standard Model (SM) expectation for
such events at HERA is low so the analysis benefits from the combination of the H1 and ZEUS
data, comprising of a total integrated luminosity of about 1 fb−1 .
2

Multi-Lepton Events

The production of multi-lepton final states in ep collisions proceeds in the SM mainly via photonphoton interactions. Measurements of multi-lepton production at HERA have been performed
by the H1 [1] and ZEUS [2] collaborations. A combined analysis of the H1 and ZEUS data is
performed in a common phase space, using the full data samples available to both experiments
[3].
Electrons are identified in the polar-angle range 50 < θe < 1750 with Ee > 10 GeV in the
range 50 < θe < 1500 and Ee > 5 GeV in the backward region 1500 < θe < 1750 . Muon
candidates are identified in the range 200 < θµ < 1600 with Pµ > 2 GeV. All lepton candidates
are required to be isolated with respect to each other by a minimum distance of at least 0.5
units in the η - φ plane. At least two central (200 < θ < 1500 ) lepton candidates are required,
one of which must have PTl > 10 GeV and the other PTl > 5 GeV. Additional leptons identified
in the detector according to the criteria defined above may be present in the event. According

Table 1: Observed and predicted multi-lepton event yields for ΣPT > 100 GeV in 0.94 f b−1 of HERA data.
Di-lepton and tri-lepton events are combined. The uncertainties on the predictions include model uncertainties
and experimental systematic uncertainties added in quadrature.

Data Sample
(0.56 f b−1 )
−
e p (0.38 f b−1 )
All (0.94 f b−1 )
e+ p

Data
7
0
7

SM
1.94 ± 0.17
1.19 ± 0.12
3.13 ± 0.26

Lepton Pair Production
1.52 ± 0.14
0.90 ± 0.10
2.42 ± 0.21

Background
0.42 ± 0.07
0.29 ± 0.05
0.71 ± 0.10

-1

H1+ZEUS (0.94 fb )
SM Pair Prod.

10-1

ep → e !+ !− X
PT!1 > 10 GeV, PT!2 > 5 GeV
20◦ < θ!1 ,!2 < 150◦
!1 ,!2
Dη−φ
> 0.5

10-2

10

y < 0.82, Q2 < 1 GeV2

-3

10-410

15

20

25

30

35

40

45

50

PT!1 [GeV]

dm/dM!! [pb/GeV]

dm/dP!T1 [pb/GeV]

Multi-Leptons at HERA
10-1

-1

H1+ZEUS (0.94 fb )
SM Pair Prod.

10-2

10

-3

10-4

20

30

40

50

60

70

80

90 100

M!! [GeV]

Figure 1: The cross section for lepton-pair photoproduction in a restricted phase space as a function of the leading
lepton transverse momentum PTl1 (a) and the invariant mass of the lepton pair Mll (b). The total error bars are
shown, representing the statistical and systematic uncertainties added in quadrature. The bands represent the
uncertainty in the SM prediction.

to the number and the flavor of the lepton candidates, the events are classified into mutually
exclusive topologies. A full description of the common phase space event selection is presented
in [3].
A good overall agreement is observed with the SM in all event topologies, where the SM
prediction in the eµµ, µµ and eµ topologies is dominated by muon pair production while the
eee and ee topologies contain mainly events from electron pair production. For events where
ΣPTl > 100 GeV , seven events are observed in the data, compared to 3.13 ± 0.26 expected
from the SM, as shown in Table 1. All seven events were recorded in the e+ p data, for which
the SM expectation is 1.94 ± 0.17. The lepton-pair production cross section is measured in a
phase space dominated by gamma-gamma interactions as 0.66 ± 0.03(stat.) ± 0.03(sys.) pb, in
agreement with the SM prediction of 0.69 ± 0.02 pb. The cross section is also measured as a
function of PTl1 and the invariant mass of the lepton pair Mll , as shown in Figure 1.
3

Events With Isolated Leptons and Missing Transverse Momentum

In the SM, events containing a high-PT isolated electron or muon and large missing transverse
momentum, PTmiss , arise in ep collisions from the production of single W bosons with subsequent
decay to leptons. Events of this topology have been observed at HERA [4, 5]. A combined
analysis of the H1 and ZEUS data has recently been performed in a common phase space, which
makes use of the full data samples available to both experiments [6]. The event selection is
based on those used by H1 [4] and ZEUS [5]. Isolated lepton candidates are required to have

Table 2: Observed and predicted number of events with an isolated electron or muon and missing transverse
momentum in 0.98 f b−1 of HERA data. The results are shown for the full selected sample and for the subsample
at large hadronic transverse momentum PTX > 25 GeV. The quoted errors contain statistical and systematic
uncertainties added in quadrature.

Channel
Electron
PTX
Muon
PTX
Combined
PTX

Total
> 25 GeV
Total
> 25 GeV
Total
> 25 GeV

Data
61
16
20
13
81
29

SM
69.2 ± 8.2
13.0 ± 1.7
18.6 ± 2.7
11.0 ± 1.6
87.8 ± 11.0
24.0 ± 3.2

Signal (W)
48.3 ± 7.4
10.0 ± 1.6
16.4 ± 2.6
9.8 ± 1.6
64.7 ± 9.9
19.7 ± 3.1

Background
20.9 ± 3.2
3.1 ± 0.7
2.2 ± 0.5
1.2 ± 0.3
23.1 ± 3.3
4.3 ± 0.8
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Figure 2: Left: The lepton-neutrino transverse mass Mlν of events with an isolated electron or muon and missing
transverse momentum. The data (points) are compared to the SM expectation (open histogram). The signal
component of the SM expectation, dominated by single W production, is shown as the striped histogram. The
total uncertainty on the SM expectation is shown as the shaded band. Right: The single W production cross
section as a function of the hadronic transverse momentum, PTX . The inner error bar represents the statistical
error and the outer error bar indicates the statistical and systematic uncertainties added in quadrature. The
shaded band represents the uncertainty on the SM prediction.

PTl > 10 GeV, to be in the central region of the detector 150 < θl < 1200 and to be isolated from
tracks and identified jets in the event. The event must also exhibit significant missing transverse
momentum, PTmiss > 12 GeV. Further topological and kinematic cuts are then applied to reject
the remaining SM background. A full description of the common phase space event selection is
presented in [6]. The results of the analysis are shown in Table 2. In general, a good agreement
is observed between the data and the SM predictions, where the signal component, dominated
by single W production, forms the main part of the expectation. The lepton-neutrino transverse
mass distribution is shown in Figure 2 (left). For PTX > 25 GeV, 29 events are observed in the
data, compared to a SM prediction of 24.0 ± 3.2 for the complete HERA e± p data. In the e+ p
data alone, where a small excess of data is seen in H1 analysis [4], 23 events are observed in the
data, compared to a SM prediction of 14.0 ± 1.9. The single W cross section is measured as
1.06 ± 0.16(stat.) ± 0.07(sys.) pb, in agreement with the SM prediction of 1.26 ± 0.19 pb. The
cross section is also measured as a function of PTX , as shown in Figure 2 (right).

4

Summary

Analyses of events with multi-leptons and isolated leptons with PTmiss have been recently published individually by H1 and ZEUS. Combined H1 and ZEUS analyses have also been performed
recently in a common phase space to take advantage of the complete HERA high-energy data.
In general a good agreement is observed with the SM predictions. A few events are observed
in the e+ p data at high PT and high mass, a region where the SM expectation is low. But
this is driven by H1. The collaborations interpret this as a fluctuation. The cross sections of
multi-lepton and single W production are measured with a greater statistical precision. This is
the last word on the topic from HERA.
5
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Electroweak Measurements at High Q 2 at HERA.

S.Shushkevich
on behalf of the H1 and ZEUS Collaborations
Max-Planck-Institut für Physik,
Föhringer Ring 6, München, Deutschland
Over 15 years of data taking at the HERA ep collider the H1 and ZEUS experiments collected
together about 1 fb−1 of neutral and charge current deep inelastic scattering data at an ep
center-of-mass energy of 320 GeV. This allowed to determine the parton distribution functions in the proton and study electroweak effects using data at high four momentum transfer
squared, Q2 , where the W ± and Z 0 boson exchange contributes significantly to the cross
section.

1

Introduction.

At HERA 27.6 GeV leptons (electrons and positrons) were collided with the 920 GeV protons
(820 GeV till 1997), leading to an ep center-of-mass energy of 320 GeV. Therefore the HERA
facility with the two collider experiments H1 and ZEUS offers the unique possibility to probe
the structure of the proton down to distances of about 10 −18 m.
The dominant contribution to the neutral current (NC) deep-inelastic ep scattering (DIS)
at low four-momentum transfer squared, Q 2 , is due to photon exchange between the incoming
lepton and a quark in the proton. At high Q 2 the contributions to the NC and charged current
(CC) processes due to the exchange of a massive vector boson, Z 0 and W ± become important,
allowing the investigation of electroweak (EW) effects in lepton-proton reactions.
Over 15 years of data taking from 1992 to 2007, the H1 and ZEUS experiments collected
together a total integrated luminosity of about 1 fb −1 . The NC and CC cross sections measured
by H1 and ZEUS using data collected from 1992 to 2000 (HERA-I) 1, 2, 3 have been combined
into one averaged data set and analyzed in terms of QCD, providing a set of parton distribution
functions (PDF) in the proton, HERAPDF 1.0 4 .
During the second phase of the HERA program (2003-2007) the amount of the collected
luminosity was increased by a factor of 2 for e + p and by a factor of 9 for e− p. In addition spin
rotators installed in the beam pipe provided the longitudinal polarization of the lepton beam in
the H1 and ZEUS ep interaction regions.
This paper concentrates on the investigation of EW effects in NC 7, 8 and CC 9, 10 reactions
using data with longitudinally polarized lepton beam from HERA-II and combined unpolarized
data from HERA-I and HERA-II.

2

The Neutral Current Cross Section.

The Born cross section 5, 6 of the NC DIS reaction e± p → e± X can be written as
±
d2 σN
2πα2 Y+
C
=
dxdQ2
xQ4

Y−
y2
F̃2 ∓
F̃L
xF̃3 −
Y+
y+

!

≡

2πα2 Y+ ±
· σ̃N C (x, Q2 )
xQ4

(1)

where α is the fine structure constant and the functions Y ± = 1 ± (1 − y)2 describe the helicity
dependence of the electroweak interactions. The ”±” sign corresponds to the e ± p scattering.
±
Eq. 1 defines the reduced NC cross section σ̃ N
C which is a combination of the structure functions
F̃2 , xF̃3 and F̃L .
The generalized proton structure functions F̃2,3 may be written as a linear combination of
γZ
Z containing information on the parton dynamics as well
the structure functions F2 , F2,3
, and F2,3
as on the EW couplings of the quarks to the neutral vector bosons.
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The function F2 is associated with the pure photon exchange, F 2,3
correspond to γZ 0 interference
Z correspond to the the pure Z 0 exchange. In addition the longitudinal structure function
and F2,3
F̃L may be similarly decomposed, however this contribution is important only at high y and is
M2
M2
expected to be negligible at large x and Q 2 . In Eq. 2, 3 κ−1 = 4 MW2 (1 − MW2 ) in the on-mass
Z
Z
shell scheme, MW and MZ are the weak vector boson masses. The longitudinal polarization is
defined as Pe = (NR − NL )/(NR + NL ), where NR (NL ) is the number of right (left) handed
leptons in the beam.
In the quark parton model (QPM), the hadronic structure functions are related to linear
combinations of sums and differences of the quark and anti-quark momentum distributions
xq(x, Q2 ) and xq̄(x, Q2 )

h

i

F2 , F2γZ , F2Z = x

Xh
q

i

h

i

e2q , 2eq vq , vq2 + a2q (q + q̄), xF3γZ , xF3Z = 2x

X

[eq aq , vq aq ] (q − q̄) (4)

q

where vq and aq are the vector and axial-vector couplings of the light quarks and e q is the charge
of the quark of flavor q.
Longitudinally polarized lepton beams allow to measure polarization effects related to the
chiral structure of the neutral electroweak exchange. The polarization asymmetry, A, defined as
A(e± p) ≡

±
±
σN
2
1 + dv /uv
F2γZ
C (PR ) − σN C (PL )
≈ ±κ
.
≈
∓κa
e
±
±
PR − P L σN
F
4 + dv /uv
(P
)
+
σ
(P
)
2
R
L
C
NC

(5)

is to a very good approximation proportional to the structure functions ratio (F 2γZ /F2 ). At
large x the asymmetry is related to d/u ratio of the valence quark distribution.
The polarization asymmetry is determined using the polarized cross sections measured at
HERA-II. The H1 results are shown in Fig. 1 in comparison with the Standard Model (SM)
expectation based on the H1 PDF 2009 fit. The measured asymmetry is about zero at low Q 2
and significantly above (below) zero for e + p (e− p) as expected in SM.
The polarized e+ p(e− p) data sets from HERA-II were merged to obtain the unpolarized
cross sections for the e+ p(e− p) processes after a small correction for a residual polarization.

A

H1 Preliminary

1
+

A ep
H1PDF 2009

0.5
0

-

-1

HERA II

A ep
H1PDF 2009

-0.5

103

104

Q2 [GeV2]

Figure 1: The Q2 dependence of the polarization asymmetry for e± p interactions as measured in the H1 experiment
in comparison with the SM prediction based on H1 PDF 2009 fit.

The unpolarized cross sections from HERA-II were combined then with the HERA-I results to
improve the precision of the measurement. The e ± p cross sections measured by ZEUS are shown
in Fig. 2a for Q2 > 3000 GeV 2 . At relatively small values of the Q 2 the e− p cross section is
found to be in agreement with the e+ p measurements as is expected for a solely electromagnetic
interaction. At larger values of Q2 , however, the e− p data lie at low x generally above the e + p
results. This is due to a positive (negative) contribution from xF 3 to the e− p (e+ p) cross section
as given in Eq. 1.
The structure function xF̃3 can be obtained using the equation
xF̃3 =

i
ae κQ2
Y+ h −
σ̃ (x, Q2 ) − σ̃ + (x, Q2 ) ≈ xF3γZ 2
2Y−
(Q + MZ2 )

(6)

From Eq. 3 one can see that the dominant contribution to x F̃3 arises from the γZ interference
term, since the pure Z exchange term is suppressed by κ[Q 2 /(Q2 + MZ2 )]2 and, in the case of
unpolarized scattering, by the small vector coupling v e .
Since the dependence of the non-singlet structure function xF 3γZ on Q2 is weak, the data
obtained at different Q2 are transformed to one Q2 value at 1500 GeV2 for H1 experiment and
then averaged. This averaging allows to improve the statistical precision of the measurement.
The averaged xF3γZ is shown in Fig. 2b. It is directly sensitive to the valence quark distributions.
The SM prediction using H1 PDF 2009 and HERAPDF 1.0 is also shown and found to be in a
good agreement in both shape and magnitude with the data.
3

The Charged Current Cross Section.

Similarly to the NC cross section, the electroweak Born level CC cross section 6 for the collision
of polarized leptons with unpolarized protons can be expressed as
"

±
2
d2 σCC
G2F
MW
=
(1−P
)
e
2
dxdQ2
4πx MW + Q2

#2



Y+ W̃2±

−

Y∓ xW̃3±

−y

2

W̃L±



"

2
MW
G2
≡ F
2
2πx Q2 + MW

#2

σ̃CC (e± p)

(7)
GF is the Fermi constant, W̃2± , xW̃3± and W̃L± are CC structure functions for e± p scattering
and σ̃CC (e± p) is the reduced cross section.
In the QPM, where WL± ≡ 0, the reduced cross section for the e ± p CC process may be expressed as the sum and difference of the quark and anti-quark momentum distributions, xq(x, Q 2 )
and xq̄(x, Q2 ):
σ̃CC (e− p) = (xu + xc) + (1 − y)2 (xd¯ + xs̄)

(8)
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Figure 2: (a) The unpolarized e± p NC cross section measurements by ZEUS for Q2 above 3000 GeV2 compared
with the Standard Model expectation from ZEUS-JETS. (b) The structure function xF3γZ extracted from all
HERA data by H1 experiment shown together with the theory prediction based on H1 PDF 2009 (solid curve)
and HERAPDF 1.0 (shaded band).

σ̃CC (e+ p) = (xū + xc̄) + (1 − y)2 (xd + xs)

(9)

tot , was measured by H1 and ZEUS as an integrated cross
The total CC cross section, σCC
2
section in the kinematic region Q > 400 GeV2 and y < 0.9 using polarized data from HERAII and unpolarized data from HERA-I. The results are shown in Fig. 3a compared to the SM
expectation using HERAPDF 1.0. The data exhibit a clear linear polarization dependence of
the cross section consistent with the absence of the right handed charged currents, such that the
extrapolated cross section is zero for a fully right handed electron beam, P e = 1, or a fully left
handed positron beam.
To obtain unpolarized cross section measurements, the left and right handed e ± p samples
were combined into unpolarized data sets, correcting for small residual polarization. The resulting e± p cross sections for the H1 experiment were combined with the HERA-I measurement.
The single differential unpolarized cross section for CC together with the single differential
NC cross section is shown in Fig 3b. The measurements are compared with the theoretical
expectation from HERAPDF 1.0. At low Q 2 the NC cross section is larger than the CC cross
section by two orders of magnitude. Approaching the mass of the Z and W bosons, the NC and
CC processes cross sections become of the same magnitude demonstrating an unification of the
electroweak interactions.

4

The Electroweak Fit.

The NC and CC double differential cross sections measurements allow the determination of the
parton densities together with the electroweak parameters. According to Eq. 3 the NC cross
section at high Q2 depends on the weak vector vq and axial-vector aq couplings of up- and
down-type quarks (q = u, d) to the Z boson via structure functions. The longitudinal polarized
electron beam at HERA-II provides additional sensitivity on the quark couplings (see Eq. 2,
Eq. 3).
The results of the EW fits11, 12 to the quark couplings from the H1 and ZEUS experiments
are shown in Fig. 4a for the u quark and Fig. 4b for the d quark and compared with similar
results obtained by the CDF experiment 13 and combined LEP experiments 14 . The HERA
determination has smaller uncertainties than the CDF result in particular for the u quark.
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Figure 3: (a) The dependence of the e± p CC cross section on the lepton beam polarization Pe in comparison
with the SM prediction based on the HERAPDF 1.0 parametrisation. (b) The Q2 dependence of the unpolarized
e± p NC and CC cross sections dσ/dQ2 compared with the SM expectation from the HERAPDF 1.0 fit.

These determinations are sensitive to the u and d quarks separately, contrary to the other
measurements from the light quark-Z couplings in νN scattering and atomic parity violation
on heavy nuclei. They resolve the sign ambiguity in the determinations of v q and aq based on
observables measured at the Z resonance 14 .
5

Summary.

Measurements of the polarized NC and CC e ± p cross sections using the HERA-II were presented.
For the NC process the polarization asymmetry was measured. Unpolarized cross sections were
obtained and combined with the HERA-I results. This allowed the precise determination of the
xF3γZ structure function. Both the polarization asymmetry and the xF 3γZ structure function
measured are found to be in a good agreement with the theoretical predictions.
For the CC process the total polarized cross sections were measured and combined with the
unpolarized measurements from HERA-I. The results verify the left handed structure of the
weak interactions.
The EW fit to the HERA-I and HERA-II data is used to determine the couplings of up- and
down-quarks to the Z 0 boson. The results are in a good agreement with the Standard Model
predictions.
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EWSB FROM A BULK HIGGS
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We propose a model with a warped extra dimension where the brane distance is stabilized
by a Golberger-Wise mechanism with an exponential potential. The brane distance depends
exponentially on the fixed values of the scalar field at the branes and it is thus naturally
stabilized. The potential generates a naked curvature singularity outside the brane interval.
The vicinity of the singularity can lead to a reduction of the number of degrees of freedom
at the infrared brane in the holographic theory which can in turn reduce the contribution of
KK modes to the precision electroweak observables. We have quantified this phenomenon and
shown it leads to lower bounds on the KK masses as low as O(1) TeV in the presence of a
bulk custodial symmetry.

1

Introduction

Warped extra dimensions are useful to solve long-standing problems: hierarchy, flavor,... In
particular for a five-dimensional (5D) model the metric does not factorizes but it can be written
in proper and conformally flat coordinates as
ds2 = e−2A(y) ηµν dxµ dxν + dy 2 = e−2A(z) (ηµν dxµ dxν + dz 2 )

(1)

and A(y) = ky is the AdS solution 1 , where k is the AdS curvature, for which the model is conformal invariant. Furthermore the AdS/CFT correspondence 2 can deal with non-perturbative
theories, as technicolor, QCD,... On top of the ultra-violet (UV) brane at y = 0 which provides
the UV cutoff of the theory, conformal invariance is normally broken by an infra-red (IR) brane
at y = y1 as in the model of Ref. 1 (hereafter referred to as RS1). The brane distance can
be stabilized by the Goldberger-Wise (GW) mechanism 3 which requires the introduction of a
scalar propagating in the bulk with a quadratic potential in the bulk and backreacting on the
gravitational metric but without generating any singularity.
Another possibility constitute the so-called soft-wall models. The scalar in the bulk with an
exponential potential does generate a singularity at a finite distance and the extra dimension is
non-compact but of finite length:
Z

e

−A(z)

dz ≡ ys =

Z

ys

dy < ∞

(2)

0

while the metric is AdS near the UV brane. This implies that there is a naked curvature
singularity at y = ys where A(ys ) → ∞. Soft-walls have been proposed 4 : for AdS/QCD models,
to describe unparticles as fields propagating in the bulk and as alternatives to RS1 for solving
the EW hierarchy.

2

The model

We will use the superpotential method 5 to solve the gravitational equations of motion (EOM). It
it based upon introducing a superpotential W (φ) such that solving the second order gravitational
EOM is equivalent to solving the set of first order equations
A′ (y) = W (φ),

φ′ (y) = ∂W/∂φ

V (φ) = 3(∂W/∂φ)2 − 12W 2

(3)

where V (φ) is the bulk potential and the brane potentials λα (φ) satisfy the boundary conditions
ǫα λα (φ(yα )) = 6W (φ(yα )),

ǫα ∂φ λα (φ(yα )) = 6∂φ W (φ(yα ))

(4)

where ǫα = ±1, depending on the Z2 boundary conditions.
The model is defined by 6
W (φ) = k(1 + eν φ )


ky
1
A(y) = ky − 2 log 1 −
ν
kys
1
φ(y) = − log[ν 2 (kys − ky)]
ν

(5)

We will consider the case where the soft-wall singularity is ”hidden” by a brane at y1 < ys .
It may be considered as the case of a RS1 setup stabilized by the previous (super)potential at
two branes located at y = 0 and y = y1 where brane dynamics fixes the values of the field φ:
λ0 (φ) ⇒ φ = φ0 @ U V rane band λ1 (φ) ⇒ φ = φ1 @ IR brane.
The interbrane distance y1 as well as the location of the singularity at ys and the warp factor
A(y1 ) are related to the values of the field φ at the branes by the following expressions:
i
1 h −νφ0
−νφ1
e
−
e
,
ν2
1
A(y1 ) = ky1 + (φ1 − φ0 )
ν

ky1 =

kys =

1 −νφ0
e
ν2
(6)

which shows that the required large hierarchy can be naturally fixed with
|νφ0 | ≃ a f ew,

νφ1 ≥ 1

(7)

Moreover the soft-wall is the limit φ1 → ∞, y1 → ys [e.g. with a runaway potential V1 ∼ e−νφ ].
3

The Higgs background

We will consider a 5D bulk Higgs as
1
H(x, y) = √ eig5 ~σχ~ (x,y)
2

0
h(y) + ξ(x, y))

!

(8)

and will assume that the dynamics of φ fixes y1 so that the Higgs background does not perturb
the radion fixing. We will then neglect the back-reaction of the Higgs background.
We will consider the potentials in the bulk and branes for the Higgs a
V (H) =

h

λ0 (H) = M0 |H|2
λ1 (H) = M1 |H|2 + γ1 |H|4
a

i

a(a − 4) − 4aeνφ k2 |H|2

For a different (non-tuned) class of bulk potentials see 7 .

(9)

The EOM for the Higgs background yield
h(y) =

(

v1 ek(4−a)(y−y1 ) , a < 2
v1 ea(y−y1 ) ,
a>2

(10)

(4 − a) = γv12 + M1 , a < 2
a>2
ak = γv12 + M1 ,

(11)

while the boundary conditions yield
BC ⇒

(

The value of v1 should be naturally of order k (to avoid a fine-tuning) and red-shifted to
the TeV by the warp factor. If v1 ∼ k is consistent with EWSB then the Higgs hierarchy is
solved. Finally we will assume ys − y1 ∼ 1/k and consider the case a ≥ 2 (sort of dual to walking
technicolor in the RS1 case)
4

Electroweak symmetry breaking

We will illustrate the mechanism with an abelian example. The action is invariant under 5D
gauge transformations α(x, y) = α(x)f (y) and we will take the 5D gauge condition
∂ µ Aµ − MA2 χ + (e−2A A5 )′ = 0,

MA (y) = g5 h(y)e−A(y)

(12)

The relevant degrees of freedom are the 5D gauge bosons Aµ (x, y), the Goldstone boson and the
pseudoscalar defined as


G(x, y) = MA2 χ − e−2A A5

′

,

K(x, y) = χ′ − A5

(13)

The 4D theory is invariant under the α(x) gauge transformations and contains: as degrees of
freedom
Aµ (x, y) =
G(x, y) =
K(x, y) =

aµ (x) · f (y)
√
ys
mf G(x) · f (y)
√
ys
K(x) · η(y)
√
ys

(14)

with profiles
m2f f + (e−2A f ′ )′ − MA2 f




m2η η + m−2
e−2A MA2 η
A

 ′ ′

= 0,

− MA2 η = 0,

N eumann
Dirichlet

(15)

We can find an approximation for the light gauge boson mode in the limit where the breaking
is small and thus there is a light mode with almost constant profile
fA (y) = 1 − δA + δfA (y)
δfA (y) =
δA =

Z

y

′ 2A(y ′ )

dy e

y′

0

0

1
y1

Z

Z

0

y1

dy δfA (y)

h

dy ′′ MA2 (y ′′ ) − m2f 0

A

i

(16)

The light mode mass is then

1 y1 2
=
MA (y)dy
(17)
y1 0
For the case of the Standard Model SU (2)L × U (1)Y of electroweak interactions the generalization of the previous formalism is straightforward and the 5D, y-dependent gauge boson
masses are
g5
1
MW (y) = h(y)e−A(y) ,
MZ (y) =
MW (y) ,
mγ (y) ≡ 0 .
(18)
2
cw
Z

m2f 0
A

5

Electroweak constraints

In our 5D model (for fixed values of the parameters ν, y1 , . . .) we have the free parameters
(g5 , g5′ , v1 , a) which fix the physical spectrum of light mode masses. Once we have fixed the
condition
m fZ = m Z
(19)
then v1 is fixed. For A(y1 ) = 35, the values predicted for v1 using the condition (17) are plotted
in Fig. 1.
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Figure 1: Left: value of v1 as a function of a fpr ν = 1.5. Right: value of v1 as a function of ν for a = 2.

We can see from Fig. 1 that v1 is of order the Planck scale for the considered range 2 < a < 3
and for ν > 0.7 and thus the hierarchy requirement is satisfied.
We will be assuming here (not necessarily an assumption) that fermions are localized on the
UV brane in which case
gV = gVSM fV (0) ≡ gV [1 − δV (a, mKK )]

(20)

The latter changes the definition of the Fermi constant measured in the µ-decay and the Z
widths which constrain the electroweak precision test EWPT parameters 8 : S, T and U .
Assuming the Standard Model SU (2)L × U (1)Y gauge fields propagating in the bulk they
can be given the general expressions 7 :
ky1
m2Z
y 2 2A
Ω(y)
−
ky
e
1
k2
y1
0


Z ky1 
2
y
y
2 mZ
αS = sW 2 ky1
Ω(y) −
e2A
1−
k
y1
y1
0
αU = O(δZ2 ) ≃ 0

αT

= s2W

Z





(21)
(22)
(23)

where
Ω(y) =

U (y)
,
U (y1 )

U ′ (y) = h2 (y)e−2A(y) /v02

(24)

In the case of the Higgs profile given by Eq. (10) it is given for y1 ≃ ys by
Ω(y) ≃

Γ[1 +

2
, 2(a
ν2

− 1)(ys − y)]
Γ(1 + ν22 )

(25)

The SM fit on the (S, T ) plane, assuming U = 0, for a reference Higgs mass mref
H = 117
GeV, provides 9
T

=

0.02 ± 0.09

S = −0.04 ± 0.09

(26)

There is here a problem with the large and positive contribution (21) from the KK-modes which
is enhanced by the large volume and put a lower bound on the mass of KK modes ∼ 10 TeV.
This problem can be alleviated a bit by considering a heavy Higgs boson which contributes to
the S and T parameters as 10
∆T = −

3
mH
log ref ,
2
8πcW
mH

∆S =

mH
1
log ref
6π
mH

(27)
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For instance for mH = 500 GeV the extra contribution is ∆T = −0.19 and ∆S = 0.06.
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Figure 2: Left: NIR /NU V as a function of ν for k(ys − y1 ) = 1 and A(y1 ) = 35. Right: NIR /NU V as a function
of k(ys − y1 ) for ν = 1 and A(y1 ) = 35.

Another possibility is to introduce a custodial symmetry in the theory 11 . In this case the gauge
symmetry in the bulk is enlarged to SU (2)L × SU (2)R × U (1)X . The symmetry is broken to
SU (2)L × U (1)Y by the boundary conditions at the UV brane while it is unbroken at the IR
brane. In this case there is an additional contribution to the T parameter by which it becomes
volume suppressed (subleading) instead of enhanced and the relevant parameter to be considered
is the S parameter, which has the same general expression as in Eq. (22).
We expect that the bounds on KK masses will go down with ν as the number of degrees
of freedom of the holographic theory at the IR brane NIR also go down as a consequence of
the corresponding departure from AdS behaviour. Notice that ν → ∞ corresponds to RS1.

A similar behavior is expected as a function of k(ys − y1 ). In both cases the influence of the
soft-wall singularity becomes stronger at the IR brane. This behavior is made explicit in the
plots of Fig. 2 where we can see that the number of degrees of freedom becomes one order of
magnitude smaller than for the RS1 case for k(ys − y1 ) ≃ 1 and/or ν ≤ 1.
Our numerical results for KK modes are summarized in the following figure
a = 2, k(ys − y1 ) = 1, A(y1 ) = 35
5
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where we plot, for the set of values of the parameters there indicated, the lower bounds on KK
mode masses consistent with electroweak observables for models with custodial symmetry and
the Higgs profile given by Eq. (10). We can see that for values of ν < 1 one can go to masses
for the KK gauge bosons ∼ 1 TeV.
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HIGGS TO FOUR TAUS AT ALEPH
KYLE CRANMER
on behalf of the ALEPH Collaboration
Department of Physics, New York University, 4 Washington Place,
New York, NY, USA
A search has been performed on 683 pb−1 of data collected by the ALEPH detector at the
Large Electron-Positron (LEP), collider at centre-of-mass energies from 183 to 209 GeV looking for a Higgs boson decaying into four τ leptons via intermediate pseudoscalar a particles,
for a Higgs mass range of 70 to 114 GeV/c2 and an a mass range of 4 to 12 GeV/c2 . No excess
+ −
→Z+h)
× (h → aa) × (a →
above background is seen and a limit is placed on ξ 2 = σ σ(e(ee+ e−
→Z+h)
SM

τ + τ − )2 in the mh , ma plane. For mh < 107 GeV/c2 and ma < 10 GeV/c2 , ξ 2 > 1 can be
excluded at the 95% confidence level.

1

Introduction

Direct searches at LEP2 for the standard model (SM) Higgs boson, h, decaying into bb̄ or τ + τ −
placed a lower bound of 114 GeV/c2 on the Higgs mass 1 . However, fits of the SM to electroweak
precision data suggest a Higgs with a mass within the kinematic limit of LEP. Additionally, a
small, non-SM-like excess observed at a Higgs mass of around 100 GeV/c2 in the bb̄ final state
at LEP and the fine-tuning needed in the minimal supersymmetric standard model (MSSM)
have led to the consideration of models, such as the next-to-minimal supersymmetric standard
model (NMSSM) 2,3 , that feature exotic Higgs boson decays and naturally light pseudoscalar
particles, a. In these models, new decay channels, such as h → aa, can dominate over h → bb̄,
thus evading existing searches. In particular, if ma < 2mb the 4b final state is not accessible
and decays to 4τ are expected to dominate. While h → 2a → 4b is already highly constrained
by existing analyses 4 , the decay h → 2a → 4τ has not been explicitly considered for a Higgs
mass in the range of 86 to 114 GeV/c2 . To investigate this range, the ALEPH data has been
revisited. The present analysis is described in detail in Ref. 5 .
2

The ALEPH Detector

A detailed description of the ALEPH detector can be found in Ref. 6 and of its performance in
Ref. 7 . High momentum resolution is achieved via a large tracking volume immersed in a 1.5
T magnetic field. An energy-flow reconstruction algorithm measures total visible energy in the
event by combining measurements from the tracking sub-detectors and the electromagnetic and
hadronic calorimeters, and provides a list of reconstructed objects (energy-flow objects) which
are classified as charged particles (which correspond to charged particle tracks, here called

tracks), photons, and neutral hadrons. These energy-flow objects are the basic entities used in
the present analysis.
During LEP2 the machine operated at centre-of-mass energies from 183 to 209 GeV and
collected data corresponding to a total integrated luminosity of 683 pb−1 .
3

Signal and Background Samples

We revived all steps of the ALEPH analysis framework, including the ability to generate simulated samples of standard model background and data. We produced 3000 simulated signal
events (with h → aa followed by a → τ + τ − ) for each of the three Z decay channels considered
and for each combination of Higgs boson and pseudoscalar masses in the ranges 70 < mh <
114 GeV/c2 and 4 < ma < 12 GeV/c2 in steps of 2 GeV/c2 . For the relevant background processes, our samples were either 10-30 or 300-1000 times larger than the data, depending upon
the process.
4

Event Selection

For the mass range considered, the Higgs is produced approximately at rest, and thus the decay
h → 2a → 4τ results in a pair of taus recoiling against another pair of taus. For the a mass
range considered, the decay products of each 2τ system will be observed as a highly-collimated
jet of charged particles. Due to this high level of collimation, individual identification of taus,
via standard algorithms, would fail. Instead, we used the fact that each tau decays into either
one charged particle or three charged particles, and we would thus expect each a jet to contain
two, four or six tracks. We used the JADE algorithm to form jets with a ycut chosen to merge
proto-jets up to a mass of mjet = 15 GeV/c2 .
We considered three possible decays of the Z boson, namely Z → e+ e− , Z → µ+ µ− , and Z
→ ν ν̄, and formulated a set of loose selection criteria (convenient to allow comparison of data
and simulation at an intermediate stage without compromising the blind nature of the analysis)
and final selection criteria for each of the two Z decay classes considered: Z → l+ l− (where l = e
or µ) and Z → ν ν̄.
4.1

Z → l+ l−

For the Z → l+ l− channel, four-fermion background processes are prominent. We used ALEPH
lepton identification algorithms to mask the two most energetic leptons in the event from the
list of objects clustered by the JADE jet-finding algorithm. The loose selection consisted of
the following requirements: Two oppositely-charged, isolated leptons; two jets, well-contained
within the tracking volume (| cos θj | < 0.9 ); and the jets and leptons sufficiently isolated from
min | < 0.95). The final selection consisted of the following requirements: The
each other (| cos θjl
invariant mass of the lepton pair near the Z mass (80 < ml+ l− (γ) < 120 GeV/c2 , where γ
indicates an isolated photon that may have been radiated from one of the leptons and which is
added to the di-lepton system if doing so corresponds to an invariant mass closer to the Z mass
/ > 20 GeV);
than the di-lepton pair alone); missing energy due to neutrinos from tau decays (E
jets sufficiently separated (| cos θjj | < 0); and a signal-like track multiplicity, i.e., each jet must
contain either two or four tracks.
4.2

Z → ν ν̄

The Z → ν ν̄ channel represents a larger branching ratio of the Z than the lepton channel,
and thus drives the analysis. A major background contribution arises from γγ events. The
loose selection consisted of the following requirements: Modest missing energy and missing mass

/ > 30 GeV and m
(E
/ > 20 GeV/c2 ); exactly two jets, well-contained in the tracking volume,
with a modest invariant mass cut on the dijet system (| cos θj | < 0.85 and mjj > 10 GeV/c2 );
requirements on the angle of the missing momentum vector with the beam axis and the total
visible energy in the event, to reject substantial portions of two-photon-initiated and beam
background events (| cos θmiss | < 0.9 and Evis > 0.05 ECM ); and modest requirements on the
most energetic jet (Ej1 > 25 GeV and containing either two or four tracks). The final selection
consisted of the following requirements: Less than 5 GeV within 30◦ of the beam axis, to reject
events with energy deposits in the forward region of the detector; consistency with the Z boson
/ > 60 GeV and m
decaying to neutrinos (E
/ > 90 GeV/c2 ); small aplanarity (< 0.05), consistent
with two back-to-back, highly collimated jets; and a signal-like track multiplicity, i.e., each jet
must contain either two or four tracks.
5

Results

Based upon these selection criteria, our signal efficiency ranged from ∼25% to ∼50%, depending
on Z decay channel, Higgs mass, and a mass. We determined that, for the Z → l+ l− channel,
we should expect ∼3 signal events versus < 0.2 background events, and for the Z → ν ν̄ channel
our expectation was ∼11 signal events versus ∼6 background events.
Systematic uncertainties in our Monte Carlo simulation were estimated to be 5% for all signal
and 10% for background in the Z → l+ l− channel versus 30% for background in the Z → ν ν̄
channel. We found that the background estimate and the number of events seen in data at the
loose selection agreed within the systematic and statistical uncertainty for all Z channels.
For the Z → l+ l− channels, we observed zero events after applying all selection criteria,
while for the Z → ν ν̄ channel we observed two events. These observations are consistent with
background.
We place limits on the cross section times branching ratio of our signal process with respect to
σ(e+ e− →Z+h)
+ − 2
the SM Higgsstrahlung production cross section, ξ 2 = σSM
(e+ e− →Z+h) ×(h → aa)×(a → τ τ ) .
The limits are based upon event counts in three separate track multiplicity bins (corresponding
to events with two jets where 1) each jet contains two tracks, 2) each jet contains four tracks,
or 3) one jet contains two tracks while the other contains four tracks) times each of the three Z
decay channels considered, resulting in nine categories. The resulting joint probability density
for the event counts is then used to construct confidence intervals using a generalized version of
the Feldman-Cousins technique 8 , which incorporates systematic uncertainties in a frequentist
way 9 . Results are shown, for the 95% confidence level, as a function of mh (for ma = 10 GeV/c2 )
on the left in Fig. 1 and as contours within the mh , ma plane on the right in Fig. 1. Note that
our selection criteria do not depend on mh or ma , and thus our upper limits are fully correlated.
The observed number of events is consistent with a downward fluctuation of the background
and, as such, our limits on ξ 2 are stronger than expected.
Also shown on the left in Fig. 1 is the effect of these results upon some possible favored
scenarios in the NMSSM; see Ref. 10 , Figures 17 and 21 therein. Our limits highly constrain
scenarios with tan β ≥ 3, while scenarios with tan β ≤ 2, where there is a larger branching ratio
of the Z boson into jets, remain unconstrained.
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Conclusions

We have performed a search for a Higgs decaying into four taus via Higgstrahlung at LEP2,
for the process h → 2a → 4τ and Z → e+ e− , µ+ µ− , or ν ν̄, using ALEPH data. We observed
no excess above background, and for mh < 107 GeV/c2 and ma < 10 GeV/c2 , ξ 2 > 1 can be
σ(e+ e− →Z+h)
+ − 2
excluded at the 95% CL, where ξ 2 = σSM
(e+ e− →Z+h) × (h → aa) × (a → τ τ ) . This analysis
covers a region of parameter space previously unexplored and further constrains models that
feature light pseudoscalar Higgs particles and non-standard Higgs decays, such as the NMSSM.
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Tevatron Searches for New Physics with Photons and Jets
Benjamin. P. Brau
Department of Physics,
1126 Lederle Graduate Research Tower,
University of Massachusetts,
Amherst, MA 0100, USA
The DØ and CDF experiments have each collected more than 8 fb−1 in Run II of Fermilab’s
Tevatron, and have many recent search results which use up to 5.2 fb−1 . Here I summarize
the results of a variety of searches for physics beyond the Standard Model with an emphasis
on searches for very exotic phenomena. I will present the status of model-inspired searches
for several signatures of supersymmetry, as well as several other searches for several “hiddenvalley” inspired models, all of which contain photons and jets in the final state.

1

Introduction

Despite its enormous success at explaining the interactions of the known particles, we are certain
that the Standard Model (SM) is incomplete. We now have overwhelming evidence that the
universe contains mostly dark matter, yet the SM provides no explanation for it. Among the
models on the market, Supersymmetry (SUSY) is favored by many, in part because it naturally
has a dark matter candidate in the lightest supersymmetric particle (LSP). Recently though,
a class of models has been proposed that can generally be described as “hidden-valley” (HV)
models. These are characterized by the general feature that they propose relatively light particles
one might expect to have already discovered, but haven’t been because some mechanism prevents
them from interacting with the SM particles, except gravitationally. These models therefore also
can naturally provide a solution to the dark matter puzzle. Most collider experiments sensitive
to new higher energy scales have searched for SUSY in a variety of final states, and the Tevatron
is no exception. Hidden-valley models are relatively recent, and searches for them at colliders
are just emerging. I will discuss several searches for SUSY and HV models at the CDF and DØ
experiments at the Tevatron with 2.6-5.2 fb−1 .
2

Searches for Sbottom with b jets and E
/T

In the MSSM, if tan β is large, there is a large mass splitting in the third generation. This
leads to relatively low masses for the lightest scalar bottom quark (sbottom) state. In an Rparity conserving scenario, sbottoms are expected to be produced at the Tevatron in pairs via
gluon-gluon fusion or qqbar annihilation. The sbottom is then kinematically required to decay
into bottom and the lightest neutralino (assumed to be the LSP), leading to final states which
include two b-jets and substantial missing transverse energy (MET) from the undetected LSP.
Both Tevatron experiments have searched for bbottom in events with jets, E
/T , and b-tags.

Figure 1: The ET of the leading jet (left) and limits in the mχ0 -mb̃ neutrino and a b quark plane (right).
1

The CDF collaboration has searched in 2.65 fb−1 of Run II data1 , and measures the dominant
background in this search from light-flavor jets misidentified as b-jets with control samples in
data. Events are required to have a good primary vertex, and track activity consistent with
energy measured in the calorimeter. Events with exactly two well-measured jets with ET > 25
GeV, not pointing along either jet direction, and no isolated high-pT tracks are selected for final
analysis. The final selection criteria are optimized for two signal regions in ∆M = Mb̃1 − Mχ̃0 ,
1
the mass difference between the sbottom and the neutralino. The background predictions for
the two regions are 133.8 ± 25.2 events and 47.6 ± 8.3 events for the high and low ∆M regions
respectively. In the data, 139 events are observed in the high ∆M region and 38 in the low ∆M
region. In the absence of any excess, limits are set in the neutralino-sbottom mass plane.
DØ has performed an updated search2 , which uses 5.2 fb−1 of Run II data. This search
is also for pair production of scalar bottom quarks, and is also interpreted in the context of
scalar third-generation leptoquarks. As in the CDF analysis, scalar bottom quarks are assumed
to decay to a neutralino and a b quark. Events are selected by requiring two or three jets
with pT > 20 GeV/c, and no identified isolated electrons or muons. The E
/T is required to be
greater than 40 GeV, and not aligned with the direction of any jet. A neural network b-tagging
algorithm is employed to identify heavy-flavor jets, two of the jets are required to be consistent
with originating from a b quark. A final selection on the kinematics of the event, including the
pT of the leading jet, E
/T , and the scalar sum of the jets ET and E
/T , HT , is optimized for the
smallest expected cross section limit for each signal mass considered.
In the absence of a significant excess, this search has set 95% C.L. lower limits on their
production in the ( mb̃ , mχ0 ) mass plane, such as mb̃ > 247 GeV/c2 for a massless neutralino,
1
and mχ0 > 110 GeV/c2 for 160 < mb̃ < 200 GeV/c2 . The ET of the leading jet and limits in the
1
mχ0 − mb̃ plane are shown in Figure 1. Limits are also placed on third generation leptoquarks,
1
which are assumed to decay to a tau neutrino and a b quark. The 95% C.L. lower limit on the
mass of a charge-1/3 third-generation scalar leptoquark is 247 GeV/c2 .
3

Search for Scalar top with c jets and E
/T

CDF has also searched for direct stop quark production, where the stop decays to a charm
quark and a neutralino. In this search, the neutralino is assumed to be the LSP, and R-parity
conservation is assumed. Therefore, the stop signature is two c jets and large missing transverse
energy from the LSP escaping detection.
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Figure 2: Output discriminant from the heavy-flavor multi-jet neural network (left) and the 95% C.L. limits in
the mχ0 − mt̃ mass plane (right).
1

Events are selected by requiring at least two well-measured jets with ET > 25GeV and
E
/T > 50 GeV. A neural network is used to reject heavy flavor multi-jet events, and a second
two-dimensional neural network is employed to select charm jets. The background contribution
from heavy-flavor production and light quark jets misidentified as heavy flavor are estimated
from the data. This search is optimized for a stop mass of 125 GeV/c2 , and a neutralino mass of
70 GeV/c2 . The predicted background is 132.0 ± 24.4 events, and 115 events are observed. For
a neutralino mass of 70 GeV/c2 , and mt̃ ranging from 115 to 125 GeV/c2 , the expected signal
ranges from 82.4 to 90.2 events. No excess is observed and limits are set in the mχ0 and mt̃
1
plane, shown in Figure 2.
4

Search for Gauginos in GMSB

After the observation in Run 1 by CDF of a two electron, two photons, and E
/T candidate event,
a class of supersymmetry models with gauge-mediated SUSY breaking became of particular
theoretical interest. These models solve the “naturalness problem” and provide a low-mass dark
matter candidate. In this search, a scenario where the lightest neutralino, χ01 , decays almost
exclusively to a photon and a weakly interacting, stable gravitino is considered. The gravitino
escapes the detector without depositing any energy, and therefore can generate significant E
/T .
At the Tevatron, production of gaugino pairs would then result in two photons, E
/T , and possibly
other products of the cascade decay.
CDF has performed a search 3 for this signature with 2.6 fb−1 of Run II data. This search is
optimized for neutralino lifetimes of order a few ns or less, and utilizes a timing system allowing
the photon arrival time to be measured. A detailed model of the E
/T resolution is employed to
reject backgrounds from instrumental and non-collision sources, enhancing the sensitivity for
large χ01 masses. This model enables a per-event figure of merit to be computed, allowing events
where the E
/T is more likely to be the result of a mis-measured jet or other poorly reconstructed
object to be rejected, while retaining with high efficiency events with well-measured real E
/T .
Events are selected by requiring two photons with ET > 20 GeV. The E
/T significance of
events is required to be greater than 3, and the total sum ET of the observed jets and E
/T in
the event is required to be more than 200 GeV. Finally, the two photons are required to not
be back-to-back by requiring the angle between them to be less than π − 0.35 radians. After

Figure 3: The E
/T significance, showing the separation power for mismeasured QCD and electroweak sources of
E
/T (left), and the limits in the mχ0 and χ01 lifetime plane (right).
1

all selection, the dominant background originates from electroweak production of a Z 0 with two
photons, where the Z 0 decays to neutrinos and results in significant E
/T . The total predicted
background in this search is 1.4 ± 0.4 events, and zero are observed. Limits are set at 95% C.L.
in the mχ0 and χ01 lifetime plane, shown in Figure 3. For a short-lived neutralino with lifetime
1
less than a nanosecond, the limit is 150 GeV/c2 .
5

Search for Hidden Valley Dark Photons

Recently, a subset of HV models with SUSY have emerged which may simultaneously explain
anomalies of the observed spectra of high-energy cosmic ray positrons and electrons, and provide
a solution to the origin of Dark Matter. They propose a scenario where dark matter can
annihilate to pairs of so-called dark photons, which then would potentially themselves decay to
pairs of e+ e− or µ+ µ− through their mixing with the SM photon. At the Tevatron, gaugino
production could lead to cascade decays of charginos and neutralinos which could include decays
to both SM photons and these dark photons, whose favored mass range is on the order of 1 GeV.
The signature, then, will be a SM photon, two opposite charge leptons spatially close to each
other in the detector, and E
/T from the escaping LSP. DØ has searched for this signature with
4.1fb−1 of Run II data4 .
Events are selected by requiring a single photon and two leptons. The proximity of the
leptons to each other requires a careful treatment of the isolation requirement placed on the
leptons. The main background is QCD with photon conversions producing pairs of leptons.
After selection, the dilepton invariant mass is used as a signal discriminant, where the signal
would appear as an excess at the dark photon mass. No significant excess is observed, and
exclusion limits are set on the lightest chargino mass as a function of the dark photon mass,
shown in Figure 4.
6

Search for Hidden Valley Long-lived Particles

Another class of HV models predicts a new, confining gauge group, weakly coupled to the SM.
Stable configurations of HV hadrons, “v-hadrons” in this model, can be long-lived. In one
benchmark model, the SM Higgs boson mixes with the HV Higgs boson. In this scenario, the
SM Higgs could decay, through the mixing with the HV Higgs, to pairs of v-hadrons. The
v-hadrons then preferentially couple to the heavier SM quarks due to a helicity suppression

Figure 4: Dark Photon mass for the muon and electron channels with hypothetical signal shown in solid line(left),
and limits in the dark photon mass - chargino mass plane (right).

Figure 5: The smallest secondary vertex mass in the event (left), and limits on the SM Higgs boson production
cross section, for a v-hadron mass of 15 GeV/c2 (right).

mechanism. The resulting signature is highly-displaced secondary vertices with a large number
of tracks from the b-quark decays. This has been searched for by DØ with 3.6 fb−1 5 .
Events are selected by searching for at least two separated four-track secondary vertices,
with an impact parameter in the transverse plane, Lxy > 1.6 cm. The secondary vertex mass
and collinearity are used to select the signal region. No excess is observed in data. Assuming
the Higgs always decays to dark-sector v-hadrons, which themselves always decay to bb̄ pairs,
limits are set on SM Higgs boson production, shown in Figure 5.
7

Conclusions

The CDF and DØ experiments are searching many models and signatures for evidence of new
physics. None is observed yet, but both experiments have now recorded more that 8 fb−1 , and
should have results with this doubling of the data soon. Much of the Run II data is yet to be
analyzed, and additional data continues to increase sensitivity to new physics signals.
8
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GAUGE MEDIATION: MASS PATTERNS REVIEW
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I review basic aspects of supersymmetry breaking and of its communication to the MSSM. I
introduce minimal gauge mediation and work out the resulting superparticles mass spectrum.
General phenomenological features of gauge mediated theories are also discussed. Finally, I
describe semi-direct gauge mediation.

1

The MSSM and Supersymmetry Breaking

One of the most important candidate for physics beyond the Standard Model (SM) is by now
supersymmetry. See 1,2,3 for reviews on this subject. In the minimal supersymmetric version of
the Standard Model (MSSM) we extend the SM by adding for every ordinary particle a superpartner, with the same quantum numbers but with spin differing by 1/2. Matter is promoted
to chiral superfields, which contains a fermion (the ordinary matter) and a complex scalar (the
superpartner). The superpartners of the ordinary vector bosons are instead fermionic fields,
called gauginos. The Higgs sector is composed by two chiral superfields Hu and Hd , where the
usual Higgs is a scalar component and there are extra scalar and also extra fermionic degrees
of freedom, the higgsinos. We need two Higgs fields in order to cancel the anomalies for the
gauge groups of the SM. The MSSM is usually defined with a Z2 symmetry, called matter parity,
which forbids lepton and baryon violating terms in the potential and also renders the lightest
supersymmetric particle (LSP) stable.
Supersymmetric gauge theories, and hence also the MSSM, have special ultraviolet properties; in particular quadratic divergences are absent. This is the reason why supersymmetry
provides an elegant solution to the hierarchy problem. The MSSM (contrary to the non supersymmetric Standard Model) shows a precise unification of the coupling constants at high energy
(GUT scale ∼ 1016 GeV), addresses the hierarchy problem, and provides a candidate for dark
matter with the LSP.
1.1

Mediation of supersymmetry breaking

However, we know that supersymmetry must be broken at the TeV scale. The breaking of supersymmetry should be soft, i.e. without introducing quadratic divergences. The mass spectrum
of the theory is determinated by the mechanism of supersymmetry breaking.
A stringent constraint on the mass spectrum is given by the Supertrace theorem. It states
that the sum of the particle tree level masses weighted by the number of degrees of freedom, is

equal in the bosonic and fermionic sector
ST r(m2 ) =

X

(−1)j (2j + 1)T r(m2j ) = 0

(1)

j

where j is the spin. This theorem applies to models with tree level supersymmetry breaking and
with canonical kinetic term. The sum rule (1) implies that some masses of the superpartners is
lower than the masses of the ordinary particles. This rules out the possibility of constructing
simple models with tree level supersymmetry breaking. However, the supertrace theorem follows
from the properties of renormalizability that constraint the kinetic terms to the canonical form.
The way out of this constraint consists in assuming that the sector of supersymmetry breaking is coupled to the observable sector via non renormalizable tree level couplings. This can
be achieved by taking the supersymmetry breaking fields heavy, and then consider the effective
theory obtained integrating them out. This effective theory can have non canonical, and non
renormalizable, kinetic terms for matter and gauge fields which couple to the supersymmetry
breaking sector. This leads to soft supersymmetry breaking terms such as scalar and gaugino
masses avoiding the supertrace theorem. Therefore, the supersymmetry breaking mechanism
have to be understood studying the supersymmetry breaking effective action and its interaction
with the observable sector.
One possibility consists in considering a theory which is not renormalizable, where supertrace theorem does not hold. The natural candidate is gravity. Spontaneous supersymmetry
breaking in supergravity leads to soft terms in the effective theories with rigid (non local) supersymmetry. This is a widely considered scenario in phenomenological models, where gravity
plays a fundamental role.
One of the main problem in theories with gravity mediated supersymmetry breaking is that
there is no obvious reason why the supersymmetry breaking masses for squarks and leptons
should be flavour invariant. Gravity has no reason to arrange its interactions so that they are
diagonal in the same basis in which the Higgs couples to the fermions. Even if at tree level, for
some accidental reason, they are flavour symmetric, loop corrections will distort their structure.
This leads to mass non universalities and eventually to flavour changing neutral current.
In order to respect the stringent bound given by the experiment, it would be preferable for the
mass degeneracies among the squarks and sleptons, rather than be accidental, to be guaranteed
by the nature of the mediation mechanism. If the scalar soft masses were functions only of the
gauge quantum numbers of the individual sparticles, universality would be automatic. This can
be achieved in model with gauge mediated supersymmetry breaking 4 , where the ordinary gauge
interactions are responsible for the appearance of soft supersymmetry breaking in the MSSM.
In this case the dynamics at microscopic level is described by a renormalizable lagrangian,
which satisfies the supertrace theorem. However the low energy description is governed by an
effective lagrangian where non renormalizable terms have been induced by quantum effects,
through gauge interactions. This effective theory can communicate supersymmetry breaking to
an observable sector, and the supertrace constraint is avoided.
2

(Minimal) Gauge Mediation

As already introduced, the basic idea of gauge mediation is that the ordinary gauge interactions
give rise through loop corrections to the soft supersymmetry breaking terms in the MSSM. In
this scenario the gravitational interactions are a subleading effect.
The standard construction consists in the following three sectors.
1. The visible sector: this is a supersymmetric extension of the Standard Model, typically
the MSSM.

F

M

Figure 1: Correction to the gaugino mass at one loop in gauge mediation.

2. The hidden sector: this is the sector where supersymmetry breaking occurs. It should be
a singlet under SM gauge transformation. Details of this sector are model dependent. We
can summarize the effect of this sector considering a set of chiral superfields Si , which are
SM gauge singlets, that acquire non zero vacuum expectation values for both their scalar
and auxiliary components
hSi i = Mi + θ2 Fi
(2)
where the Fi components set the supersymmetry breaking scale. In the simplest case,
where there is only one S, this coincides with the Goldstino superfield.
3. The messenger sector: this sector is formed by some new chiral superfields Φ and Φ̃ that
transform under the gauge group as a real non trivial representation (such as they can have
gauge invariant masses and be very heavy) and couple at tree level with the superfields Si
W ∼

X

λi Si Φi Φ̃i

(3)

i

This coupling generates a supersymmetric mass of order Mi for the messengers and mass
squared splitting of order Fi . We have assumed in (3) that the interaction superpotential
is diagonal in the messenger fields Φi . This can be obtained with a rotation in field space.
The mass splitting of the messengers fields due to the interaction superpotential (3) can be found
as follows. We consider the superpotential (3) and compute the corresponding mass matrices.
The messenger fermions have masses |λi Mi |. On the other hand, the squared mass matrix for
the scalars is
!
λ i Fi
|λi Mi |2
2
M0 =
(4)
λi Fi∗ |λi Mi |2
with squared mass eigenvalues |λi Mi |2 ± |λi Fi |. The requirement that the mass eigenvalues are
positive yields the constraint
|Fi | < |λi ||Mi |2
(5)
The masses of the messenger superfields components still satisfy the supertrace sum rule. Nevertheless, the splitting between the masses of the scalar and fermionic components of the messengers superfields indicates supersymmetry breaking.
The supersymmetry violation, apparent in this messenger spectrum for Fi 6= 0, is communicated to the MSSM through radiative corrections. The interaction of the messengers superfields
both with the other superfields of the hidden sector and with the SM gauge superfields can be
expected to produce a breakdown of supersymmetry in the propagators of the component fields
of the SM gauge superfields. For instance to lowest order in the SM gauge couplings and in
the supersymmetry breaking scale, the leading contribution to the gaugino mass is the diagram
in figure 1, where dashed lines are scalar components and solid lines are fermionic components
of the messengers. The breakdown of supersymmetry in the propagators of gauge superfields

is communicated to the scalars sleptons and squarks of the MSSM through 2 loops diagrams,
generating soft masses.
In the minimal model of gauge mediation there are two messenger chiral superfields Φ and
Φ̃ transforming as a 5 + 5̄ of SU (5) ⊂ SU (3) × SU (2) × U (1), and one singlet S = M + θ2 F .
The interaction superpotential is
W = SΦΦ̄
(6)
This choice is sufficient to give masses to all of the MSSM scalars and gauginos. The soft masses
for gauginos and scalars are, at first order in the supersymmetry breaking scale,
αa F
4π M
 2
F
=2
M

(7)

mλa =
m2φi

!

α32
α22
α12
C
(i)
+
C
(i)
+
C1 (i)
3
2
(4π)2
(4π)2
(4π)2

where αa = ga2 /4π, with ga the gauge coupling constants of the gauge groups U (1), SU (2) and
SU (3). The constants Ca (i) are the quadratic Casimir invariants for the gauge group a and the
representation of φi .
2.1

Phenomenology of gauge mediated models

As already explained, gauge mediation solves the supersymmetric flavour problem. Moreover it
provides a predictive framework where to compute the soft masses. It is interesting to look for
features of gauge mediation which do not depend on the specific details of the hidden and also
of the messenger sector. Such model independent analysis can give precise phenomenological
signatures characterizing the mediation mechanism. It can be shown that in gauge mediated
theories the scalar soft masses satisfy the following sum rulesa
T rY m2 = 0

T r(B − L)m2 = 0

(8)

where Y, B, L represent the charges under U (1)Y of hypercharge and U (1)B−L respectively, with
B and L baryon and lepton numbers.
Most models of gauge mediation also have other interesting features, that can be understood
from the expressions for the gaugino and scalar masses of minimal gauge mediation (7). These
properties are not universal, but are often satisfied in concrete models.
First, since the masses are proportional to the gauge couplings, strongly interacting particles
are generally heavier than weakly interacting ones. In particular, the ratio of gaugino mass over
the gauge coupling is the same for the U (1), SU (2) and SU (3) gauge group, i.e.
mλ2
mλ3
mλ1
=
=
α1
α2
α3

(9)

Second, the LSP is typically the gravitino. Indeed the gravitino has a mass of the order m3/2 ∼
F
F
MP , whereas the other superpartner masses go like msof t ∼ M , with M the mass scale of the
messengers. The messenger mass M is smaller then the Planck scale MP , in order for gauge
mediation to be dominant with respect to gravity mediation, and so the gravitino is lighter than
the other particles.
There are several delicate issues in gauge mediation. Some of the main challenges are the µ
problem and the Bµ /µ problem. Here I will focus on the Landau pole problem.
In the MSSM the gauge couplings run with the energy. This renormalization group flows
implies that the value of the gauge couplings depends on the scale at which we are probing the
a

See 5 for a recent model independent derivation of these formulas.
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Figure 2: Semi Direct Gauge Mediation.

theory. The run of the couplings is governed by the charged field content of the theory. In the
MSSM, the field content is such that the three gauge couplings of U (1), SU (2) and SU (3) unify
at the GUT scale. At that scale all the three couplings are still perturbative (i.e. smaller than
1).
In gauge mediated theories there are extra fields, the messengers, which are charged under
the SM gauge groups. This extra matter modifies the renormalization group running of the
gauge coupling constants of the SM. Consider a theory where the messengers are charged also
under another symmetry group Gh . The different messenger components of Gh behave as
distinct flavours for the SM gauge interactions. If Gh is a large symmetry group there are in
general many flavours of SM matter in the messenger sector. This can significantly modify the
renormalization flow of the gauge couplings. Even still requiring gauge couplings unification, it
can happen that some of the gauge coupling diverges below the GUT scale. The UV scale at
which a coupling diverge is called a Landau pole. At this Landau pole the perturbative analysis
is not anymore reliable, and we have not predictive control of the theory. This is the Landau
pole problem of gauge mediated models.
3

Semi-Direct Gauge Mediation

In the recent paper 6 we performed a model independent analysis of a subclass of gauge mediated
models, the semi-direct gauge mediation (SDGM) ones. SDGM is obtained making a further
assumption on the gauge mediation scheme. We demand that the messengers couple to the
hidden sector where supersymmetry is broken only through some other gauge interactions Gh .
Thus we do not allow for direct superpotential interactions like in (3). Supersymmetry breaking
is transmitted to the messengers via loops of the gauge fields of Gh . The interest in this class
of models relies on their simple embedding in string inspired models 7 . Moreover, the messenger
gauge group Gh can in general be as small as U (1), ameliorating the Landau pole problem. In
this set up the messengers should have a supersymmetric mass term
Wmess = mΦΦ̃

(10)

since now they do not get mass via the trilinear superpotential coupling. The SDGM scheme is
depicted in figure 2.
In 6 we analyzed the resulting MSSM soft spectrum independently of the structure of the
supersymmetry breaking sector. We considered the gauge group Gh as weakly coupled and we
performed a perturbative computation in gh . Our computations are valid at all orders in the
supersymmetry breaking scale.
The results show that in this class of theories the gaugino masses are highly suppressed with
respect to the scalar masses. Observe that the gaugino mass is expected at three loops. By
direct inspection we found that the three loop contribution sum to zero and that the first non

trivial contribution is at five loops. On the other hand, the sfermion masses have generally a non
vanishing leading contribution at four loops. We described these masses in terms of two simple
functions of the momenta, of the messengers mass scale, and of the supersymmetry breaking
scale.
Our study reveals that the phenomenology of semi direct gauge mediation models consists
in a large hierarchy between gauginos and sfermions masses. However, when this mechanism is
combined with other mediation schemes, it can give rise to more balanced soft spectrum (for
details see 6 ).
4

Conclusions

Gauge mediation is a promising framework to study low energy supersymmetry phenomenology.
It solves the supersymmetric flavour problem and it provides a predictive theory for the soft
masses. However, there are many challenges and work to be done. I mentioned here only the
Landau pole problem and the µ problem, see 4 for a complete list. Moreover, the experimental
constraints give bounds on gravitino mass, messenger masses, and also on the structure of the
soft terms. There is still a lot to be investigated in order to formulate a complete theory that
fulfills all these requirements.
Acknowledgments
I thank the organizers and the participants of the Moriond conference for the very fruitful and
nice atmosphere. A. M. is a Postdoctoral researcher of FWO-Vlaanderen. A. M. is also supported
in part by the Belgian Federal Science Policy Office through the Interuniversity Attraction Pole
IAP VI/11 and by FWO-Vlaanderen through project G.0428.06.
References
1.
2.
3.
4.
5.

S. P. Martin, arXiv:hep-ph/9709356.
M. A. Luty, arXiv:hep-th/0509029.
S. Weinberg, Cambridge, UK: Univ. Pr. (2000) 419 p
G. F. Giudice and R. Rattazzi, Phys. Rept. 322 (1999) 419 [arXiv:hep-ph/9801271].
P. Meade, N. Seiberg and D. Shih, Prog. Theor. Phys. Suppl. 177 (2009) 143
[arXiv:0801.3278 [hep-ph]].
6. R. Argurio, M. Bertolini, G. Ferretti and A. Mariotti, arXiv:0912.0743 [hep-ph].
7. R. Argurio, M. Bertolini, G. Ferretti and A. Mariotti, Phys. Rev. D 80 (2009) 045001
[Erratum-ibid. D 81 (2010) 029901] [arXiv:0906.0727 [hep-th]].

NON-STANDARD SUSY SPECTRA IN GAUGE MEDIATION a

#
†

E. DUDAS, ⋆,# S. LAVIGNAC † and J. PARMENTIER ⋆,†
⋆
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If the messenger fields of gauge mediation couple to the Higgs fields of an underlying Grand
Unified Theory, the resulting messenger mass splitting leads to a non-minimal gauge-mediated
superpartner spectrum with well-defined gaugino mass ratios. Some of these spectra exhibiting
striking features, such as a light neutralino LSP, or a wino/gluino NLSP with a gravitino LSP.

1

Introduction

Most phenomenological studies of supersymmetry assume gaugino mass unification, namely: b
M1
M2
M3
=
=
,
α1
α2
α3

(1)

where M1 , M2 and M3 are the bino, wino and gluino masses, and αa = ga2 /4π, a = 1, 2, 3, are
the U (1)Y (in the SU (5) normalization), SU (2)L and SU (3)C gauge couplings. This relation is
satisfied both in minimal supergravity (mSUGRA) and in minimal gauge mediation. It does not
necessarily hold in more general schemes of supersymmetry breaking and mediation, though, and
it is useful to study alternative theory-motivated gaugino mass relations. Indeed, a departure
from Eq. (1) can lead to non-standard collider signatures of supersymmetry, as well as to new
possibilities for dark matter (which is very constrained in mSUGRA). Also, some gaugino mass
patterns are known to reduce the degree of fine-tuning in the Higgs sector of the Minimal
Supersymmetric Standard Model (MSSM).
Non-minimal gaugino mass relations have been considered both in the context of supergravity
mediation (see e.g. Ref. 1 ) and of general gauge mediation. 2 In this talk we point out that if
the messenger fields of gauge mediation couple to the Higgs fields of an underlying Grand
Unified Theory (GUT), the resulting messenger mass splitting leads to a non-minimal gaugemediated superpartner spectrum with well-defined gaugino mass ratios. 3 We discuss sample
spectra exhibiting striking features, such as a light neutralino LSP, 3 or a wino/gluino NLSP
with a gravitino LSP. 4
a

Talk given by S. Lavignac at the XLVth Rencontres de Moriond on Electroweak Interactions and Unified
Theories, La Thuile, Aosta Valley, Italy, 6-13 March 2010.
b
Strictly speaking, gaugino mass unification means M1 = M2 = M3 at the unification scale, where α1 = α2 =
α3 . However, at the one-loop level, this is equivalent to saying that Eq. (1) holds at any scale.

2

Quick review of gauge mediation

Let us begin with a quick review of gauge-mediated supersymmetry breaking (GMSB). 5 Supersymmetry is assumed to be broken in a hidden sector, and its breaking is transmitted to
the observable sector (i.e. to the MSSM) by gauge interactions. The key ingredient is a set of
chiral superfields (Φ, Φ̃) in vector-like representations of the SM gauge group, called messenger
superfields, which couple to a chiral superfield X parametrizing the breaking of supersymmetry:
Wmess = XΦΦ̃ ,

hXi = M + F θ 2 ,

(2)

where F is the order parameter of supersymmetry breaking. This yields a supersymmetric mass
M for the messenger superfields, as well as a supersymmetry-breaking mass splitting F ϕϕ̃ + h.c.
for their scalar components. This mass splitting in turn induces soft terms in the observable
sector via gauge interactions. Gaugino and scalar masses arise at the one-loop and two-loop
levels, respectively. At the lowest order in F/M 2 , and at the messenger scale M :
F
αa X
2Ta (Ri )
,
(3)
Ma =
4π
M
i
 α 2 X
X
F 2
a
2Ta (Ri )
m2χ = 2
Cχa
,
(4)
4π
M
a
i

where the index a refers to the gauge group factor, and the index i to the component φi of
Φ belonging to the irreducible representation Ri of the SM gauge group. In Eqs. (3) and (4),
Ta (Ri ) is the Dynkin index of the representation Ri , and Cχa is the quadratic Casimir coefficient
for the MSSM chiral superfield χ, both with respect to the gauge group Ga .
The main advantage of GMSB is that the induced soft terms are automatically flavour
blind, since gauge interactions are the same for all fermion generations. Hence, there are no
large supersymmetric contributions to flavour-violating processes. Another characteristic feature
of gauge mediation is that the lightest supersymmetric particle (LSP)
√ is the gravitino: unless
M > (α/4π)MP , where MP is the Planck scale, its mass m3/2 = F/ 3MP is suppressed relative
to a typical GMSB soft mass MGM = (α/4π)F/M . For m3/2 > 100 keV, the gravitino behaves
as a cold relic and can constitute the dark matter of the universe; however its relic abundance
depends on an a priori unmeasurable parameter, the reheating temperature after inflation. Furthermore, in order for the late decays of the next-to-lightest supersymmetric particle (NLSP)
not to spoil the successful predictions of Big Bang Nucleosynthesis (BBN), strong constraints
must be imposed on the gravitino mass and/or on the NLSP nature and mass.
Eqs. (3) and (4) correspond to the case of a single messenger mass and F-term, known as
minimal gauge mediation. It is characterized by a fixed superpartner spectrum at the messenger
scale, up to Ma /mχ and to an overall scale. c In particular, Eq. (1) holds. One can consider a
more general situation in which different Mi and Fi are associated with each φi ; in this case,
often referred to as general gauge mediation, 2 the superpartner spectrum depends on 3 complex
and 3 real parameters.
3

Combining gauge mediation with unification

Let us now assume an underlying unified gauge group G (G = SU (5), SO(10), · · · ), with messenger superfields (Φ, Φ̃) in a real representation R ⊕ R̄ of G. Since R ⊗ R̄ = 1 ⊕ Adj. ⊕ · · · ,
they can couple to the adjoint Higgs field Σ involved in the GUT symmetry breaking:
Wmess = λX XΦΦ̃ + λΣ ΣΦΦ̃ .
c

(5)

This statement assumes that the messengers form complete representations of a unified group, e.g. 5 ⊕ 5̄ of
SU (5). This is actually required in order to maintain gauge coupling unification.

More generally, the G-breaking field Σ may be in a representation included in the tensor product
R ⊗ R̄. Assuming λX X0 ≪ λΣ hΣi, where hXi = X0 + F θ 2 , Eq. (5) leads to a GUT-induced mass
splitting inside the messenger multiplets, with a different mass Mi for each messenger component
φi . Since the Mi are determined by group theory, one obtains a predictive non-minimal GMSB
scenario. In the following, we present three examples of such scenarios, based on different GUT
group and messenger representations.
3.1

Light neutralino LSP scenario: G = SU (5), Σ = 24

Let us start with an underlying SU (5) gauge group, broken down to SU (3)C × SU (2)L × U (1)Y
by an adjoint Higgs field Σ. The vev of Σ is uniquely determined by the requirement that it is
an SM gauge singlet: hΣi = V Diag(2, 2, 2, −3, −3) = 6V Y , where V ≈ 1016 GeV and Y is the
hypercharge generator in the defining representation, normalized as Y = Q − T3 . Assuming that
λΣ hΣi gives the dominant contribution to the messenger mass M , this induces the following
mass splitting inside the messenger multiplets:

Φ(5̄) = φ3̄,1,+1/3 , φ1,2,−1/2 ,

Φ(10) = φ3,2,+1/6 , φ3̄,1,−2/3 , φ1,1,+1 ,

MΦ = {2λΣ V , −3λΣ V } ,

MΦ = {λΣ V , −4λΣ V , 6λΣ V } ,

(6)
(7)

for messengers in (5, 5̄) and (10, 10) representations, respectively, and more generally:
Mi ∝ λΣ V Yi .

(8)

Plugging Eq. (8) into Eqs. (3) and (4), one obtains for the bino mass:
M1 =

X
α1 X 3 2 λX FX
2 Yi
∝
Yi ,
4π
5
6λΣ V Yi
i

(9)

i

where we have used T1 (Ri ) = 3Yi2 /5. Since Y is an SU (5) generator, its trace over a complete
SU (5) representation vanishes, yielding a massless bino (up to corrections due to X0 6= 0 and
to other possible subleading contributions to the messenger masses):
M1 |GM = 0 .

(10)

However, since the messenger fields are heavy, with masses of order λΣ × 1016 GeV, supergravity
corrections to the soft terms can no longer be neglected: the ratio of a typical supergravity over
GMSB contribution is m3/2 /MGM ∼ λΣ V /(αGUT λX MP /4π) ∼ λΣ /λX . Assuming a moderate
hierarchy of couplings λΣ ≪ λX , one ends up with:
M1 ∼ m3/2 ≪ (M2 , µ) ∼ MGM ,

(11)

implying that the LSP is a light, mostly-bino neutralino (the renormalization group running
gives M1 ∼ 0.5 m3/2 at the weak scale), a rather unconventional feature in gauge mediation.
While the prediction M1 |GM = 0 is independent of the messenger representation R, this is not
the case for the other superpartner masses. In particular, one has:
(5, 5̄) :

3
M2 /α2
=
,
M3 /α3
2

(10, 10) :

M2 /α2
7
=
.
M3 /α3
12

(12)

The ratio of the gluino to the wino masses can therefore be used, in principle, to determine the
messenger representation in this scenario. The Higgs and superparticle spectrum corresponding
to messengers in (10, 10) representations is displayed in the upper left panel of Fig. 1, for a

mess ) λX F
messenger scale Mmess ≡ λΣ V = 1013 GeV, MGM ≡ α3 (M
4π
λΣ V = 215 GeV, m3/2 = 85 GeV
and tan β = 15. A universal supergravity contribution of m3/2 has been added to all soft masses.
The main distinctive features of this scenario, besides a light neutralino LSP, are nonuniversal gaugino masses and light singlet sleptons. A neutralino lighter than 50 GeV as in
Fig. 1 does not contradict the LEP bound, since the latter assumes gaugino mass unification.
The WMAP constraint 6 ΩDM h2 = 0.1109±0.0056 is satisfied thanks to the efficient annihilations
χ̃01 χ̃01 → τ + τ − mediated by the light τ̃1 . The requirement that the late decays of the gravitino
(which is the NLSP) into χ̃01 γ and χ̃01 q q̄ do not spoil the successful BBN predictions put an upper
bound on the reheating temperature, TR . 105−6 GeV. 7 Finally, the hadron collider signatures
of the light neutralino scenario are not very different from the ones of a standard mSUGRA
scenario like SPS1a (in which Mχ̃01 = 97 GeV), in spite of slightly increased cross sections for
processes such as pp̄/pp → χ̃01 χ̃01 + jet. 8
A complete model with an explicit supersymmetry breaking sector coupled to the messenger
fields has been provided in Ref. 3

Wino NLSP scenario: G = SO(10), Σ = 45, messengers in (10, 10′ )

3.2

Let us now consider an uderlying GUT group SO(10), with messenger fields in the vector
representation 10. Since 10 ⊗ 10 = 1s ⊕ 45a ⊕ 54s , the messengers can couple to an SO(10)
adjoint 45 or to a 54 Higgs multiplet, both of which can be used in the first stage of SO(10)
breaking down to SU (3)C × SU (2)L × U (1)Y (often in combination). The 54 case leads to the
same spectrum as the SU (5) scenario with a pair of (5, 5̄) messengers. The 45 case requires two
distinct messenger fields 10M and 10′M , since the adjoint appear in the antisymmetric product
of two vector representations. The 45 has two SM singlet vevs, in the B − L and T3R directions
respectively. Viable spectra are difficult to obtain with the former possibility, so we consider
only the latter, with the following messenger superpotential:
Wmess = λX X10M 10′M + λ45 10M 45 10′M .

(13)

The vev h45i = VR T3R does not contribute to the masses of the colour triplets/antitriplets in
10M and 10′M , thus suppressing the wino mass with respect to the bino and gluino masses. Assuming MT ≪ λ45 VR (where MT is the mass of the colour (anti-)triplet messengers, originating
e.g. from X0 6= 0 or from a direct mass term MT 10M 10′M ), one obtains:

2
λX F
λX FX
MT
M2 ∝
,
M1 , M3 ∝
.
(14)
MT
λ45 VR
MT
The NLSP is therefore likely to be a wino, the LSP being the gravitino. The wino relic density is
strongly suppressed relative to a bino relic density due to efficient gauge annihilations; however,
its late decays can still be problematic for BBN 9 , requiring m3/2 . few GeV. The mass splitting
Mχ̃+ − Mχ̃01 , induced by one-loop corrections, is always positive and slightly greater than the
1

0 +
charged pion mass. The dominant lighter chargino decay mode, χ̃+
1 → χ̃1 π , is therefore very
slow and will lead to displaced vertices at colliders. This is reminiscent of anomaly-mediated
scenarios where the wino is the LSP, 10 except that here the wino is a long-lived NLSP.
The Higgs and superparticle spectrum is displayed in the upper right panel of Fig. 1, for a
messenger scale Mmess ≡ λ45 VR = 1011 GeV, MGM = 550 GeV, MT = Mmess /6 and tan β = 15.
−
The characteristic signature at the LHC is χ̃+
1 χ̃1 production in association with a jet, leaving
two displaced vertices plus missing transverse energy.

3.3

Gluino NLSP scenario: G = SO(10), Σ = 45, messengers in (16, 16)

The last example we consider has a GUT group SO(10) and a pair of (16, 16) messengers
coupling to an adjoint Higgs field with a vev in the B − L direction, h45i = VB−L TB−L . The

mass of each messenger component φi is therefore determined by its B − L charge, Mi =
(B − L)i λ45 VB−L . This leads to a cancellation in the gluino mass formula:


α3 λX FX
1
1
1
M3 |GM =
+
+
2×
= 0.
(15)
4π λ45 VB−L
1/3 −1/3 −1/3
A nonzero gluino mass can arise e.g. from supergravity corrections, as in the light neutralino
scenario. Since the renormalization group equations increase the gluino mass when going to
lower energies, starting from M3 (Mmess ) ∼ m3/2 ≪ MGM yields a long-lived gluino NLSP with
a gravitino LSP. The Higgs and superparticle spectrum is displayed in the lower panel of Fig. 1,
for a messenger scale Mmess ≡ λ45 VB−L = 1013 GeV, MGM = 150 GeV, m3/2 = 70 GeV and
tan β = 15. A universal supergravity contribution of m3/2 has been added to all soft masses.
The lightest neutralino and gluino masses are Mχ̃01 = 228.9 GeV and Mg̃ = 218.4 GeV.
This scenario shares some features with split supersymmetry, in which the gluino is also
long-lived, but the LSP is the lightest neutralino. In particular, the gluino will hadronize and
form R-hadrons after having been produced at colliders. If the lightest R-hadron is neutral, it
will escape the detector leaving only a small fraction of the event energy. The corresponding
signature, monojet + missing energy (from gluino pair production in association with a high pT
jet), allows to set a lower bound Mg̃ > 210 GeV from Tevatron data. 11 The LHC should probe
masses up to 1.1 TeV. There is also the possibility that some neutral R-hadrons are converted
into charged ones and stop in the detector after having lost their energy. 12 The stopped gluinos
will ultimately decay not synchronized with a bunch crossing. The D0 collaboration has looked
for such events and set a bound Mg̃ < 270 GeV for τg̃ < 3 hours; 13 this bound does not apply to
our scenario, in which τg̃ ∼ 107 s. Such a long lifetime has been claimed to be inconsistent with
BBN constraints once bound state effects during nucleosynthesis are taken into account. 14 This
would favour a scenario in which the gluino mass originate from subdominant contributions to
messenger masses rather than from supergravity corrections, with m3/2 < 1 GeV.
4

Conclusions

If supersymmetry breaking is mediated by gauge interactions and there is an underlying GUT
at the unification scale, the dominant contributions to messenger masses may come from a
coupling between the GUT and messenger sectors. This leads to a non-minimal GMSB superpartner spectrum which is mainly determined by the unified gauge group and by the messenger
representations. We presented examples of spectra showing non-standard features such as a
light neutralino LSP, or a wino/gluino NLSP with a gravitino LSP. BBN constraints favour the
neutralino LSP scenario.
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MSSM Higgs sector with dimension-five and dimension-six operators
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An effective approach to understanding the nature of new physics beyond the SM or the
MSSM models is presented. We then apply this method to discuss the extension of the MSSM
Higgs sector with effective operators of dimension d = 5 and d = 6, that may be generated by
“new physics” beyond this sector. The implications for the value of the mass of the MSSM
CP even/odd Higgses are also discussed, to order 1/M∗2 where M∗ is the scale of new physics
that generated these operators. The results show that one can classically increase the Higgs
mass mh above the current LEP bound, to reduce the fine tuning of the MSSM at large mh .
The origin of the effective operators with the largest corrections to mh is briefly discussed.
We extend the discussion beyond the Higgs sector, to analyse briefly all operators of d = 5
that respect R-parity, B and L numbers conservations and identify the minimal, irreducible
set of such operators. We then point out the existence, at the tree level, of new “wrong”-Higgs
Yukawa couplings, similar to those generated in the MSSM at one-loop.

1

Introduction

Although extremely successful, the Standard Model or its supersymmetric version (MSSM) is
not a fundamental theory, and this motivated the theoretical efforts to understand the nature
of new physics beyond it. This search can be done using an effective field theory approach, in
which the “new physics” is parametrised by effective operators. The power of this approach
resides in arranging these operators in powers of 1/M∗ where M∗ is the scale of new physics
that generated them. To improve the predictive power, one considers additional organising
principles, such as: (i) symmetry constraints that these operators should respect, often inspired
by phenomenology (for example: R-parity, lepton or baryon number conservation, etc). (ii) a
truncation of the series of operators to a given order in the power of the inverse scale 1/M∗ . The
effective low-energy Lagrangian then takes the form
L = L0 +

X cn,i
On,i
M∗n

(1)

i,n

where L0 is the SM or the MSSM Lagrangian; On,i is an operator of dimension d = n + 4 with
the index i running over the set of operators of a given dimension; cn,i are some coefficients of
order O(1). This description is appropriate for scales E which satisfy E ≪ M∗ . Constraints
from phenomenology can then be used to set bounds on the scale of new physics M∗ .
Regarding the origin of operators On,i , they can be generated classically or at the quantum
level. At the classical level, this can happen by integration of some new massive states, via the
equations of motion and one then generates an infinite series as in (1). This can happen even in
4D renormalisable theories; indeed, even though the low energy interaction looks nonrenormalisable, it may actually point to a renormalisable theory valid up to a much higher scale (a familiar
example is the Fermi interaction). Such effective operators are also generated at the quantum
level, for example following compactification of a higher dimensional theory, by the radiative
corrections associated with momentum and winding modes of the compactification 1,2,3,4,5 .
a
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The effects of these operators on the low energy observables can be comparable to the
radiative effects of light states in the SM/MSSM 6 and this shows the importance of their study.
In the following we shall provide some interesting details regarding the structure and treatment
of these operators. We then apply these to more detailed examples, such as the case of the
MSSM Higgs sector with additional operators of dimensions d = 5 and d = 6. In particular we
show that the mass of lightest SM-like Higgs can easily be increased above the LEP bound by
new physics in the region of few TeV. We then discuss the nature of the “new physics” behind
the effective operators.
2

General considerations on models with higher dimensional operators

Consider a supersymmetric Lagrangian, with a Kähler potential K, the superpotential W and
the gauge kinetic function f , all functions of chiral superfields Φi :
Z
Z
i
h
(2)
L =
d4 θ K(Φ†i eV , Φi ) + d2 θ W (Φi ) + fab (Φi ) W a W b + h.c.
W a is the supersymmetric gauge field strength associated to the vector superfield V a . The
presence of effective operators is hidden in the series expansion (in fields) of these functions:
K =
W
fab

Φ†i eV

Φ +



i

k

i

cijk

Φ†i eV Φj Φk


+ h.c. + · · ·

M∗
cijkl i j k l
= λijk Φ Φ Φ +
Φ Φ Φ Φ + ···
M∗
fabi i
Φ + ···
= δab +
M∗
j

(3)

The first terms in the rhs would lead to a renormalisable theory. These functions can contain
not only operators which are polynomial in fields, but also operators that can involve more than
two (one for fermions) space-time derivatives acting on physical fields. For example one can
have derivative operators in the superpotential (a) and Kähler potential (b):
Z
Z
λij
λij
2
(a)
d θ Φi  Φj ∼
d4 θ Φi D 2 Φj
M∗
M∗
Z
Z
kij
kij
†
4
d θ Φi  Φj ,
d4 θ Φ†i Φj D 2 Φk , ...
(4)
(b)
M∗2
M∗2
where D is the chiral
supercovariant derivative. In (a), terms like ψψ and F φ are generated,
√
where Φ = φ + 2θ ψ + θ 2 F . In (b) one finds terms like |φ|2 , ψ∂µ ψ, F † F . In this case the
auxiliary fields become dynamical degrees of freedom. Such operators can be generated even in
a 4D supersymmetric renormalisable theory. To see this, consider the Lagrangian
Z
h
i Z
h
λ i
M2
4
†
†
(5)
L =
d θ Φ Φ + χ χ + d2 θ m Φχ + ∗ χ2 + Φ3 + h.c.
2
3
Integrating out the massive field χ by the eqs of motion, one obtains

 Z


Z
m2  †
−m2 2 λ 3 m2
m2 †
4
2
L = d θ 1 + 2 Φ Φ+ 4 Φ Φ+· · · + d θ
Φ + Φ +
ΦΦ +h.c.
M∗
M∗
2 M∗
3
2 M∗3

(6)

If one keeps all the terms in the series expansion above, the theory is ghost-free, because the
initial theory was so; the effective field theory (6) is valid only below the scale M∗ .

From this discussion one natural question emerges: can one reformulate a supersymmetric
theory of higher order (with effective operators with extra derivatives), in terms of a standard,
second order theory (with at most two derivatives (one for fermions))? As we shall see shortly,
the answer is in many cases affirmative. Let us see how this works.
Effective operators in the Kähler function.
Consider the following general Lagrangian, where W is polynomial in fields, but otherwise
arbitrary (and not necessarily renormalisable):

Z
h
i Z
2
4
†
2
†
d θ W [Φ; χ] + h.c. + O(1/M∗3 )
(7)
L = d θ Φ (1 + /M∗ ) Φ + χ χ +
2

where one can replace Φ† Φ → (−1/16)D Φ† D2 Φ. This model can be “unfolded” into a
Lagrangian without extra derivatives 7 (see also the appendix in 8 ). For this, consider a change
of basis to Φ1,2 :
Φ = s1 Φ1 + s2 Φ2 ,

2

(1/m) D Φ† = r1 Φ1 + r2 Φ2

(8)

where s1,2 , r1,2 form an unitary matrix, so that the eigenvalue problem is not changed; m is a very
small, non-zero mass scale of the theory that can be taken to zero at the end of calculation. Since
2
Φ and D Φ are not independent, such transformation must be accompanied by a Lagrangian
constraint, which must vanish in the limit M∗ → ∞. This constraint has the form:
Z
h
i  m2 
2
(9)
δL = d2 θ (1/m) D (s1 Φ1 + s2 Φ2 )† − (r1 Φ1 + r2 Φ2 ) Φ3
4 M∗
Φ3 is a chiral superfield (Lagrange multiplier). After we bring L′ ≡ L + δL to a diagonal form

Z
h
h
i
i Z
d2 θ W [Φ(Φ̃1,2 ); χ]−M∗ Φ̃2 Φ̃3 +h.c. +O(1/M∗3 )(10)
L′ = d4 θ Φ̃†1 Φ̃1 − Φ̃†2 Φ̃2 − Φ̃†3 Φ̃3 +χ† χ +
where Φ = Φ̃2 − Φ̃1 and where we took the limit m → 0.
This Lagrangian is that of a second order theory and classically equivalent to the initial one
in (7). It shows that two massive ghosts (Φ̃2,3 ) are present, of mass of O(M∗ ); we observe that the
χ field was “spectator” throughout this analysis and did not affect it; in fact the χ-dependence
can be replaced by an arbitrary polynomial function. This reformulation of the initial theory
into a second-order one has interesting advantages and applications. In particular it would be
interesting to apply this technique to the case of higher derivative gravity. Particular attention
should be paid to the analytical continuation (pole prescription) of the theory, when going to
the “unfolded” form.
This is not the whole story; since the ghost degrees of freedom are massive (of order M∗ ), one
can integrate them out, by the equations of motion. After a careful calculation and consistent
Taylor expansion, the result is (see also the appendix in 8 )

Z
i Z
h
1
†
′†
′
†
2
′
4
d θ W [Φ̃1 ; χ] + h.c. + O(1/M∗3 ) (11)
L = d θ Φ̃1 Φ̃1 − 2 W [Φ̃1 ; χ]W [Φ̃1 ; χ] + χ χ +
M∗
where the derivatives of W are taken wrt its first argument. This Lagrangian contains only
polynomial interactions (renormalisable or not) and standard kinetic terms, and is equivalent
to the original one, eq.(7). As a side-remark, let us mention that this result agrees with that
obtained by using the equations of motion in the derivative term in (7). This is not true in
general, as we shall see shortly.

Effective operators in the superpotential.
We extend the previous discussion to similar effective operators in the superpotential, which
have now dimension d = 5. Consider for example the following Lagrangian

i
h
i Z
h σ
†
†
2
Φ  Φ + W [Φ; χ] + h.c.
L =
d θ Φ Φ+χ χ +
d θ
M∗
Z

Z
h
i
σ
4
†
2
2
=
d θ Φ Φ+
d θ W [Φ; χ] + h.c. + O(1/M∗3 )
ΦD Φ + h.c. +
4M∗
Z

4

(12)

with σ = ±1 and where W can contain additional higher dimensional (polynomial) interactions.
The method presented earlier works identically, to find the “unfolded” Lagrangian 7
L =
′

Z

4

d θ

h

Φ†1 Φ1

−

Φ†2 Φ2

i

+χ χ +
†

Z



σM∗ 2
Φ2 + W [Φ2 − Φ1 ; χ] +h.c. +O(1/M∗3 ) (13)
d θ
4
2



There is only one ghost superfield here, because unlike earlier, the auxiliary field is not dynamical.
We integrate out the massive ghost superfield which has a mass O(M∗ ), to find



Z
′
h
i Z
4
σW 2
2
′†
′′
′2
†
4
′
†
2
L = d θ Φ1 Φ1 − 2 W W +χ χ +
d θ W−
+ 2 W W +h.c. +O(1/M∗3 )(14)
M∗
M∗
M∗
′

where the argument of W , W ′ , W ′′ above is [−Φ1 ; χ] and derivatives are taken wrt the first
argument. This is equivalent to the starting Lagrangian (12) and has new interactions, but only
polynomial in fields. A similar result is obtained by using non-linear field redefinitions 8 . Note
that the use of equations of motion in original L to remove the higher derivatives is not leading
to an identical result at O(1/M∗2 ), but gives a result where in (14) the coefficients 4 (2) are
replaced by 3 (3/2). The reason for this discrepancy is that this last method does not take into
account that Euler-Lagrange equations are changed in the higher order theory (see also 9,10,11 ),
so in our case it gave correct results valid in O(1/M∗2 ) order only.
To conclude, the presence of effective operators with extra space-time derivatives can be replaced, in the low energy effective theory, by additional polynomial interactions and wavefunction
renormalisations. The examples discussed were exactly supersymmetric; when supersymmetry
is broken, new effects are present, such as soft terms and µ term renormalisation 6 .
3

MSSM with d=5 operators.

As an application, consider the MSSM extended by all possible d = 5 operators that respect
R-parity, baryon and lepton number symmetry. The Lagrangian is L = L0 + L(5) where
Z

Z
X
† Vi
2
4
†
d θ µ0 (1 + B0 S) H1 .H2 + h.c. + · · ·
L0 =
d θ
Zi (S, S ) Hi e Hi +
i=1,2

+

Z

i
d2 θ Q λU (S) U c H2 − Q λD (S) D c H1 − L λE (S) E c H1 + h.c.
h

(15)

The dots stand for Higgs-independent terms and Zi (S, S † ) = 1 − ci S † S, ci ∼ O(1). Further
Z
h
1
d4 θ H1† eV1 Q YU U c + H2† eV2 QYD D c + H2 † eV2 L YE E c
(16)
L(5) =
M∗
i



 
2 
+ a Dα b H2 e−V1 Dα c eV1 H1 + δ(θ ) QU c TQ QDc +QU c TL LE c + λH (H1 H2 )2 +h.c.

with a standard notation. We introduced here some spurion dependent functions: a, b, c, Z1,2 , YF ,
F = U, D, E, which are general functions of (S, S † ) while TQ , TL , λH , are holomorphic functions
of S. Here S = m0 θ 2 is the spurion superfield and m0 the supersymmetry breaking scale, with
m0 = hFhidden i/MP , so supersymmetry breaking is transmitted via gravitational interaction.
Any supersymmetry breaking associated with the presence of the above interactions is included
using the spurion field technique. Not all operators in (16) are independent 6 . To remove the
redundant operators we use field re-definitions:
h
iT
1
1
2
D ∆1 H2† eV2 (i σ2 ) +
Q ρU U c
H1 → H1 −
M∗
M∗
h
iT
1
1
1
2
Q ρD Dc +
L ρE E c
(17)
H2 → H2 +
D ∆2 H1† eV1 (iσ2 ) +
M∗
M∗
M∗
where ρF = ρF (S), F = U, D, E, ∆i = ∆i (S, S † ), i = 1, 2, can be chosen arbitrarily. To avoid
the presence of flavour changing neutral currents, the following simple ansatz can be made:
TQ (S) = cQ (S) λU (0) ⊗ λD (0),
ρF (S) = cF (S) λF (0),

TL (S) = cL (S) λU (0) ⊗ λE (0),
YF (S, S † ) = yF (S, S † ) λF (0),

F = U, D, E.

(18)

and, as usual λF (S) = λF (0) (1 + AF S). Using a suitable choice for the (otherwise arbitrary)
coefficients of the spurion entering in ∆1,2 , one can set TQ = TL = 0 also a = b = c = 0 and
YF → yF (S † ) λF (0). Then one finds 6
Z
h
i
1
(5)
L
=
d4 θ H1† eV1 Q YU′ (S † ) U c + H2† eV2 Q YD′ (S † ) D c + H2† eV2 L YE′ (S † ) E c + h.c.
M∗
Z
1
+
d2 θ λ′H (S) (H1 H2 )2 + h.c.
(19)
M∗
′

Detailed calculations show6 that the new Yukawa couplings YF (S † ) now depend on S † only,
′
YF (S † ) = λF (0) (xF0 + xF2 S † ). After (17), the couplings of L0 also acquired, at tree level,
threshold corrections which depend on M∗ 6 . The new form of L(5) in (19) gives the minimal
irreducible set of R-parity, B, L conserving d = 5 operators that can be present beyond MSSM.
A consequence of this analysis is the generation of new couplings, beyond those in the MSSM
at the tree level. For example there is a “wrong”-Higgs Yukawa coupling, that exchanges the
holomorphic dependence on one Higgs by that on the hermitian conjugate of the other 12,13 .
Such couplings do arise in the MSSM at one-loop, after integrating out massive squarks and are
suppressed by m20 /M∗2 ×(loop-factor). Here they are suppressed by m0 /M∗ only, as seen below:
i
Ms h U
†
†
c
E
c
x2 [λU (0)]ij (h†1 qL i ) ucR j + xD
2 [λD (0)]ij (h2 qL i ) dR j + x2 [λE (0)]ij (h2 lL i ) eR j +h.c. (20)
M∗
These couplings bring a tan β enhancement of a prediction for a physical observable, such as the
bottom quark mass, relative to bottom quark Yukawa coupling:
√

mb = (1/ 2) v cos β λb + δλb + ∆λb tan β
(21)

Here λb is the usual bottom quark Yukawa coupling, δλb is its one-loop correction in MSSM
and ∆λb is a “wrong”-Higgs coupling’ corrections, obtained after integrating out at one-loop
massive squarks in MSSM; in our case ∆λb receives an extra correction from (20), which can
actually be larger than its one-loop-generated MSSM counterpart 12,14,15,16 . This can bring a
tan β enhancement of the Higgs decay rate into bottom quarks pairs (for further details see 6 ).

4

MSSM Higgs sector with d=5 and d=6 operators

We can extend the previous discussion by including all effective operators of both dimension
d = 5 and d = 6 that can exist beyond the MSSM Higgs sector. This can be motivated in
various ways. The MSSM Higgs sector is a minimal construction and extension of that of the
SM. It does not take into account possible non-perturbative effects 17 or additional massive
states that can couple to the Higgs sector and generate, when integrated out, new contributions.
The fine tuning 18,19 needed to have the SM-like Higgs mass well above the LEP bound 20 can
also be a problem and it may indicate the existence of new physics beyond the Higgs sector.
Such problems may be addressed by using a model-independent approach, using the effective
operators. In the leading order, new physics beyond the MSSM Higgs sector can manifest itself
as operators of either d = 5 6,21,22,23 or d = 6 8,24 or both. If generated by the same new physics,
by comparing O(1/M ∗ ) and O(1/M∗2 ) terms one can estimate when the series expansion in 1/M∗
breaks down. The operators in the Higgs sector of dimension d = 5 were:

L1
L2

Z
1
d2 θ λ′H (S) (H2 .H1 )2 +h.c. = 2 ζ10 (h2 .h1 )(h2 .F1 + F2 .h1 ) + ζ11 m0 (h2 .h1 )2 + h.c,
=
M∗
Z
i
o
n
h
i h
1
(22)
=
d4 θ a(S, S † )D α b(S, S † ) H2 e−V1 Dα c(S, S † ) eV1 H1 + h.c.
M∗

where
λ′H (S)/M∗ = ζ10 + ζ11 m0 θθ,

ζ10 , ζ11 ∼ 1/M∗ ,

(23)

L1 can be generated by integrating out a massive gauge singlet or SU (2) triplet. Indeed, in the
MSSM with a massive gauge singlet, with an F-term of type M∗ Σ2 + Σ H1 .H2 , when integrating
out Σ generates L1 . L2 can be generated in various ways (see Appendix A, B in 6 ) but perhaps
the simplest way is via an additional pair of massive Higgs doublets of mass of order M∗ . As
already discussed, L2 can be removed by general spurion-dependent field redefinitions, up to
soft terms and µ term renormalisation and O(1/M∗2 ) corrections 6 .
We assume that m0 ≪ M∗ , so that the effective approach is reliable. If this is not respected
and the “new physics” is represented by “light” states (like the MSSM states), the 1/M∗ expansion is not reliable and one should work in a setup where these are not integrated out.
The list of d = 6 operators is longer 25 :
Z
1
O1 = 2
M∗ Z
1
O2 = 2
M∗
Z
1
O3 = 2
M∗
Z
1
O4 = 2
M∗

Z
1
d θ
H1 ) ,
O5 = 2
M∗ Z
1
d4 θ Z2 (H2† eV2 H2 )2 ,
O6 = 2
M∗
Z
1
† V1
† V2
4
d θ Z3 (H1 e H1 ) (H2 e H2 ), O7 = 2
M∗
Z
1
d4 θ Z4 (H2 . H1 ) (H2 . H1 )† ,
O8 = 2
M∗
4

Z1 (H1† eV1

2

2

d4 θ Z5 (H1† eV1 H1 ) H2 . H1 + h.c.
d4 θ Z6 (H2† eV2 H2 ) H2 . H1 + h.c.
d2 θ Z7 Tr W α Wα (H2 H1 ) + h.c.
d4 θ Z8 (H2 H1 )2 + h.c.

(24)

where W α = (−1/4) D e−V Dα eV is the chiral field strength of SU (2)L or U (1)Y vector superfields Vw and VY respectively. Also V1,2 = Vwa (σ a /2) + (∓1/2) VY with the upper (minus) sign
for V1 . The remaining d = 6 operators involve extra space-time derivatives:

Z
1
2
O9 = 2 d4 θ Z9 H1† ∇ eV1 ∇2 H1
M∗
Z
1
2
O10 = 2 d4 θ Z10 H2† ∇ eV2 ∇2 H2
M∗
Z
1
O11 = 2 d4 θ Z11 H1† eV1 ∇α Wα(1) H1
M∗

Z
1
O12 = 2 d4 θ Z12 H2† eV2 ∇α Wα(2) H2
M∗
Z
1
O13 = 2 d4 θ Z13 H1† eV1 Wα(1) ∇α H1
M∗
Z
1
O14 = 2 d4 θ Z14 H2† eV2 Wα(2) ∇α H2 (25)
M∗

Also ∇α Hi = e−Vi Dα eVi Hi and Wαi is the field strength of Vi . To be general, in the above
operators one should include spurion (S) dependence under any ∇α , of arbitrary coefficients,
to account for supersymmetry breaking effects associated to them. Finally, the wavefunction
coefficients are spurion dependent and have the structure
(1/M∗2 ) Zi (S, S † ) = αi0 + αi1 m0 θθ + α∗i1 m0 θθ + αi2 m20 θθθθ,

αij ∼ 1/M∗2 .

(26)

Regarding the origin of these operators: O1,2,3 can be generated in the MSSM by an additional,
massive U (1)′ gauge boson or SU (2) triplets, when integrated out 21 . O4 can be generated
by a massive gauge singlet or SU (2) triplet, while O5,6 can be generated by a combination of
SU (2) doublets and massive gauge singlet. O7 is essentially a threshold correction to the gauge
coupling, with a moduli field replaced by the Higgs. O8 exists only in non-susy case, but is
generated when removing the d = 5 derivative operator L2 by field redefinitions 6 , so we keep it.
It can be shown that operators O9,...,14 , can be eliminated along the lines discussed in the
previous sections. For example, in the absence of gauge interactions, O9 isR similar to the operator
in eq.(7) and only brings a wavefunction renormalisation, O9 ∼ |µ|2 /M∗2 d4 θH1† H1 , and similar
for O10 . Regarding O11,12 , in the supersymmetric case they vanish, following the definition of
∇α and an integration by parts. Further, O13,14 are similar to O9,10 , which can be seen by
2
2
(i)
using the definition of Wα and the relation between ∇2 , (∇ ) and D 2 , (D ). In the presence
of supersymmetry breaking, elimination of these operators and their supersymmetry breaking
contribution is still possible, up to a renormalisation of the soft terms and µ term 6 .
5

Higgs mass corrections from d = 5 and d = 6 operators.

With the remaining set of independent, effective operators L1 , O1,....,8 of dimensions d = 5 and
d = 6, one finds the scalar potential V and its EW minimum; this is perturbed by O(1/M∗2 )
corrections from that of the MSSM. The expression of V is long and it is not given here (see 8
for its form). From V one computes the mass of CP-odd/even Higgs fields. One has:
m2A = (m2A )MSSM −

2 ζ10 µ0 v 2
+ 2 m0 ζ11 v 2 + δm2A ,
sin 2β

δm2A = O(1/M∗2 )

(27)

for the pseudoscalar Higgs, with (m2A )MSSM the MSSM value, with δm2A due to O(1/M∗2 ) corrections from d = 5 and d = 6 operators. For the CP-even Higgs one has 6,21,23
m2h,H

= (m2h,H )MSSM
h
m2 + m2 i (−2 ζ11 m0 ) v 2 h
(m2A − m2Z ) cos2 2β i
√
+ (2 ζ10 µ0 ) v 2 sin 2β 1 ± A√ Z +
1∓
2
w̃
w̃
+ δm2h,H ,
where
δm2h,H = O(1/M∗2 )
(28)

The upper (lower) signs correspond to h (H), and w̃ ≡ (m2A + m2Z )2 − 4 m2A m2Z cos2 2β. With
this result one can show that the mass mh can be increased above the LEP bound, also with
the help of quantum corrections 6,21,22,23 .
Regarding the O(1/M∗2 ) corrections of δm2h,H , δm2A and δm2h,H of (27), (28), in the general
case of including all operators and their associated supersymmetry breaking, they have a complicated form. Exact expressions can be found in 8,24 . For most purposes, an expansion of these
in 1/ tan β is accurate enough. At large tan β, d = 6 operators bring corrections comparable to
those of d = 5 operators. The relative tan β enhancement of O(1/M∗2 ) corrections compensates
for the extra suppression that these have relative to O(1/M∗ ) operators (which involve both h1 ,
h2 and are not enhanced in this limit). Note however that in some models only d = 6 operators
may be present, depending on the details of the “new physics” generating the effective operators.
Let us present the correction O(1/M 2 ) to m2h,H for the case mA is kept fixed to an appropriate
value. The result is, assuming mA > mZ , (otherwise δm2h and δm2H are exchanged):
i
h
δm2h = −2 v 2 α22 m20 + (α30 + α40 )µ20 + 2α61 m0 µ0 − α20 m2Z − (2 ζ10 µ0 )2 v 4 (m2A − m2Z )−1

h

+ v 2 cot β (m2A −m2Z )−1 4 m2A (2α21 +α31 +α41 +2α81 ) m0 µ0 +(2α50 +α60 ) µ20 + α62 m20
i

− (2α60 −3α70 ) m2A m2Z −(2α60 +α70 ) m4Z + 8 (m2A +m2Z ) (µ0 m0 ζ10 ζ11 ) v 2 /(m2A −m2Z )2
+ O(1/ tan2 β)

(29)

A similar formula exists for the correction to mH :
i
h

δm2H = − 2 m0 µ0 (α51 + α61 ) + α82 ), m20 v 2 + (2 ζ10 µ0 )2 v 4 (m2A − m2Z )−1

h

+ v 2 cot β (m2A −m2Z )−1 2m2A 2(α11 −α21 ) m0 µ0 +(α60 −α50 ) µ20 +(α52 −α62 )m20 −α60 m2A

− 4 (α11 + α21 + α31 + α41 + 2α81 ) m0 µ0 + 6(α50 + α60 ) µ20 + 2(α52 + α62 ) m20
i


− (α50 +5α60 −2α70 ) m2A m2Z −(α50 −α60 )m4Z −8 (m2A +m2Z )(µ0 m0 ζ10 ζ11 ) v 2 /(m2A −m2Z )2
+ O(1/ tan2 β)

(30)

The mass corrections in (29), (30) must be added to the rhs of eqs.(28) to obtain the full value of
m2h,H . Together with (24), (26), these corrections identify the operators of d = 6 with the largest
contributions, which is important for model building beyond the MSSM Higgs sector. These
operators are O2,3,4 in the absence of supersymmetry breaking and O2,6 when this is broken. It
is preferable, however, to increase m2h by supersymmetric rather than supersymmetry-breaking
effects of the effective operators, because the latter are less under control in the effective approach; also, one would favour a supersymmetric solution to the fine-tuning problem associated
with increasing the MSSM Higgs mass above the LEP bound. Therefore O2,3,4 are the leading
operators, with the remark that O2 has a smaller effect, of order (mZ /µ0 )2 relative to O3,4 (for
similar αj0 , j = 2, 3, 4). At smaller tan β, O5,6 can also give significant contributions, while O7
has a relative suppression factor (mZ /µ0 )2 . Note that we kept all operators Oi independent. By
doing so, one can easily single out the individual contribution of each operator, which helps in
model building, since not all operators are present in a specific model.
One limit to consider is that where the operators of d = 6 have coefficients such that their
contributions add up to maximise δm2h . Since αij are not known, one can choose:
−α22 = −α61 = −α30 = −α40 = α20 > 0

(31)

In this case, at large tan β:


δm2h ≈ 2 v 2 α20 m20 + 2 m0 µ0 + 2 µ20 + m2Z

(32)

A simple numerical example is illustrative. For m0 = 1 TeV, µ0 = 350 GeV, and with v ≈ 246
GeV, one has δm2h ≈ 2.36 α20 × 1011 (GeV)2 . Assuming M∗ = 10 TeV and ignoring d = 5
operators, with α20 ∼ 1/M∗2 and the MSSM value of mh taken to be its upper classical limit
mZ (reached for large tan β), we obtain an increase of mh from d = 6 operators alone of about
∆mh = 12.15 GeV to mh ≈ 103 GeV. An increase of α20 by a factor of 2.5 to α20 ∼ 2.5/M∗2
would give ∆mh ≈ 28 GeV to mh ≈ 119.2 GeV, which is already above the LEP bound. Note
that this increase is realised even for a scale M∗ of “new physics” beyond the LHC reach.
The above choice of M∗ = 10 TeV was partly motivated by the fine-tuning results 22 (for
d = 5 operators) and on convergence grounds: the expansion parameter of our effective analysis
is mq /M∗ where mq is any scale of the theory, in particular it can be m0 . For a susy breaking
scale m0 ∼ O(1) TeV (say m0 = 3 TeV) and c1,2 or αij of Zi (S, S † ) of order unity (say c1,2 = 2.5)
one has for M∗ = 10 TeV that c1,2 m0 /M∗ = 0.75 which is already close to unity, and at the
limit of validity of the effective expansion in powers of 1/M∗ . To conclude, even for a scale of
“new physics” above the LHC reach, one can still classically increase mh to the LEP bound.
6

Final remarks

The final step is to identify the nature of “new physics” that generated the operators with the
largest correction to mh , ideally from a renormalisable model. At the level of dimension d = 5
operators, this is clear from previous discussion: a massive gauge singlet can generate operator
L1 of (22) and the needed increase of mh , for a scale M∗ ∼ 5 − 10 TeV 22 ; this can provide a
solution to the little hierarchy problem, provided that one can fix dynamically the scale M∗ .
For dimension-six operators, from the above discussion one finds that to increase mh it is
needed that one or more of the following conditions are satisfied:
α20 > 0, α30 < 0, α40 < 0

(33)

First recall that O1,2,3 can be most easily generated by integrating out a massive gauge boson
U (1)′ or SU (2) triplets 21 , while O4 can be generated by a massive gauge singlet or SU (2)
triplets. Let us discuss the signs of the operators when they are generated as above:
(a): Integrating out a massive vector superfield U (1)′ under which Higgs fields have opposite
charges (to avoid a Fayet-Iliopoulos term), one finds α20 < 0 and α30 > 0 (also α10 < 0) 21 , which
is opposite to what we need. This can be changed, if for example there are additional pairs of
massive Higgs doublets also charged under new U (1)′ ; then O3 could be generated with α30 < 0.
(b): Integrating massive SU (2) triplets that couple to the MSSM Higgs sector would bring
α20 > 0, α40 < 0, α30 > 0, so the first two relations agree with what we need.
(c): Integrating a massive gauge singlet would bring α40 > 0, which would instead decrease mh .
Finally, at large tan β, due to additional corrections that effective operators bring to the
ρ parameter 26 , it turns out that α40 and α30 can have the largest correction to m2h , while
avoiding ρ-parameter constraints. The case of a massive gauge singlet or additional U (1)′ vector
superfield (giving O3,4 ) have the advantage of preserving gauge couplings unification at one-loop.
Following the above information, one can proceed to construct explicit models with additional
states that can generate these effective operators.
Let us mention that the method provided here to reduce the fine tuning in the MSSM for
mh larger than the LEP bound, relies on introducing an additional scale in the visible sector,

due to “new physics” in this sector. Other solutions to this problem may exist, which essentially
rely on a low scale in the hidden sector of supersymmetry breaking 27 . In this case the quartic
coupling and the mass of the SM-like Higgs are increased by a factor proportional to (µ2 /f )2 ,
where f is the hidden sector supersymmetry breaking scale. While not without problems, the
advantage of this latter method is that it does not pay the “cost” of an additional parameter
(scale) in the visible sector, as models with effective operators do.
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SEARCHES FOR NEW PHYSICS IN UPSILON DECAYS
S.H. ROBERTSON
on behalf of the BABAR Collaboration
3600 University St,
Montreal, Quebec H3A 2T8, Canada
During the final few months of data taking the BABAR experiment recorded large samples
of events at the narrow Υ(3S) and Υ(2S) resonances, which lie below the B-meson pair
production threshold. Motivated by recent theoretical interest in new physics models which
predict the existence of light CP-odd scalar bosons or light dark matter candidates, searches
have been performed using these data for evidence of direct production of these exotic particles
in decays of narrow Υ states. We report here the results of searches for Υ(2S, 3S) → γA0 ,
where the A0 boson decays either into a di-lepton pair or invisibly (i.e. into a pair of dark
matter candidates) and also a search for Υ(1S) decays into invisible final states.

1

Overview and motivation

Decays of narrow quarkonium states are an excellent place to look for new physics due to
the potential for substantial new physics enhancements to the branching fractions of rare or
forbidden decay modes. During the final few months of SLAC B factory operations in 2008,
the BABAR experiment collected large samples of e+ e− interaction data at the Υ(3S) and Υ(2S)
center of mass energies. During this period, approximately 122 × 106 Υ(3S) decays and 99 × 106
Υ(2S) decays were recorded. Because these bb̄ states lie below the threshold for B meson pair
production they have natural widths of ∼ 1 MeV and can be used to directly probe possible new
physics at scales below ∼ 10 GeV. Two possible new physics contributions have been considered
by BABAR and are discussed here: radiative decays of Υ states into light CP-odd Higgs bosons
and decays of Υ states into pairs of (undetected) dark matter candidates via a light vector or
scalar boson.
2

Searches for CP-odd Higgs in Υ(2S, 3S) → γA0

Light CP-odd Higgs bosons can arise in many scenarios of physics beyond the Standard Model
(SM), typically as the result of extending the Higgs sector to include one or more additional
singlet or doublet fields 1 . In the MSSM, the single CP-odd Higgs, aM SSM , is required to be
fairly heavy, both due to direct search bounds from LEP and mass relations between it and
other MSSM Higgs bosons. However, the NMSSM adds an additional singlet Higgs field to the
two Higgs doublets of the MSSM, resulting in a new CP-odd Higgs boson which mixes with
the aM SSM . The physical Higgs boson, denoted A0 , can evade LEP bounds and is theoretically
preferred to be light, with mA0 < 2mB . As such, it can potentially be produced directly
in radiative decays of Υ(2S, 3S) states. The A0 can decay promptly into fermion pairs with
branching fractions which depend on the parameters tan β and mA0 . For mA0 > 2mτ , A0 →
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Figure 1: The reduced mass distribution obtained from Υ(3S) → γµ+ µ− candidate events (left) for events with
either one or two positively identified muons. Branching fraction limits (right) on the decay A0 → µ+ µ− obtained
from the Υ(2S) (a) and Υ(3S) (b) samples as a function of the A0 mass. The constraint obtained from the
combination of the two data samples on the effective Yukawa coupling of the A0 to the bound state b quark is
plotted in (c).

τ + τ − is expected to be the dominant decay mode, while in the mass range 2mµ < mA0 < 2mτ
A0 → µ+ µ− is preferred. The NMSSM also permits the possibility of a light neutralino LSP, in
which case “invisible” decays into neutralino pairs may also occur at a measurable rate. Because
the center of mass energy is very precisely know at BABAR, the mass of the A0 can be determined
directly from the 2-body kinematics of Υ(2S, 3S) → γA0 events regardless of the A0 decay final
state.
2.1

Υ(2S, 3S) → γA0 , A0 → µ+ µ−

In the case of A0 decays into µ pairs, the A0 can be cleanly reconstructed directly from its decay
products. BABAR has reported the results of searches for A0 → µ+ µ− using the full Υ(2S) and
Υ(3S) data samples 2 . Events are required to possess exactly two oppositely charged tracks,
which are consistent with originating from a common geometric vertex inside of the beampipe
radius and at least one of which is positively identified as a muon. A single photon candidate
with energy Eγ∗ > 200 MeV is also required, although additional lower energy photons are also
permitted in the event. Although the photon alone is sufficient to determine the invariant mass
of the di-lepton pair, optimal resolution is obtained by a kinematic fit to the the entire γµ+ µ−
system, including beam energy and primary decay vertex constraints. The resulting reduced
mass (mR = m2µµ + 4m2µ ) is then examined for evidence of a narrow peak consistent with an A0
signal. Figure 1 shows the mR distribution for Υ(3S) data. Signal is extracted by fitting the mR
spectrum to a parameterized background distribution with a narrow peaking signal distribution
of specific mass and width determined from signal simulation and validated using J/ψ events in
data. Peaking backgrounds arise from e+ e− → γµ+ µ− events as well as ISR production of ρ0 ,
J/ψ, ψ(2S) and Υ(1S), and are all accounted for in the background parametrization. Exclusion
bounds are obtained by scanning the accessible mass range and fitting for signal at each mass
point. The step size is chosen to be smaller than the expected signal resolution, resulting in 1951
scan points in total. The distribution of signal significances obtained from the fits was found to
be statistically consistent with a no-signal hypothesis, given the number of independent trials, in
both the Υ(2S) and Υ(3S) data samples. Based on this result, no evidence for signal is claimed
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Figure 2: Left: The observed photon energy spectrum in Υ(3S) → γA0 (→ τ + τ − ) candidate events and the resulting fit pulls relative to the background-only fit, for the e+ e− , e± µ∓ and µ+ µ− final states. Peaking background
contributions arising from χb J radiative transitions are shown (dotted and dash-dotted curves), as well as the
overall background function (solid curves). Right: Product branching fraction and 90% confidence limits as a
function of A0 candidate mass.

and branching fraction limits for Υ(2S, 3S) → γA0 at the level of (several ×10−6 ) were obtained
(see Figure 1) within the mass range 0.212 ≤ mA0 ≤ 9.3 GeV.
2.2

Υ(3S) → γA0 , A0 → τ + τ −

Although A0 → τ + τ − is expected to be the dominant decay mode if kinematically allowed,
it is also more experimentally difficult since the τ + τ − system cannot be fully reconstructed.
BABAR has searched for the decays Υ(3S) → γA0 , A0 → τ + τ − in events in which the taus
decay leptonically 3 . Events are initially selected by requiring exactly two reconstructed tracks
identified as leptons, either e or µ, and a photon exceeding 100 MeV. Due to the presence
of missing energy resulting from the unobserved neutrinos, the A0 candidate mass cannot be
obtained directly from the τ + τ − system, but instead is computed from the photon energy using
the relation 2mΥ Eγ∗ = m2Υ − m2A0 . Backgrounds arise primarily from QED sources, in particular
e+ e− → γτ + τ − and 2-photon events. Suppression of these backgrounds is achieved by applying
a cut-based selection on a set of eight kinematic and angular variables separately optimized in
five different ranges of photon energy. Peaking backgrounds also contribute, originating from
radiative transitions to the Υ(1S, 2S) states via the χbJ (2P ) (J = 0, 1, 2) states. These are
explicitly included in the background parameterization (see Figure 2 left). As was the case for
the A0 → µ+ µ− search, the signal is represented as a peaking function of know width, but varying
with Eγ∗ . Simultaneous fits are performed to the γe+ e− , γe± µ∓ and γµ+ µ− final states at a total
of 307 scan points in the range 4.03 < mA0 < 10.10 GeV. The overall distribution of signal yield
significance was found to be statistically consistent with a no-signal hypothesis given the number
of independent trials. Limits on the product branching fraction B(Υ(3S) → γA0 )·B(A0 → τ + τ − )
in the range [1.5 - 16] × 10−5 were obtained as shown in Figure 2 (right).
2.3

Υ(3S) → γA0 , A0 → invisible

In some NMSSM scenarios with a light neutralino LSP, the decay A0 → χ0 χ̄0 can be significant.
If it is the dominant A0 decay mode, then the µ+ µ− and τ + τ − searches described above may not
be sensitive to the presence of an A0 . BABAR has therefore also performed an explicit search for A0
decaying into invisible final states 4 , representing the scenario in which the A0 decay products,
presumed to be stable weakly interacting particles, traverse the detector without leaving a

Figure 3: Recoil mass distribution of A0 → invisible decay candidates for a sample scan point fit representing the
highest significance signal in the low (left) and high (right) samples. The solid curve represents the overall fit,
while the individual background components are shown as dashed lines and the fitted signal is shown as a dotted
line.

Figure 4: Product branching fraction upper limits on B(Υ(3S) → γA0 ) · B(A0 → invisible).
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Figure 5: π + π − recoil mass distribution, mrec , obtained in Υ(3S) → π + π − X decays satisfying the Υ(1S) →
invisible event selection. Data are shown as points, while the overall fit and non-peaking component are shown
as the solid and dashed lines respectively.

detectable signal. The presence and mass of the A0 must be inferred and reconstructed purely
from the kinematics of the photon from the Υ(3S) → γA0 transition. Similarly, background
suppression is based on photon fiducial and detector quality considerations, as well as constraints
on the presence of other detector activity in the event. An additional experimental difficulty
is the need to trigger on events containing only a single identified photon in the detector.
Backgrounds originate from QED processes with missing energy from particles passing outside
of the detector fiducial acceptance, primarily e+ e− → γγ at high Eγ∗ and e+ e− → γe+ e− at low
Eγ∗ . Trigger and background considerations result in the Υ(3S) data sample being naturally
split into low and high A0 mass regions. Because of the challenges of simulating the background
distribution in the single photon samples, 10% of the final data sample was used for background
characterization and optimization of the signal selection, while the remaining 90% remained
blinded until the selection was finalized. As in the visible A0 decay searches, evidence for signal
is sought by scanning the A0 candidate mass distribution, fitting for a peaking signal contribution
above a parameterized background in small steps in the recoil mass mX . Figure 3 shows the
results of the fits to the low and high mass region which yield the highest signal significances,
2.6σ and 1.7σ respectively. In both mass regions the distribution of signal significances obtained
from the scans were consistent with expected statistical fluctuations given a background-only
hypothesis. The 90% confidence limits on the Υ(3S) → γA0 , A0 → invisible product branching
fraction as a function of A0 mass are shown in Figure 4.
3

Υ(1S) → invisible

Υ(1S) decays to neutrinos are expected to occur at the level of ∼ 1 × 10−5 in the SM, but
could potentially be enhanced by decays into pairs of low-mass dark matter candidates 5,6 .
BABAR has performed a search for invisible decays of the Υ(1S) by tagging the Υ(1S) using
transition pions from Υ(3S) → π + π − Υ(1S) decays 7 . “Invisible” signal decays are then selected
by requiring the absence of significant additional detector activity other than that associated with
the π + π − pair. Backgrounds originate from two possible sources: combinatorial backgrounds

from events which are not Υ(3S) → π + π − Υ(1S) transitions, and peaking (in the π + π − recoil
mass, mrec ) backgrounds from non-signal Υ(3S) → π + π − Υ(1S) events in which the Υ(1S) decay
products do not leave significant activity within the detector in spite of having (in principle)
detectable decay products. This latter source is primarily due to particles which pass outside of
the detector geometrical acceptance, but can also include low energy particles or non-interacting
neutral hadrons. The dominant non-peaking background is substantially suppressed using a
multivariate classified trained on mrec sideband data. Peaking backgrounds, predominantly
hadronic decays of Υ(1S) are estimated from simulation and validated against data in a control
sample of signal-like events which possess almost no additional detector activity. The signal
shape in mrec is similarly determined from data using visible Υ(1S) decays. The overall signal
yield is determined from a fit to mrec of a peaking function above a non-peaking polynomial
background (see Figure 5). The fit yields a total peaking component of 2326 ± 105 events with
an estimated peaking background of 2444 ± 123 events, resulting in an overall Υ(1S) → invisible
signal consistent with zero. From this a limit of B(Υ(1S) → invisible) < 3.0 × 10−4 at the 90%
confidence level is obtained.
4

Conclusions

The large sample of narrow Υ decays recorded by BABAR during 2008 provide a very powerful
tool for constraining possible new physics contributions from low mass Higgs bosons or dark
matter candidates. Samples of order 106 events each of Υ(2S) and Υ(3S) decays were used
to search for evidence of leptonic and invisible decays of a light Higgs such as the CP-odd A0
predicted in the NMSSM. The resulting limits strongly constrain the available parameter space
for such a model. We have additionally reported the results of a search for invisible decays of
the Υ(1S), motivated by models of light dark matter.
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TEST OF LEPTON UNIVERSALITY AND SEARCHES FOR LEPTON
FLAVOR VIOLATION AT BABAR
ELISA GUIDO
(on behalf of the BABAR Collaboration)
Università degli Studi di Genova & INFN Sezione di Genova
Via Dodecaneso 33, 16146 Genova, Italy
The BABAR experiment has recently obtained some important results in the search for new
physics in leptonic and lepton flavor violating decays, exploiting the complete datasets collected at the Υ(4S), Υ(3S) and Υ(2S) energies. In particular, new limits on the ratio
Γ(Υ(1S) → τ + τ − )/Γ(Υ(1S) → µ+ µ− ), on lepton flavor violating decays of the Υ(3S) and
Υ(2S), and on τ decays to three charged leptons or τ → e/µγ are presented.

1

Introduction

Despite being originally devoted to study CP-violation, the BABAR experiment (described in
detail elsewhere 1,2 ) has recently obtained several important results also in precision tests of
the standard model (SM) and in searches for new physics (NP) effects. This has been possible
thanks to the huge data sample collected by BABAR, mostly at an energy in the e+ e− center-ofmass (CM) frame equal to the mass of the Υ(4S) (corresponding to an integrated luminosity of
426 fb−1 ), but also of the lower-mass Υ resonances (28 fb−1 at the Υ(3S) energy and 14 fb−1 at
the Υ(2S)). Samples of data collected just below each Υ resonance (42 fb−1 , 2.4 fb−1 and 1.3
fb −1 below the Υ(4S), Υ(3S) and Υ(2S), respectively) have been used as well.
Here some recent results obtained by BABAR are shown: a test of lepton universality in Υ(1S)
decays 3 , representing the most precise measurement of the ratio Γ(Υ(1S) → τ + τ − )/Γ(Υ(1S) →
µ+ µ− ); and three results in the search for charged lepton flavor violating decays of the Υ(3S)
and Υ(2S) resonances 4 , as well as of τ to e/µγ 5 and to three charged leptons 6 . With each
result BABAR proves to be able to constrain the NP theoretical models proposed for the different
processes, as it will be explained in the devoted sections.
2

Test of lepton universality in Υ(1S) decays

In the SM, the couplings of the gauge bosons to leptons are independent of the lepton flavor.
Aside from small lepton-mass effects, the expression for the decay width Υ(1S) → l+ l− should
be identical for all leptons, and given by 7 :
ΓΥ(1S)→ll

s

Ml2
Ml2
|Rn (0)|2
(1
+
2
)
,
1
−
4
= 4α2 Q2b
MΥ2
MΥ2
MΥ2

(1)

where α is the electromagnetic fine structure constant, Qb is the charge of the bottom quark,
Rn (0) is the non-relativistic radial wave function of the bound bb̄ state evaluated at the ori-

gin, MΥ is the Υ(1S) mass and Ml is the lepton mass. In the SM, one expects the quantity
Rτ µ (Υ(1S)) =

ΓΥ(1S)→τ + τ −
ΓΥ(1S)→µ+ µ−

to be very close to one (in particular, Rτ µ (Υ(1S)) ∼ 0.992 8 ).

In the next-to-minimal extension of the SM 9 , deviations of Rτ µ from the SM expectation
may arise due to a light CP-odd Higgs boson, A0 . Present data 10 do not exclude the existence
of such a boson with a mass below 10 GeV/c2 . A0 may mediate the following processes 7 :
Υ(1S) → A0 γ → l+ l− γ

or

Υ(1S) → ηb (1S)γ, ηb (1S) → A0 → l+ l− .

(2)

If the photon remained undetected, the lepton pair would be ascribed to the Υ(1S) and
the proportionality of the coupling of the Higgs to the lepton mass would lead to an apparent
violation of lepton universality. The deviation of Rτ µ from the expected SM value depends on
Xd = cos θA tan β (where θA measures the coupling of the Υ(1S) to the A0 , and tan β is the
ratio of the vacuum expectation values of the two Higgs doublets) and on the mass difference
between A0 and ηb (1S). Assuming Xd = 12, Γ(ηb (1S)) = 5 MeV, and the measured Mηb (1S) 11 ,
the deviation of Rτ µ (Υ(1S)) may be as large as ∼ 4%, depending on the A0 mass 7 .
A measurement of this ratio has already been performed, with the result Rτ µ (Υ(1S)) =
1.02 ± 0.02(stat.) ± 0.05(syst.) 12 .
This analysis focuses on the measurement of Rτ µ (Υ(1S)) in the decays Υ(3S) → Υ(1S)π + π −
with Υ(1S) → l+ l− and l = µ, τ of the ∼ 1.2 × 108 Υ(3S) collected by BABAR. Only τ decays to
a single charged particle (plus neutrinos) are considered, resulting in final states of exactly four
detected particles for both the µ+ µ− and τ + τ − samples.
The event selection is optimized using Monte Carlo (MC) simulated events. Different selection criteria are used for the Υ(1S) → µ+ µ− decays (Dµ ) and the Υ(1S) → τ + τ − decays (Dτ ),
because in the latter the presence of neutrinos in the final state leads to a larger contamination
from the background (mainly non-leptonic Υ(1S) decays and e+ e− → τ + τ − events). The final
selection efficiency for the reconstructed decay chains, estimated from a sample of MC simulated
events, are ǫµµ ∼ 45% and ǫτ τ ∼ 17% for the µ+ µ− and the τ + τ − final states, respectively.
An extended unbinned maximum likelihood fit, applied simultaneously to the two disjoint
N
ǫµµ
· Nsigµ
, where Nsigµ (Nsigτ ) indicates
datasets Dµ and Dτ , is used to extract Rτ µ = ǫsigτ
ττ
the number of signal events in the Dµ (Dτ ) sample. For the Dµ sample, a 2-dimensional
probability density function (PDF) is used, based on the invariant dimuon mass Mµ+ µ− and
Mπreco
, the invariant mass of the system recoiling against the π-pair, defined as: Mπreco
+ π− =
q + π−
√
√
+
−
∗
2 − 2 · s · E ∗ , where
s + Mππ
s is the e e CM energy and Eππ indicates the π-pair energy
ππ
calculated in the CM frame. For the Dτ sample, a 1-dimensional PDF is used, based on Mπreco
+ π− .
The functional forms of the PDFs describing the signal components are modeled from a dedicated
sub-sample consisting approximately of one tenth of the Dµ sample, then discarded from the
final result in order to avoid any bias. The data collected below the Υ(3S) resonance are used to
model the background shapes. The result of the simultaneous fit is Rτ µ = 1.006 ± 0.013, where
the quoted error is statistical only. Figure 1 shows the projections of the fit results for the three
variables.
Several systematic errors cancel in the ratio. The main systematic uncertainties are related
to the differences between data and simulation in the efficiency of event selection, the muon
identification, and the trigger and background filters. There is also a systematic uncertainty on
the signal and background yields due to the imperfect knowledge of the PDFs used in the fit.
The total systematic uncertainty, obtained by summing in quadrature all the contributions, is
estimated to be 2.2%. Including all the systematic corrections, the ratio Rτ µ is found to be 3 :
Rτ µ (Υ(1S)) = 1.005 ± 0.013(stat.) ± 0.022(syst.).
No significant deviation of the ratio Rτ µ from the SM expectation is observed. This result improves both the statistical and systematic precision with respect to the previous measurement 12 .

reco
reco
(top right) in the Dµ sample, and for Mππ
Figure 1: 1-D fit projections for Mµ+ µ− (top left) and for Mππ
(bottom) in the Dτ sample. In each plot the dashed line represents the background shape, while the solid line is
the sum of signal and background contributions to the fit, and the points are the data.

Assuming values for Xd , Γ(ηb (1S)) and Mηb (1S) as previously stated 7 , the present measurement
excludes an A0 with mass lower than 9 GeV/c2 at 90% of confidence level (CL).
3

Searches for charged lepton flavor violation

Lepton flavor violation (LFV) can occur via neutrino oscillation, but this has never been observed
in charged processes because the tree-level contributions are suppressed to rates not achievable
by the current experimental sensitivity. In many extensions of the SM, enhancements of these
rates are possible, up to a detectable level, with expected branching fractions of O(10−6 -10−8 ).
An observation of LFV in charged decays would be a clear signature of NP, and improved limits
on the branching fractions of such processes further constrain the theoretical models proposed.
BABAR can search for charged LFV in several typologies of decays, both of the Υ resonances
and of the τ leptons.
3.1

Search for charged LFV in narrow Υ decays

This analysis searches for the charged LFV decays Υ(nS) → l± τ ∓ , with l = e, µ and n = 2, 3,
using the ∼ 1.2 × 108 Υ(3S) and ∼ 1.0 × 108 Υ(2S) resonances collected by BABAR.
The signature of the signal events consists of exactly two oppositely charged particles: a
primary lepton, identified as an electron or a muon, with momentum close to the beam energy,
and a secondary charged lepton or pion from the τ decay (along with other neutral particles
not reconstructed). In order to suppress background events, if the τ decays leptonically, the
primary lepton and the τ -daughter are required to have different flavors. Thus, for each value of
n, four signal channels are defined, consisting of leptonic and hadronic τ decay modes, and with
an electron or a muon as primary lepton. The main sources of background come from τ -pair
production, as well as from Bhabha and µ-pair events.
The event selection consists of several requirements, related to the particle identification and
to the kinematics of the τ -daughter. The final selection efficiencies, estimated on samples of MC
simulated events, vary in the range (4-6)% depending on the decay mode considered.

An extended unbinned maximum likelihood fit is performed to the distribution of the variable
x = |p1 |/EB , that is, the momentum of the primary lepton (p1 ) normalized to the beam energy
(EB ). The signal distribution is expected to peak at x ∼ 0.97, while the τ -pair background
x distribution is smooth and approaches zero as x → 0.97, and the Bhabha and µ-pair events
have instead a peaking behavior at x ∼ 1. PDFs are chosen for each of these components,
using samples of data and of MC simulated events. The signal yield NSIG is extracted and
found consistent with the no signal-hypothesis within ±1.8σ in all the signal channels. Since
no statistically significant signal is observed, the 90% CL upper limit (UL) on the branching
fraction B of each decay is determined, using a Bayesian technique, in which the prior likelihood
is uniform in B and assumes that B > 0.
In the UL calculation, the systematic uncertainties affecting the measurement are also taken
into account. The dominant contribution to the systematic uncertainty comes from an imperfect
knowledge of the PDF shapes. The resulting ULs 4 are summarized in Table 1 and are of O(10−6 ),
representing the first constraints on B(Υ(nS) → e± τ ∓ ), while improving the sensitivity with
respect to the previous ULs 13 on B(Υ(nS) → µ± τ ∓ ).
Table 1: 90% CL ULs on the branching fractions B for signal decays Υ(nS) → l± τ ∓ .

Mode
B(Υ(2S) → e± τ ∓ )
B(Υ(2S) → µ± τ ∓ )
B(Υ(3S) → e± τ ∓ )
B(Υ(3S) → µ± τ ∓ )

3.2

UL (10−6 )
< 3.2
< 3.3
< 4.2
< 3.1

Search for charged LFV in the decays τ ± → e± γ and τ ± → µ± γ

Another environment for LFV processes is τ decay. In particular, τ ± → l± γ (where l = e, µ) is
a favored decay mode in several NP scenarios, with predicted branching fractions close to the
current experimental limits.
Besides being a B-factory, BABAR has been usefully employed as a τ -factory as well, since
the cross sections for the production of τ -pairs and B B̄-pairs are comparable. This analysis uses
the complete BABAR dataset, which corresponds to ∼ 960 × 106 τ decays.
The reconstructed events e+ e− → τ + τ − show a clear topology, being well divided in two
hemispheres: the signal side, containing the l± γ-pair, required to have mass and energy compatible with the τ mass and the beam energy, respectively; and the tag side, which is expected to
contain a SM τ decay, reconstructed in events where the τ lepton goes to one or three charged
tracks (with undetected neutrinos). The signal side is further required to contain only one γ
with energy greater than 1 GeV and one track identified as an electron or a muon, separated by
an angle determined by the kinematic of the process, since γ and l are emitted back-to-back in
the τ rest frame.
The main sources of background come from irreducible τ -pair events, l+ l− γ events and
hadronic τ decays with mis-identification of the charged π.
CM −
Signal decays are identified by two kinematical variables: the energy difference ∆E = Elγ
√
s/2 and the beam-energy constrained τ mass (mEC ). The distributions of events in mEC versus
∆E are shown in Figure 2. In this plane, a region is defined as mEC ∈ [1.55, 2.05] GeV/c2 and
∆E ∈ [−0.14, 0.14] GeV, and used to extract from fits the expected fractions of background
events. The number of events in the 2σ signal ellipses (0 events for τ ± → e± γ and 2 events
for τ ± → µ± γ) are found to be compatible with the background expectation, without evidence
for a signal. After the estimate of the systematic uncertainties, which are mainly due to the

efficiencies of tracking, particle identification, trigger and background filters, frequentist 90%
CL ULs on the branching fractions B of the signal processes are calculated using the POLE
program 14 . The results are 5 :
B(τ ± → e± γ) < 3.3 × 10−8

and

B(τ ± → µ± γ) < 4.4 × 10−8

at 90% CL, representing the most stringent limits on LFV in these decays.
3.3

Limits on LFV in τ decays to three charged leptons

A further search for LFV processes is performed by BABAR in the neutrinoless decay τ − →
l1− l2+ l3− , where li = e, µ with i = 1, 2, 3, and charge-conjugate decay modes are implied throughout
the section. All six lepton combinations consistent with charge conservation are considered. The
data collected at the energy of the Υ(4S) are used, corresponding to ∼ 430 × 106 τ -pairs.
As explained for the previous analysis, e+ e− → τ + τ − events can be clearly separated in a
signal and a tag hemisphere. In this case, the signal side is required to contain three charged
particles, identified as electrons or muons, according to one of the allowed combinations. In
addition the three-lepton system must have mass and energy compatible with the τ mass and
the beam energy, respectively. The tag τ lepton has instead to decay to one charged track, with
undetected neutrinos. Therefore, the reconstructed final states consist of exactly four charged
tracks with net charge equal to zero. Particle identification requirements and further selection
criteria are applied in order to reject background events, which are mainly due to q q̄, Bhabha and
µ-pair events, as well as to SM τ decays. The selection efficiencies, estimated on MC simulated
samples, vary in the range (6-13)% depending on the channel considered.
The signal extraction is performed using the distributions ∆E and ∆MEC = mEC − mτ ,
where ∆E and mEC have been defined in the previous section, and mτ is the τ lepton mass.
The distributions of the events in this plane are shown for data in Figure 3. The expected
background rates for each decay mode are determined by fitting data in a region defined as
∆MEC ∈ [−0.6, 0.4] GeV/c2 and ∆E ∈ [−0.7, 0.4] GeV. In every channel no signal candidates
are found in the signal region and 90% CL ULs are placed on the branching fractions B, using
the technique of Cousins and Highland 15 following the implementation of Barlow 16 .
The systematic uncertainties affecting the measurement are mainly due to particle identification efficiency; minor contributions come from tracking efficiency and errors in the background
estimation.
After including all the uncertainties, the 90% CL ULs on B(τ − → l1− l2+ l3− ) are calculated 6 , as
summarized in Table 2. These values supersede the previous BABAR results 17 and are compatible
with the latest limits placed by Belle 18 .
Table 2: 90% CL ULs on the branching fractions B for signal decays τ − → l1− l2+ l3− .

Mode
→ e− e+ e− )
B(τ − → µ− e+ e− )
B(τ − → e− µ+ e− )
B(τ − → µ− µ+ e− )
B(τ − → µ− e+ µ− )
B(τ − → µ− µ+ µ− )
B(τ −

UL (10−8 )
< 2.9
< 2.2
< 1.8
< 3.2
< 2.6
< 3.3

Figure 2: Data events (dots) for τ → eγ (top) and τ →
µγ (bottom) decays. The 2σ signal ellipses are shown,
as well as the dark and light shadings representing the
50% and 90% signal contours, respectively.

Figure 3: Data events (dots) for the six τ decay channels
after selection is applied. Signal regions are identified
by the solid lines. The dark and light shadings represent
the 50% and 90% signal contours, respectively.
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A Lepton Universality Test at CERN NA62 Experiment
Evgueni Goudzovski
School of Physics and Astronomy, University of Birmingham,
Edgbaston, Birmingham, B15 2TT, United Kingdom
The NA62 experiment at CERN collected a large sample of K + → e+ ν decays during a
dedicated run in 2007, aiming at a precise test of lepton universality by measurement of the
helicity suppressed ratio RK = Γ(K + → e+ ν)/Γ(K + → µ+ ν). The preliminary result of the
analysis of a partial data sample of 51089 K + → e+ ν candidates is RK = (2.500±0.016)×10−5 ,
which is consistent with the Standard Model expectation.

Introduction
Due to the V − A structure of the weak interactions, the Standard Model (SM) rates of the
leptonic meson decays P + → `+ ν are helicity suppressed. Within the two-Higgs doublet models
(2HDM), which is a wide class of models including the minimum supersymmetric (SUSY) one,
the charged Higgs boson (H ± ) exchange induces a tree-level contribution to (semi)leptonic
decays proportional to the Yukawa couplings of quarks and leptons 1 . In P + → `+ ν decays, the
H ± exchange can compete with the W ± exchange, thanks to the above suppression.
At tree level, the H ± exchange contribution to P + → `+ ν decay widths (with P = π, K, B)
is lepton flavour independent, and is approximately described by 2
MP
∆Γ(P + → `+ ν)
≈ −2
SM
+
+
Γ (P → ` ν)
MH


2

tan2 β
.
1 + ε0 tan β

(1)

Here MH is the charged Higgs boson mass, tan β is the ratio of vacuum expectation values
of the two Higgs doublets, a fundamental parameter controlling the charged Higgs couplings,
and ε0 ∼ 10−2 is an effective coupling. For a reasonable choice of the parameters (tan β = 40,
MH = 500 GeV/c2 ), one expects ∼ 30% relative suppression of B + → `+ ν decays, and ∼ 0.3%
suppression of K + → `+ ν decays. However the searches for new physics in these decay rates are
hindered by the uncertainties of their SM predictions.
On the other hand, the ratio of kaon leptonic decay rates RK = Γ(Ke2 )/Γ(Kµ2 ), where
the notation K`2 is adopted for the K + → `+ ν decays, has been calculated with an excellent
accuracy within the SM 3 :
SM
RK

= (me /mµ )

2

m2K − m2e
m2K − m2µ

!2

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

(2)

Here δRQED = (−3.78±0.04)% is a correction due to the inner bremsstrahlung (IB) K `2γ process.
The ratio RK is sensitive to lepton flavour universality violation (LFV) effe cts originating at
one-loop level from H ± exchange in 2HDM 4,5 , and the mixing effects in the right-handed slepton

sector, providing a unique probe into this aspect of supersymmetric flavour physics 6 . RK receives
the following leading-order contribution due to LFV coupling of the Higgs boson:
∆RK
=
SM
RK



MK
MH

4 

Mτ
Me

2

2
6
|∆31
R | tan β,

(3)

where |∆31
R | is the mixing parameter between the superpartners of the right-handed leptons,
which can reach ∼ 10−3 . This can enhance RK by O(1%) relative, with no contradiction to
presently known experimental constraints (including upper bounds on the LFV τ → eX decays
with X = η, γ, µµ).
The current world average (including only final results, and thus ignoring the preliminary
WA = (2.490 ± 0.030) × 10−5 , dominated by a recent measurement by the
NA48/2 ones) is RK
KLOE collaboration 8 . The NA62 experiment at CERN collected a dedicated data sample in
2007–08, aiming at a measurement of RK with a 0.4% precision. The preliminary result obtained
with a partial data sample is presented here.
1

Beam, detector and data taking

The beam line and setup of the NA48/2 experiment 9 were used for the NA62 2007–08 data
taking. Experimental conditions and trigger logic were optimized for the K e2 /Kµ2 measurement.
The beam line is capable of delivering simultaneous unseparated K + and K − beams derived
from 400 GeV/c primary protons extracted from the CERN SPS. Most of the data, including
the sample used for the present analysis, were collected with the K + beam only, as the muon
sweeping system provides better suppression of the positive beam halo component. A narrow
momentum band of (74.0 ± 1.6) GeV/c was used to minimize the corresponding contribution to
resolution in kinematical variables.
The fiducial decay region is contained in a 114 m long cylindrical vacuum tank. With
1.8 × 1012 primary protons incident on the target per SPS pulse of 4.8 s duration, the beam
flux at the entrance to the decay volume is 2.5 × 107 particles per pulse. The fractions of K + ,
π + , p, e+ and µ+ in the beam are 0.05, 0.63, 0.21, 0.10 and 0.01, respectively. The fraction of
beam kaons decaying in the vacuum tank at nominal momentum is 18%. The transverse size
of the beam within the decay volume is δx = δy = 7 mm (rms), and its angular divergence is
negligible.
Among the subdetectors located downstream the decay volume, a magnetic spectrometer,
a plastic scintillator hodoscope (HOD) and a liquid krypton electromagnetic calorimeter (LKr)
are principal for the measurement. The spectrometer, used to detect charged products of kaon
decays, is composed of four drift chambers (DCHs) and a dipole magnet. The HOD producing
fast trigger signals consists of two planes of strip-shaped counters. The LKr, used for particle
identification and as a veto, is an almost homogeneous ionization chamber, 27X 0 deep, segmented
transversally into 13,248 cells (2×2 cm2 each), and with no longitudinal segmentation. A beam
pipe traversing the centres of the detectors allows undecayed beam particles and muons from
decays of beam pions to continue their path in vacuum.
A minimum bias trigger configuration is employed, resulting in high efficiency with relatively
low purity. The Ke2 trigger condition consists of coincidence of hits in the HOD planes (the so
called Q1 signal) with 10 GeV LKr energy deposition. The Kµ2 trigger condition consists of the
Q1 signal alone downscaled by a factor of 150. Loose lower and upper limits on DCH activity
are also applied.
The main data taking took place during four months starting in June 2007. Two additional
weeks of data taking allocated in September 2008 were used to collect special data samples for
studies of systematic effects. The present analysis is based on ∼ 40% of the data sample.

2

Analysis strategy and event selection

The analysis strategy is based on counting the numbers of reconstructed K e2 and Kµ2 candidates
collected concurrently. Consequently the result does not rely on kaon flux measurement, and
several systematic effects (e.g. due to reconstruction and trigger efficiencies, time-dependent
effects) cancel to first order.
To take into account the significant dependence of signal acceptance and background level
on lepton momentum, the measurement is performed independently in bins of this observable:
10 bins covering a lepton momentum range of [15; 65] GeV/c are used. The ratio R K in each
bin is computed as
RK =

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

(4)

where N (K`2 ) are the numbers of selected K`2 candidates (` = e, µ), NB (K`2 ) are numbers of
background events, A(Kµ2 )/A(Ke2 ) is the geometric acceptance correction, f` are efficiencies of
e/µ identification, (K`2 ) are trigger efficiencies, fLKr is the global efficiency of the LKr readout,
and D = 150 is the downscaling factor of the Kµ2 trigger.
A detailed Monte Carlo (MC) simulation including beam line optics, full detector geometry
and material description, stray magnetic fields, local inefficiencies of DCH wires, and time variations of the above throughout the running period, is used to evaluate the acceptance correction
A(Kµ2 )/A(Ke2 ) and the geometric parts of the acceptances for background processes entering
the computation of NB (K`2 ). The K`2(γ) processes are simulated in one-photon approximation 3 ;
the resummation of leading logarithms 10 is neglected at this stage. Simulations are used to a
limited extent only: particle identification, trigger and readout efficiencies are measured directly.
Due to topological similarity of Ke2 and Kµ2 decays, a large part of the selection conditions
is common for both decays: (1) exactly one reconstructed particle of positive electric charge;
(2) its momentum 15 GeV/c < p < 65 GeV/c (the lower limit is due to the 10 GeV LKr energy
deposit trigger requirement in Ke2 trigger); (3) extrapolated track impact points in DCH, LKr
and HOD are within their geometrical acceptances; (4) no LKr energy deposition clusters with
energy E > 2 GeV and not associated to the track to suppress background from other kaon
decays; (5) distance between the charged track and the nominal kaon beam axis CDA < 3 cm,
decay vertex longitudinal position within the nominal decay volume (the latter condition is
optimized in each lepton momentum bin).
The following two principal selection criteria are different for the K e2 and Kµ2 decays. K`2
kinematic identification is based on the reconstructed squared missing mass assuming the track
2 (`) = (P − P )2 , where P
to be a positron or a muon: Mmiss
K
K and P` (` = e, µ) are the four`
momenta of the kaon (average beam momentum assumed) and the lepton (positron or muon
2 (e)| < M 2 is applied to select K
mass assumed). A selection condition |Mmiss
e2 candidates, and
0
2
2
2
|Mmiss (µ)| < M0 for Kµ2 ones, where M0 varies from 0.009 to 0.013 (GeV/c2 )2 among lepton
2
momentum bins depending on Mmiss
resolution. Particle identification is based on the ratio E/p
of track energy deposit in the LKr calorimeter to its momentum measured by the spectrometer.
Particles with 0.95 < E/p < 1.1 (E/p < 0.85) are identified as positrons (muons).
3

Backgrounds

Kµ2 decay with a mis-identified muon is the main background source in the Ke2 sample.
Sufficient kinematic separation of Ke2 and Kµ2 decays is not achievable at high lepton momentum
(p > 30 GeV/c), as shown in Fig. 1a. The probability of muon identification as positron in that
momentum range (E/p > 0.95 due to ‘catastrophic’ bremsstrahlung in or in front of the LKr)
SM = 2.477 × 10−5 . A direct
is P (µ → e) ∼ 4 × 10−6 , which is non-negligible compared to RK
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Figure 1: (a) Missing mass squared in positron hypothesis Mmiss
(e) vs lepton momentum for reconstructed Ke2
and Kµ2 decays: kinematic separation of Ke2 and Kµ2 decays is possible at low lepton momentum only. (b)
Measured and simulated probability of muon identification as electron/positron P (µ → e) vs its momentum: data
with the Pb wall, MC simulations with and without the Pb wall (the signal region is marked with arrows).

measurement of P (µ → e) to ∼ 10−2 relative precision is necessary to validate the theoretical
calculation of the bremsstrahlung cross-section 11 in the high γ energy range used to evaluate
the Kµ2 background.
The available muon samples are typically affected by ∼ 10−4 electron/positron contamination
due to µ → e decays in flight, which obstructs the P (µ → e) measurements. In order to obtain
sufficiently pure muon samples, a 9.2X0 thick lead (Pb) wall covering ∼ 20% of the geometric
acceptance was installed in front of the LKr calorimeter (between the two HOD planes) during
a period of the data taking. In the samples of tracks traversing the Pb and having E/p > 0.95,
the electron component is suppressed to a level of ∼ 10−7 by energy losses in Pb.
The momentum dependence of P (µ → e) for muons traversing the Pb has been measured
with a data sample collected during a special muon (µ± ) run of 20h duration, and compared to
the results of a dedicated Geant4-based MC simulation of the region downstream the spectrometer involving standard energy loss processes and bremsstrahlung 11 . The data/MC comparison
(Fig. 1b) shows good agreement in a wide momentum range within statistical errors, which validates the cross-section calculation at the corresponding precision level. The simulation shows
that the Pb wall modifies P (µ → e) via two principal mechanisms: 1) muon energy loss in the
Pb by ionization decreasing P (µ → e) and dominating at low momentum; 2) bremsstrahlung in
Pb increasing P (µ → e) and dominating at high momentum.
To estimate the Kµ2 background contamination, the kinematic suppression factor is computed with the standard setup simulation, while the validated simulation of muon interaction
in the LKr is employed to account for P (µ → e) suppression. Uncertainty of the background
estimate is due to the limited size of the data sample used to validate the simulation.
Kµ2 decay followed by µ → e decay contributes significantly to the background. However energetic forward daughter positrons compatible to Ke2 topology are suppressed due to
muon polarization 12 .
Ke2γ (SD) decay, a background by RK definition, has a rate similar to that of Ke2 : the
world average 7 is BR = (1.52 ± 0.23) × 10−5 . Theoretical rate calculations depend on the form
factor model, and have a similar precision. Energetic positrons (Ee∗ > 230 MeV in K + frame)
with γ escaping detector acceptance contribute to the background. MC background estimation
has a 15% uncertainty due to limited knowledge of the process. A recent measurement by
KLOE 8 , published after announcement of the NA62 preliminary result, is not used.
Beam halo background in the Ke2 sample induced by halo muons (undergoing µ → e
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Figure 2: (a) Reconstructed squared missing mass distribution Mmiss
(e) for the Ke2 candidates: data (dots)
presented as sum of MC signal and background contributions (filled areas). (b) Numbers of K e2 candidates and
background events in lepton momentum bins.

Source
Kµ2
Kµ2 (µ → e)

NB /Ntot
Source
NB /Ntot
(6.28 ± 0.17)% Ke2γ (SD) (1.02 ± 0.15)%
(0.23 ± 0.01)% Beam halo (1.45 ± 0.04)%
Total background: (8.03 ± 0.23)%

Source
Ke3
K2π

NB /Ntot
0.03%
0.03%

Table 1: Summary of the background sources in the Ke2 sample.
+
candidates from a
decay in flight or mis-identified) is measured directly by reconstructing Ke2
−
+
control K data sample collected with the K beam dumped. Background rate and kinematical
distribution are qualitatively reproduced by a halo simulation. The uncertainty is due to the
limited size of the K − sample. Beam halo is the only significant background source in the Kµ2
sample, measured to be 0.25% (with a negligible uncertainty) with the same technique as for
Ke2 decays.
The number of K`2 candidates is N (Ke2 ) = 51, 089 (about four times the statistics col2 (e) distributions of data events
lected by KLOE 8 ) and N (Kµ2 ) = 15.56 × 106 . The Mmiss
and backgrounds are presented in Fig. 2a. Backgrounds integrated over lepton momentum are
summarized in Table 1; their distributions over lepton momentum are presented in Fig. 2b.

4

Systematic uncertainties

Positron identification efficiency is measured directly as a function of momentum and LKr
impact point using pure samples of electrons and positrons obtained by kinematic selection of
K + → π 0 e+ ν decays collected concurrently with the Ke2 sample, and KL0 → π ± e∓ ν decays
from a special KL0 run of 15 hours duration. The K + and KL0 measurements are in good agreement. The measured fe averaged over the Ke2 sample is (99.20 ± 0.05)%. Muon identification
inefficiency is negligible.
The geometric acceptance correction A(Kµ2 )/A(Ke2 ) is strongly affected by the radiative Ke2γ (IB) decays. A conservative systematic uncertainty is attributed to approximations
used in the Ke2γ IB simulation. The resummation of leading logarithms 10 is not taken into account, however no systematic error is ascribed due to that. An additional systematic uncertainty
reflects the precision of beam line and apparatus description in the MC simulation.
Trigger efficiency correction (Ke2 )/(Kµ2 ) = 99.9% accounts for the fact that Ke2 and
Kµ2 decay modes are collected with different trigger conditions: the E > 10 GeV LKr energy
deposition signal enters the Ke2 trigger only. A conservative systematic uncertainty of 0.3% is
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Figure 3: (a) Measurements of RK in lepton momentum bins. (b) The world average of RK .

Source
Statistical
Kµ2
Ke2γ (SD)

δRK × 105
0.012
0.004
0.004

Source
Beam halo
Positron ID
IB simulation

δRK × 105
0.001
0.001
0.007

Source
Geom. acceptance
Trigger dead time

δRK × 105
0.002
0.007

Table 2: Summary of uncertainties of RK : statistical and systematic contributions.

ascribed due to effects of trigger dead time which affect the two modes differently. LKr global
readout efficiency fLKr is measured directly to be (99.80 ± 0.01)% and stable in time using
an independent LKr readout system.
5

Result and conclusions

The independent measurements of RK in lepton momentum bins, and the result combined
over the momentum bins are presented in Fig. 3a. The uncertainties of the combined R K are
summarised in Table 2. The preliminary result is RK = (2.500 ± 0.012stat. ± 0.011syst. ) × 10−5 =
(2.500 ± 0.016) × 10−5 , which is consistent with the SM expectation. Analysis of the whole
2007–08 data sample is expected to decrease the uncertainty of R K down to 0.4%. A summary
of RK measurements is presented in Fig. 3b: the current world average is (2.498 ± 0.014) × 10 −5 .
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THEORETICAL PERSPECTIVE ON THE NA62 PHYSICS PROGRAM
CHRISTOPHER SMITH
Institut für Theoretische Teilchenphysik, Karlsruhe Institute of Technology, D-76128 Karlsruhe,
Germany
Soon the NA62 experiments will start looking for the very rare K decays. In this talk, their
theoretical interests in the search for New Physics are briefly reviewed. Then, other possible
targets for NA62 are discussed, ranging from the semileptonic modes to the radiative and
lepton-flavor violating modes.

1

New physics searches

The rare K decays are ideally suited to search for New Physics (NP). Besides the loop suppression of the underlying FCNC processes, they are significantly suppressed by the CKM matrix
elements. Indeed, compared to the b → s, d transitions, they scale dominantly as
s → d ∼ |Vtd Vts† | ∼ λ5  b → d ∼ |Vtd Vtb† | ∼ λ3 , b → s ∼ |Vts Vtb† | ∼ λ2 ,

(1)

with λ ≈ 0.22. To give an example, imagine that New Physics is encoded into the following
effective operators
Hef f =

csd
cbd
cbs
(s̄Γd)(ν̄Γν) + 2 (b̄Γd)(ν̄Γν) + 2 (b̄Γs)(ν̄Γν) ,
2
Λ
Λ
Λ

(2)

Thus, when this NP is generic, cij = O(1), the constraints from rare K decays are potentially
the toughest. A measurement of K → πν ν̄ close to its SM prediction would require Λ & 75
TeV. Even accounting for possible model-dependent loop and gauge couplings, this measurement
would be the most difficult to reconcile with the existence of generic NP at a relatively low scale.
This is one instance of the so-called NP flavor puzzle.
Alternatively, the NP model could preserve the CKM scalings (1). Such models are referred
to as satisfying Minimal Flavor Violation1 (see also2 ). When this is the case, it could show up
at a scale Λ . 1 TeV without violating the experimental bounds. In addition, when MFV is
enforced within the MSSM, the effects on the rare K decays are expected to be small, beyond
the experimental sensitivity. This has been analyzed at moderate3 and large tan β4,5 (with
tan β ≡ vu /vd and vu,d the two MSSM Higgs vacuum expectation values), without R-parity6 ,
or with MFV imposed at the GUT scale7 . Turning this around, the rare K decays are one of
the best places to look for deviations with respect to MFV. If the flavor-breaking transitions
induced by NP are not precisely aligned with those of the SM (tuned by the CKM), large effects
could show up.

Figure 1: Rare K decays in the ρ̄ − η̄ place: the situation now (left) and in a hypothetical future (right).

1.1

Where do we stand and where do we go?

To test the CKM picture of the SM, it is customary to represent the constraints coming from
flavor physics in the ρ̄ − η̄ plane. As shown in Fig.1, rare K decays are currently not competitive
compared to B physics observables. Furthermore, though mostly experimentally driven, this
situation should persist for the foreseeable future.
However, this way of presenting the impact of K physics for the search for NP is not doing
justice to its true potential. The main reason why rare K decays are not competitive is their
significant CKM suppression compared to typical B physics observables. But being so suppressed
leaves more chances for NP to be competitive. Sizeable deviations with respect to the SM
could easily show up. This is illustrated by the second plot in Fig.1, where an imaginary
future situation is drawn. Despite the rather large error bands standing for both theoretical
and hypothetical experimental errors, the deviations could be sufficient to clearly signal nonstandard physics. Importantly, this NP needs not affect all the rare K decays equally. The
global pattern of deviation would be an important piece of information to reconstruct the NP
at play.
1.2

How to disentangle New Physics effects

The first target of NA62 is the K + → π + ν ν̄ decay, induced by the Z penguin and its associated
W box. Technically, this FCNC has a peculiar sensitivity to the high-scale because it would be
represented by a dimension-six operator if SU (2)L was exact. Instead, after the spontaneous
breakdown of SU (2)L , the operator s̄γµ dH † Dµ H becomes v 2 s̄γµ dHZ µ , which is effectively of
dimension four and enhanced by two powers of the electroweak vacuum expectation value v ≈ 250
GeV. Most NP models affect the Z penguin (or lead to an indistinguishable V ⊗(V −A) operator).
This has been extensively studied, so let us just cite, besides the analyses within MFV quoted
previously, the MSSM at moderate tan β (chargino loops)3,8 , MSSM at large tan β (charged
Higgs loops)5 , R-parity violation (non MFV)9 , enhanced electroweak penguins10 , Little Higgs11 ,
extra dimensions12 , fourth generation13 ,...
Since K + → π + ν ν̄ just gives one number, we need more information to disentangle all
these models. A first clue would be provided by the CP-violating KL → π 0 ν ν̄ mode. Modelindependently14 , the current measurement of K + → π + ν ν̄ allows for up to a factor 30 enhancement of KL → π 0 ν ν̄ with respect to its SM value. The discriminating power of the pair of
K → πν ν̄ decays is shown in Fig. 2, where the grid in the allowed region is a function of the
theoretical error on their SM predictions.
In general, the NP decouple smoothly as its mass scale increases or its flavor-breaking couplings decrease, so there is naturally a cluster of models around the SM values in Fig. 2. Thus,

Figure 2: The discriminating power of (left) the pair of decays K + → π + ν ν̄–KL → π 0 ν ν̄, and of (right) the full
set of rare K decays, with examples of effects in the MSSM.

in case the deviations are not large, information beyond K → πν ν̄ will be needed to identify
the NP at play. To this end, one should turn to the KL → π 0 `+ `− (` = e, µ) decays. Though
less clean than K → πνν theoretically (see next section), their sensitivity to NP is significantly
different15 because `+ `− not only couple to the Z, but also to the γ and, for ` = µ, to the
Higgs(es). In Fig. 2 are examples of mechanism within the MSSM affecting these various electroweak structures. Going back to Fig. 1, the fictitious pattern depicted could be interpreted as
indicating NP in the Z penguin, since K → πν ν̄ disagree with the SM, in the γ penguin since
KL → π 0 e+ e− disagree with K → πν ν̄, and in the Higgs penguins because KL → π 0 µ+ µ− is
significantly larger that KL → π 0 e+ e− .
2

Hadronic uncertainties and Chiral Perturbation Theory

The rare K decays proceed dominantly through Short-Distance (SD) processes, with only residual Long-Distance (LD) effects, see Fig.3. Still, to make the most from future measurements,
control over these effects is compulsory. To this end, the strategy is to use Chiral Perturbation
Theory (ChPT) to relate the hadronic uncertainties occurring for rare K decays to other observables, which thus constitute important secondary targets for NA62. We can distinguish two
kinds of LD effects. The first are the matrix elements of the effective light-quark operators induced by the short-distance physics (i.e., penguins with top and charm quarks? ), and the second
are genuine LD processes (i.e., penguins with up quarks).
For the matrix elements, all the necessary information can be extracted from the chargedcurrent semileptonic K → π`ν decays (called K`3 ). In the isospin limit, their matrix elements
hπ|s̄γµ u|Ki are equal to those of the neutral current, hπ|s̄γµ d|Ki, up to some Clebsch-Gordan
coefficients. Within ChPT, the isospin breaking effects can be brought under control, ensuring
a few per-mil accuracy for the matrix elements16 . This represents a tiny fraction of the overall
error on the SM predictions for the K → πν ν̄ rates17 , and could even be further improved with
better measurements of the K`3 :
B(K + → π + ν ν̄(γ))SM = 8.5(7) · 10−11

B(KL → π 0 ν ν̄)SM = 2.8(4) · 10−11

(47CKM , 20SD , 30LD , 3M E )% ,

(3)

(69CKM , 27SD , 4M E )% ,

(4)

where in the breakdown of the errors, CKM indicates parametric errors, and M E those from
the matrix elements. In this respect, we should mention that the K`3 decays are also essential
to extract18 Vus , which enters in the parametric uncertainty.
The second kind of LD effects all occur for the charged lepton modes, and are due to the γ
and γγ penguins, see Fig.3. These FCNC, contrary to the Z penguin, do not suppress light-quark

Figure 3: Anatomy of the rare K decays in the SM, and strategies to fix their LD uncertainties.

contributions. It is only thanks to the CP symmetry that the bulk of the LD contributions is
projected out for KL → π 0 `+ `− . To estimate the remaining LD effects, one can use those modes
in which the γ or γγ penguin is CP-conserving, and represent the dominant contributions. We
will not detail here the strategies depicted in Fig.3, and instead refer to some recent theoretical
works along these lines19 . The main message is that all these radiative modes should be tackled
by NA62. Not only are they interesting by themselves to study the interplay between the
strong, weak, and electromagnetic interactions (including the QED anomaly), but they are also
an important ingredient in the search for NP.
3

Precision physics

The NA62 experiment aims at producing about 1013 kaons per year. At that level, one is
clearly entering a high-precision era in kaon physics. Thus, besides the rare K decays, there
are many observables worth including in the physics program. Of course, to really appreciate
if an observable is worth the experimental effort, one should first reassess whether theory can
match the unprecedented precision, or at least whether the theoretical control is sufficient to
access to some interesting physics. Though this work is currently in progress, let us mention a
few possible targets.
3.1

CP-violation

The dominant K → ππ decays permit to exact the indirect CP-violating parameter εK , due to
the ∆S = 2 mixing, and the direct CP-violating parameter ε0 , due to ∆S = 1 penguins. Both
are already well known experimentally, and the ball is in the theorists’ camp. While lattice20
has a good prospect at reaching a percent level precision for the matrix elements of the effective
∆S = 2 light-quark operator, problems remain for ε0 . The question is thus whether NA62 could
help in this respect.
There are several other windows into direct CP-violation, the first of which being the rare K
decays discussed previously. But besides these, one could also turn to direct CP-asymmetries,
ACP =

Γ(K + → X) − Γ(K − → X̄)
¯ ... ,
, X = πππ, ππ`ν, ππγ, πγγ, π``,
Γ(K + → X) + Γ(K − → X̄)

(5)

as studied for example in Refs.15,19,21,22 . Of course, these asymmetries are in general very small,
but they have specific sensitivities to scalar, electroweak, or QCD penguins. They would provide
complementary information with respect to the rare K decays. The main issues for NA62 are
first to run with both K − and K + beams, and then to be able to reach asymmetries in the

10−4 − 10−5 range. If K − beams are not practical, phase-space asymmetries for a given K +
decay mode could also help. Note that the neutral K decays are in general less clean because
indirect CP-violation is dominant; i.e. a CP-asymmetry essentially gives back the already wellmeasured εK , relegating direct CP-violating effects to small corrections.
3.2

Other subjects under investigation

There are many other possible targets for NA62, which we can organize in two categories. From
them, either we would learn more about QCD in the non-perturbative regime, or we would
directly constrain NP. In the former case, improving our theoretical control on QCD effects
leads indirectly to better NP constraints, by allowing us to fine-tune our theoretical tools like
ChPT or Lattice QCD.
A first set of targets are the leptonic and semileptonic decays K`2 and K`3 , which provide
very delicate tests of the SM. We have discussed earlier how K`3 data permits to fix rare K
decay matrix elements.. In addition, as presented at this conference, these modes also permit
to test leptonic universality23 and the CKM unitarity24 . Furthermore, their measurements allow
for high precision studies of the charge-current form-factors, including isospin breaking effects,
and could provide one of the best sources of information on the light-quark mass ratios25 .
Other modes of interests are the lepton-flavor violating decay channels K → (π)µe. Those
are forbidden in the Standard Model, so any event would unambiguously signal the presence of
NP. As such, they should certainly be included in the NA62 physics program, even though in
most (but not all26 ) models, they are correlated with purely leptonic observables like µ → eγ,
and thus already severely constrained27 .
Finally, we should mention the K`4 decays as well as the hadronic decays giving us access to
the ππ scattering phases, which have been the focus of intense theoretical work28 . Also, pion and
hyperon decays are accessible to NA62, which could complement or improve the experimental
situation in some channels.
4

Conclusion

The upcoming NA62 experiment at CERN, as well as the K0TO experiment in Japan, is in a
perfect situation to unravel the still elusive NP. First, its main targets, the rare K → πν ν̄ decays,
are under excellent control theoretically. The non-parametric errors on the SM predictions for
their rates are well below 10%. Second, the impact of various NP scenarios have been extensively
studied, and usually found significant. Taken in combination with the rare KL → π 0 `+ `− decays,
they will permit a detailed analysis of the s → d transition. This is an essential ingredient in
the LHC era if one aims at reconstructing the flavor sector of the NP at play29 .
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FIRST RESULT FROM THE MEG EXPERIMENT
ELISABETTA BARACCHINI on behalf of the MEG Collaboration
University of California, Dept. of Physics and Astronomy, 4129 Frederick Reines Hall,
Irvine, CA 92697-4575 USA
We present the first results from the MEG experiment for the search of the Lepton Flavour
Violating decay µ+ → e+ γ . LFV decays are forbidden in the SM and highly suppressed
in any minimal SM extension with tiny neutrino masses. On the other hand, several SUSY,
GUT and ED models beyond the SM predict the µ+ → e+ γ rate at a level experimentally
accessible. Hence, the MEG experiment will be able either to provide an incontrovertible
evidence of physics beyond the SM or to significantly constrain the parameter space of SM
extensions.

1

Introduction

We report here the first result from the MEG experiment for the search of the Lepton Flavour
Violating (LFV) process µ+ → e+ γ at the 590 MeV proton ring at the Paul Scherrer Institute
(PSI) in Switzerland.
Lepton Flavour Conservation is an accidental symmetry of the Standard Model (SM), that
is not required by the gauge structure of the theory, and is thus naturally violated in many
SM extensions. LFV is actually already been observed in the neutral sector, through neutrinos
oscillations 1 . In minimal extension of the SM, LFV in the charged sector is mediated by
massive neutrinos, giving prediction for the branching ratio (BR) beyond any experimental reach
(BR(µ+ → e+ γ ) " m4µ /m4W " 10−54 ). On the other hand, heavy particles beyond the SM
entering into virtual loops, can lead to huge enhancement of the rate, allowing the measurement
of the BR to be experimentally accessible (BR(µ+ → e+ γ ) " 10−12 − 10−14 ) 2,3,4 . At present,
the most stringent upper limit (UL) on LFV in the charged sector comes from the muon system
and has been set by the MEGA experiment as BR(µ+ → e+ γ ) < 1.2 × 10−11 (90%C.L.) 5 .
The experimental signature of a µ+ → e+ γ decay it is characterized by a very simple twobody final state, where the photon and the positron are emitted coincident in time and back to
back in the muon rest frame, each with an energy equal to half the muon mass.
There are two major backgrounds to this process: the radiative muon decay (RDM) µ+ →
e+ νe ν̄µ γ and the accidental coincidence between an high energy positron from the Michel muon
decay µ+ → e+ νe ν̄µ and an high energy photon from RMD events, positrons annihilating in flight
or bremsstrahlung. While the signal and RDM background are proportional to the muon rate,
the accidental background goes as the rate squared and thus dominates. It can be shown 6 that
the rate of accidental events is also linearly proportional to the positron energy resolution and
the positron-photon time difference resolution and goes quadratically with the photon energy
and the solid angle resolution.
Thus, in order to be able to reach an O(10−13 ) sensitivity, it is mandatory to have a continuos

and intense muon beam able to provide high statistic and a precision detector with excellent
spatial, time and energy resolutions.
2

The MEG Detector

The MEG detector is schematically composed of a solenoid spectrometer with low-mass drift
chambers for the measurement of positron energy and position, scintillators bars and fibers for
the measurement of positron time and a liquid Xenon calorimeter for the photon detection.
A very high rate continuos beam (∼ 3 × 107 µ/s) of surface muons at 28 MeV/c from one of
the world’s most intense sources (the πE5 line at PSI) is stopped in a thin polyethylene target
surrounded by the MEG spectrometer. A Wien filter that assures 7.5 σ separations of muons
w.r.t. other particle that may pollute the beam and a superconducting transport solenoid (BTS)
to couple the beam to the detector magnetic field are employed in order to guarantee the most
pure and intense beam possible.
Positron originating from the target enter the COBRA (COstant Bending RAdius) superconducting magnet, which provides a graded magnetic field ranging from 1.27 Tesla in the center
to 0.49 Tesla at each end. The field is designed such that positrons emitted with the same momentum, follow trajectories with an almost constant projected bending radius, independent of
their emission angle. This allows a preferential acceptance of higher momentum particles in the
drift chambers, as well as sweeping away particles more efficiently, compared to an uniform field,
which is an essential feature in order to fight pile up.
The drift chamber (DC) system is composed by 16 radially aligned modules spaced at 10.5o
intervals, forming and half-circle around the target. Each module contains two staggered layers
of anode wire planes, of nine drift cells each, and the layers are separated and enclosed by
12.5 µm of Mylar cathode foils with a Vernier pattern structure, for the determination of the z
coordinate. The chamber are filled with a 50:50 helium/ethane gas mixture, allowing for a total
mass of 2.0 × 10−3 X0 along the positron trajectory. The goal resolutions of the drift chambers
are around 200 µm for X and Y single hit position and 400 µm for Z, and 200 KeV of resolution
for the positron momentum.
The positron time is measured by a scintillator timing counter arrays (TC), composed by
two section (upstream and downstream w.r.t. the target) placed at the end of the spectrometer.
Each array consists of 15 BC404 plastic scintillator bars, with 128 orthogonally placed BCF-20
scintillating fibers. The bars are read by fine-mesh photomultiplier, while the fibers are viewed
by avalanche photodiodes. The TC is crucial for the positron time measurement and provides
also impact point information and direction, to be used in the trigger. The goal for the intrinsic
time resolution of the TC is about 50 ps.
The photon detector (XEC) is the largest liquid Xenon (LXe) calorimeter in the world (
about 900 L) and covers a solid-angle acceptance of ∼ 10o . It exploits the scintillation light to
measure the energy of the photon and the position and time of the first interaction. The light
is read by 846 photomultipliers, which are mounted on the internal surface of the XEC. The
uniformity, the fast response and the hight light yield (∼ 75% of NaI) of the LXe allow very good
resolutions, provided that the LXe is kept very pure: in fact, vaccum ultra-violet scintillation
light is very easily absorbed by water or oxygen even at sub-ppms levels. The xenon is therefore
circulated in liquid phase through a series of purification cartridges and in gas phase through a
heated getter in order to prevent contaminations.
The optical properties of the xenon, as well as of PMTs gains and quantum efficiency are
constantly monitored by means of LEDs and point-like 241 Am α-sources deposited on wires
inside the LXe active volume. At the same time, energy and relative time calibrations are
provided by studying charge exchange (CEX) processes (π − p → π 0 n → γγn) where, selecting
a definite opening angle, it is possible to obtain two mono-energetic lines for calibration, that

allow to measure the energy scale and the uniformity. The Dalitz decays (π 0 → γe+ e− ) in this
process provide also a calibration for the detector time synchronization. Additional calibrations
using a Cockcroft-Walton (CW) accelerator of protons against a Li2 B4 O7 target provide low
energy photons from 7 Li(p, γ)8 Be for monitoring the LXe energy scale, while the two coincident
γ’s from 11 B(p, γ)12 C are detected simultaneously by the XEC and the TC and allow for the
determination of the XEC-TC time offset. The goal resolution of the XEC are about 800 KeV
for the photon energy, 65 ps for photon timing and 2-4 mm for the photon conversion point.
3

The 2008 Physics Run

The data sample presented here has been collected between September and December 2008 and
correspond to ∼ 9.5 × 1013 muons stopping on the target. During the data-taking the light
yield of the XEC was continuously increasing due to the purification of the LXe, which was
performed in parallel. This was carefully monitored thanks to the several calibrations available
and properly taken into account in the determination of the energy scale in the final analysis.
At the same time, the trigger thresholds were accordingly adjusted in order to guarantee an
uniform efficiency through the whole run. Moreover, an increasing number of drift chambers
suffered frequent high-voltage trips resulting in a substantial reduction of the overall positron
efficiency by a factor of three over the whole period. This was due to and hardware problem
which implied a long exposure of the chamber to an helium atmosphere. The chambers were all
rebuilt in 2009 and did not show anymore signs of this effect.
3.1

Events Selection and Resolutions

A µ+ → e+ γ candidate event is characterized by five kinematic distributions: positron and
photon energies (Ee and Eγ respectively), relative time between the photon and the positron
(teγ ) and opening angle between the two (θeγ and φeγ ).
The positron energy scale and resolution are evaluated by fitting the kinematic edge of the
measured Michel positron energy spectrum at 52.8 MeV with the convolution of the theoretical
Michel spectrum with the energy dependent detector efficiency (extracted from data) and the
response function for mono-energetic positron (extracted from Monte Carlo (MC) simulation of
the signal µ+ → e+ γ decay). The latter is well described by the sum of a core and two tails
components, all of the three Gaussian. The resolutions extracted from data are 374 KeV, 1.06
MeV and 2.00 MeV in sigma for the core and the two tails component, corresponding to fractions
of 60%, 33% and 7% respectively. The uncertainty on the fitted parameters is dominated by the
systematic of the fit and is determined varying selection and fitting criteria.
The photon energy scale and resolution is extracted from the CEX data, where a small
correction is applied in order to take into account the different background conditions in the
LXe volume during the operation of the pion beam. The photon energy resolution is asymmetric
with a low energy tail due to photons converting in front of the LXe sensitive volume. The
resolution function is thus actually dependent on the position of the photon conversion, mainly
on the depth inside the detector (w). The average resolution on deep events (w > 2 cm) is
measured to be ∆E/E = (5.8 ± 0.4)% FWHM with a right tail of σR = (2.0 ± 0.2)%, where the
error takes into account the variation over the acceptance. The photon energy scale is extracted
from the measurement of the 17.67 MeV energy peak of the 7 Li(p, γ)8 Be reaction obtained with
the CW protons on the Li target. The scale is also confirmed by a fit to the photon energy
spectrum taking into account the expected spectra of RDM, positron annihilation in flight and
photons pile-up, folded with the shape determined from the CEX run. The difference between
these two measurement gives the energy scale systematic uncertainty, which is < 0.4%.

The positron time is measured by the scintillator in the TC and corrected by the time-offlight of the positron from the target to the TC, as determined by the track length measured
by the spectrometer. The photon time is determined from the rising of the waveforms in the
XEC PMTs and corrected by the line-of-flight that starts from the positron vertex at the target
(as determined by the spectrometer) and ends at the reconstructed conversion point in the
XEC. The teγ peak is fitted in the region 40 < Eγ < 45 MeV and, corrected by a small Eγ dependence observed in the CEX runs, the timing resolution for a signal event is estimated to
be σteγ = (148 ± 17) ps.
The positron direction and decay vertex position are determined by projecting back to the
target the positron trajectory, as determined by the spectrometer. The photon direction is
defined by the line starting at the conversion point in the LXe and ending at the vertex of
the candidate companion positron. The full angular resolution is evaluated by combining the
angular resolution and vertex resolution in the positron detector with the position resolution in
the photon detector. The positron angular resolution is determined by exploiting tracks that
make two turns in the spectrometer, where each turn is treated ad an independent track. The
θ and φ a resolutions are extracted separately from the difference of the two track segments at
the point of closest approach to the beam-axis and are σθ = 18 mrad and σφ = 10 mrad. With
the same technique, it is possible to evaluate the vertex decay position resolution to be ∼ 3.2
mm and ∼ 4.5 mm in the vertical and horizontal directions on the target plane respectively.
These values are confirmed by an alternative estimation, which makes use of holes placed in
the target. The resolution on the photon conversion point is evaluated by MC simulation and
validated in dedicated CEX runs by placing different lead collimator in front of the LXe volume.
The average position resolution along the two orthogonal front-face sides of the LXe and the
depth w are estimated to be ∼ 5 mm and ∼ 6 mm respectively.
3.2

Analysis Technique

A blind analysis technique has been adopted, where the events inside the signal region for the
photon energy and positron-photon time coincidence are not used for the analysis development
and only sideband data are employed for background characterization.
The number of RDM, accidentals and signal events is determined by an extended maximuum
likelihood fit to the five variables described above in the region 46 MeV < Eγ < 60 MeV, 50 MeV
< Ee < 56 MeV, |teγ | < 1 ns, |θeγ | < 100 mrad and |φeγ | < 100 mrad. The signal PDF is the
product of the distributions described in 3.1, as they are not correlated. For RDM, the signal
PDF is taken for teγ distribution and the other are evaluated by folding the theoretical RDM
spectrum 6 with the detector response functions extracted from data. The PDFs for accidental
events are determined on sideband data. The event distributions of the five observables in the
analysis window is shown in Fig. 1 with the fit superimposed.
The 90% confidence level intervals for the number of signal Nsig and RDM NRDM events
are determined by means of a Feldman-Cousins approach 7 . A contour of 90 % C. L. in the
(Nsig , NRMD ) plane is determined with Toy MC so that, on each point of the contour, 90% of
the simulated experiments give a likelihood ratio larger than the one obtained on data. The
limit on Nsig is extracted projecting the contour on the Nsig -axis and is Nsig <14.7 at 90 % C.L.,
where the systematic error is already included. The number of RDM events from the best fit
is (25+17
−16 ) and is consistent with the estimation of NRDM obtained in sideband data, properly
scaled to the signal region (40 ± 8).
The main sources of systematic comes from the uncertainty on the selection of photon in
pile-up events, the photon energy scale and the positron energy and angular resolutions.
a

In the coordinate system where the beam axis is the z-axis, theta is defined as the polar angle and φ as the
azimuthal angle.
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Figure 1: Fit to the data in the analysis window, projected on the distributions of positron energy Ee (top left),
photon energy Eγ (top right), positron-photon angle φeγ (center left), positron-photon angle θeγ (center right)
and positron-photon time difference teγ (bottom).

The UL on µ+ → e+ γ is calculated by normalizing the UL on Nsig to the number of Michel
positron counted simultaneously with the signal and using the same analysis cut, assuming
that BR(µ → eν ν̄) ∼ 1. This technique has the great advantage of being independent of the
istantaneous beam rate and is nearly insensitive to positron acceptance and efficiencies associated
with TC or DC, as signal and Michel differ slightly only due to a small momentum dependence.
The branching fraction can in fact be written as:
BR(µ+ → e+ γ) =

Nsig
fE
(trigν̄
ATCν̄
(DC
1
1
eν ν̄
× eν ν̄ × eν
× eν
×
× G ×
trig
TC
DC
Neν ν̄
P
A
(
A
(
eγ
(eγ
eγ
eγ
eγ

(1)

where Neν ν̄ = 11414 is the number of detected Michel positron in the range 50 MeV < Ee <
E =
56 MeV; P = 107 is the prescale factor in the trigger used to select Michel positrons; feν
ν̄
trig
0.101 ± 0.006 is the fraction of Michel positron spectrum above 50 MeV; (trig
eν ν̄ /(eγ = 0.66 ± 0.03
TC
is the ratio of signal to Michel trigger efficiency; ATC
eν ν̄ /Aeγ = 1.11 ± 0.02 is the ratio of signal to
DC
DC
Michel DC-TC matching efficiency; (eν ν̄ /(eγ = 1.020 ± 0.005 is the ratio of signal to Michel DC
reconstruction efficiency and acceptance; AG
eγ = 0.980 ± 0.005 is the geometrical acceptance for
a signal photon given an accepted signal positron; (eγ = 0.63 ± 0.04 is the efficiency of photon
reconstruction and selection criteria.
The trigger efficiency ratio is different from one due to the requirement of a stringent angle
matching criteria at the trigger level. The main contributions to the photon inefficiency come

from conversions before the LXe active volume and selection criteria imposed to reject pile-up
events.
The limit on the branching ratio of µ+ → e+ γ decay is therefore
BR(µ+ → e+ γ) ≤ 2.8 × 10−11

(90%C.L.)

(2)

where the systematic uncertainty on the normalization is taken into account.
The sensitivity of the experiment with this data statistic and the same number of accidental
and RDM background events, assuming null signal, calculated by means of Toy MC is 1.3×10−11 ,
which is comparable with the best limit set by the MEGA experiment 5 . Given this sensitivity,
the probability to obtain an UL greater than 2.8 × 10−11 is ∼ 5%.
4

Conclusions and Prospect

A search for the LFV process µ+ → e+ γ has been performed with a BR sensitivity of 1.3×10−11 ,
using the data taken during the first three months of run of the MEG experiment in 2008. With
this sensitivity, which is comparable with the best UL in the world set by the MEGA experiment,
a blind likelihood analysis yields an UL on the BR of BR(µ+ → e+ γ) ≤ 2.8 × 10−11 (90%C.L.).
A new run has been performed between October and December 2009, where the experiment
could exploit an improved electronics with better timing and reduced noise, improved trigger
efficiency and a smooth operation of all drift chambers, which resulted in an increase of a
factor 3-4 in efficiency. Moreover, a better understanding of the detector performances, thanks
to the experience gained from the first run, allowed to improve several other efficiencies and
resolutions. The corresponding expected sensitivity for this dataset is O(10−12 ). A new data
taking is starting in May 2010 with an stable an improved detector and MEG is expected to
continue running in 2010-2011 for the final O(10−13 ) goal.
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CP PHASES IN LEPTONIC FLAVOR VIOLATION
M. NEMEVŠEK
II. Institut für Theoretische Physik, Universität Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany
We study the possibility to extract information on leptonic CP phases using a CP and T
violating triple spin correlation in the process of muon to electron conversion in nuclei. We
establish a negative result for all the three conventional seesaw types. Next, we focus our
attention on the left-right symmetric theories and show that a signal is feasible. With a leftright scale below 10-30 TeV, a lepton flavor violating signal may be observed and the CP
violating quantity of order one is generically expected. We also discuss the conditions which
may lead to a conspiracy, suppressing such effects.

1

Introduction

Getting a handle on leptonic CP phases is one of the great challenges of neutrino physics. The
aim of our work 1 (where all the relevant references are found) is to establish whether it is
possible to get some information by studying triple spin correlations in lepton flavor violating
(LFV) processes, as recently suggested.
A textbook example of a quantity sensitive to CP phases is neutrinoless beta decay. More
recently, determination of neutrino mass parameters at colliders, including the CP phases, has
been discussed. These rates depend on the phases in an even way, they are not genuine CP-odd
quantities. An example of a CP-odd observable have been neutrino-antineutrino oscillations or
triple correlation functions, formed with either momenta or spin of particles. These correlations
can be observed either at high energy colliders or at low energy experiments, looking for LFV.
We have focused on the LFV processes, in particular on the conversion of the muon to an
electron inside a nucleus. The main motivation is a serious proposal at Fermilab and J-PARC to
increase the present experimental sensitivity by four to six orders of magnitude, while other rare
processes like µ → eγ and µ → 3e may be harder to improve (see also 2 ). Our analysis focused
on the conventional seesaw mechanisms first. If a single additional representation is assumed
only three distinct scenarios exist, called type I (a fermionic singlet), type II (hypercharge 2
bosonic triplet) and type III (fermionic triplet with zero hypercharge). Although these scenarios
by themselves do not have any theoretical appeal, they do appear naturally in theories like
Pati-Salam (type I + II) and minimal SU (5) grand unified theories (type I+III), therefore we
cover all three cases.
We present an intuitive argument why the CP-violating effects are suppressed beyond the
planned sensitivity, regardless of the type. Afterwards, we turn to left-right symmetric theories,
which originally led to the concept of seesaw. In this case, our findings are optimistic when the
left-right symmetric scale MR is below 10–30 TeV which may be within reach of the LHC.
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Figure 1: The right-handed electron contributes to µ → e conversion only through the mass insertion on the left
or through the Higgs loop on the right.

2

µ − e conversion and a no-go for seesaw

Presently, the best published experimental bound on the LFV processes comes from µ − e
conversion in nuclei with
B(µ Ti → e Ti) ≤ 4.3 × 10−12 ,
where
B(µ N → e N) ≡

B(µ Au → e Au) ≤ 7 × 10−13 ,

(1)

µN → eN
.
µ N → capture

(2)

The physics of µ − e conversion is quite rich, involving different nuclear effects, which affect
the decay rate. A recently proposed T-odd quantity which probes the CP phases is obtained by
forming a triple correlation of spins and electron momentum
~µ × S
~e ) · P~e .
(S
To illustrate how the leptonic phases are being probed by this quantity, let us assume a
simple vectorial Lorentz structure
Leff = GF

X


(AL eL γ µ µL + AR eR γ µ µR ) × VLq q L γµ qL + VRq q R γµ qR + h.c.

(3)

q=u,d

With this effective interaction, the expression for the triple spin correlation turns out to be
proportional to 3
Im(A∗L AR )
δCP =
.
(4)
|AL |2 + |AR |2
This result can be understood by physical intuition, since for a single helicity of the electron,
both AL and AR are required in order to have the spin of an electron perpendicular to its motion.
In turn, CP violation requires a relative phase between the two amplitudes. This reasoning can
be generalized to other operators.
It is straightforward to see why the seesaw by itself cannot give a sizable contribution to
δCP . The reason is a universal feature of all the seesaw types, which is that only left-handed
charged leptons are coupled to the new messengers with the Yukawa couplings
• `HF , where F is either a fermionic singlet (right-handed neutrino) in case of type I or a
fermionic Y = 0 triplet in type III;
• ``∆, where ∆ is an SU (2) scalar triplet with Y = 2 in case of type II.

In order to get δCP , we need AR . Naı̈vely, we can put a mass insertion on the external
electron leg as in Fig. 1 on the left which gives
AR =

me
AL .
mµ

(5)

This is not enough because the complex phases of AR and AL remain the same, therefore
δCP = 0. The only way to change the complexity of the amplitude is to couple the Higgs boson,
which gives an additional loop suppression, coming from a diagram shown on the right of Fig.
1, which is at least
α me
δCP ≈
≈ 10−7 ,
(6)
π MW
where me /MW is due to the Yukawa coupling.
Even without any further suppression, this fact alone implies that the prospect of detecting
a signal is hopeless, even if the experiments push to 10−18 for the branching ratio. Since we
have not used any special features of a particular seesaw scenario, this argument is universal.
Therefore it is valid for any theory which is left with only seesaw at the low energies, regardless of
the type(s) and number of mediators. For any such theory, the T-odd correlations are suppressed
beyond planned sensitivity. An example of such a theory is given by the minimal extension of
the original SU (5) theory, which can account for both gauge coupling unification and neutrino
mass. It does so by adding a single adjoint fermionic representation, and leads to the hybrid
type I and III. The triplet is predicted to be light and, as discussed above, δCP is vanishing.
3

The left-right symmetric model

We now turn to the minimal left-right symmetric theory with the seesaw of both, type I and
type II. The minimal Higgs sector, which breaks spontaneously the left-right symmetric theory
is defined by the following fields
φ(2, 2, 0),

∆L (3, 1, 2),

∆R (1, 3, 2)

(7)

under SU (2)L × SU (2)R × U (1)B−L . These additional fields allow for new Yukawa couplings to
the leptons, which mediate LFV processes
L∆ = Y∆ (`L `L ∆L + `R `R ∆R ) + h.c.

(8)

Parity is broken spontaneously by the vev
h∆R i ' MWR

and h∆L i = 0,

(9)

to the SM group and the bi-doublet hφi = ML completes the EW breaking. It induces an
effective potential for the left-handed triplet
2
V ∆ L = M∆
∆2L + α∆L φ2 ∆R + . . . ,
L

(10)

2 , responsible for the type II seesaw contribuwhich leads to a small vev h∆L i = αML2 h∆R i/M∆
L
tion to neutrino mass.
Parity is broken, therefore masses of ∆L and ∆R are different, with the mass split proportional to h∆R i. To simplify the analysis in the following, we can show that the mixing between
the left and right-handed sector of the theory is small.
The mixing angle between the scalars triplets is

θ ∆L ∆R '

h∆L i
,
h∆R i

(11)
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Figure 2: The contributions of the scalar triplets ∆L and ∆R to the typical penguin diagrams for µ → e conversion.
−3
and since h∆L i <
∼ GeV and h∆L i >
∼ TeV, the mixing is less than 10 . In fact, the limit is even
stronger. Barring a miraculous cancellation of type I and II to get small neutrino masses, one
has
mν
θ ∆L ∆R '
,
(12)
mN

where the mass of the right-handed neutrino is
mN = Y∆ h∆R i.

(13)

In order to get a signal from µ − e conversion, one needs mN >
∼ (1 − 10)GeV, which sets
−9
<
θ∆L ∆R ∼ 10 .
−2
4
The gauge boson mixing is known to be very small θWL WR <
∼ 10 (see also ) and therefore
any left-right mixing can safely be neglected as far as the discussion in the following is concerned.
4

LFV in L-R

The charged scalars, present in the minimal model, play a crucial role in what follows.
One might fear that the CP phase could be suppressed by ML2 /MR2 , as typical of processes
associated with a high scale MR . Namely, the amplitude coming from WL exchange is typically
GIM suppressed
∆m2ν
AL (WL ) ∝
≤ 10−25 ,
(14)
ML2
leading to a small δCP . Here, the contributions from the scalars come into the game. The
exchange of ∆L gives a contribution to AL which is not GIM suppressed, since it is proportional
to LFV Y∆ couplings as seen in Fig. 2


ML 2 α 2
Y .
(15)
AL (∆L ) ≈ AR (∆R ) ≈
MR
π ∆
The question is whether the complex phases in AL and AR are the same, which again would
render Im(A∗L AR ) small.
This is not the case, for the WR contribution is also present and, unlike (14), not GIM
suppressed. One can estimate the amplitude from boxes and penguins, similar to those in Fig.
2




ML 2 α mN 2
AR (WR ) ≈
,
(16)
MR
π MW R
where (mN /MWR )2 stands symbolically for the right-handed GIM, which is not a priori small,
therefore
δCP = O(1).
(17)

This result is encouraging and gives hope of probing leptonic CP for a not too high MR
scale. We can estimate the upper bound on MR by requiring the branching ratio
 α  2  M  4  m 4
L
N
,
(18)
B (µ N → e N) ≈
π
MR
MW R
being a reasonably large number of 10−14 . With a lower limit of MR > 100 GeV and an upper
limit from perturbativity (following Eqs.(9) and (13)), one gets 3 × 10−3 ≤ mN /mWR ≤ 1 and
from the same equations MR ≤ Y∆ 300 ML , which therefore implies an absolute upper limit of
MR ≤ 10 TeV.
It is instructive to take a look at the flavor structure of the diagrams to get an idea which
phases (or combinations thereof) a measurement of δCP would be probing. To illustrate this,
we note that the diagram of Fig. 2 has the following flavor structure

UR† m2N f m2N /m2R UR ,
(19)
where UR is the right-handed analog of the PMNS mixing matrix UL , mN is the diagonal mass
matrix of the right-handed neutrinos and f (x) is the loop function. This expression is a direct
consequence of Eq.(13), written in the non-diagonal basis. On the other hand, the contribution
of ∆+
L to AL has a different flavor dependence, proportional to
†
m2N f (0)UνN UL ,
UL† UνN

(20)

where UνN = Uν† UN is the mismatch between the unitary matrices which diagonalize ν and N
mass matrices
T
UνT Mν Uν = mν , UN
MN UN = mN .
(21)
The loop function f (0) which arises is due to the fact that only light charged leptons are running
inside the loop. The same flavor structure is obtained with the exchange of doubly charged
triplets, except for the loop function, which is f (0) in both cases.
In general, the matrix UνN is arbitrary since neutrino mass has two sources with both type
I and II contributing. Only when type II dominates, the situation simplifies considerably. In
this case UνN = I and this process probes the relative phases in the left and right sectors. As
seen in (19) and (20) this requires the knowledge of the right-handed neutrino mass spectrum,
which in principle can be achieved at colliders, as discussed below.
Knowing that there is a big potential to have sizable CP violation even if WR is out of reach
of the LHC, we discuss physical conditions (barring fine-tunings) under which δCP would vanish.
First of all, it would require a suppression of the WR loop due to the asymmetry between ν and
N , effectively decoupling mWR > 10 TeV. If the scalars are heavy as well, this leads back to the
SM with vanishing µ → e so assume only WR decouples. In this case we have two possibilities
under which the phase would vanish
1. M∆L ≈ M∆R  MWR together with three additional conditions would cause δCP to
naturally vanish. First of all, the mixings of the left and right-handed charged leptons
should be equal, a consequence of hermitean mass matrices of charged leptons. While this
does happen in the minimal model, it is by no means generic. Secondly, type II seesaw
has to dominate over type I in order for UνN = I as discussed above and thirdly, right
handed neutrinos should be much lighter than ∆R . If all of the above is true, UL = UR
and Im(A∗L AR ) → 0.
2. M∆L  M∆R (or vice-versa) implies AR /AL → 0 (AL /AR → 0) and with it δCP → 0.
While such conspiracies are possible, they seem quite unlikely.

4.1

Other manifestations of a low L-R scale

Colliders A fairly light WR may be observed with striking signatures at the LHC. Since one
can produce N through the gauge interactions, one can observe same-sign di-leptons which
indicates lepton number violation due to the Majorana mass and probes both, parity
restoration and the origin of neutrino mass. Studies of LFV channels may also probe CP
violation, however a fairly light MWR ≤ (3 − 4) TeV is required. Although there have been
claims that such a low scale is excluded in the minimal model by precision measurements,
this may not be the case and a light WR well within this region is still allowed 5 .
ββ0ν decay WR with a mass of a few TeV and the right-handed N between 100 GeV − 1 TeV
may easily dominate ββ0ν over the neutrino mass contribution. In this case, the signal depends on the right-handed PMNS analog UR , which provides another source of information
on the phases in UR .
5

Conclusions and outlook

Measuring leptonic CP violation is a great challenge and LFV processes could play an important
role. Muon conversion may lead the way with planned experimental improvement of many orders
of magnitude.
At the same time, determining the origin of neutrino mass is as important and may be even
more challenging. The prevailing view is that neutrino masses come from the seesaw mechanism.
In the minimal setting only three realizations are possible and we discuss all cases. We find that
the relevant CP phase is very small δCP < 10−7 and hence unobservable.
If instead of a simple seesaw scenario one considers a more complete theory, a L-R symmetric
model is a natural candidate. For a moderately low scale MR ≈ (10 − 30) TeV both LFV and
large CP phase is generically predicted. If observed, it would discredit the simple seesaw and
help to probe the neutrino mass origin in the minimal L-R model.
Measuring a single CP phase obviously is not enough to claim a L-R model is at work and
not some other source of LFV. One way of establishing the operator(s) responsible for the decay
is to compute both CP conserving and violating rates for different nuclei, which would help to
determine the mediator(s). Obviously, most helpful in this regard would be the discovery of L-R
symmetry at the LHC with measurements of the mass spectrum and mixings.
There is an important experimental caveat, under which all of the above holds true, decaying
muons have to be polarized. Even if the muons in the beam are 100% polarized, they get
depolarized when cascading to the ground state. This process is nucleus dependent and a small
residual polarization remains. In order to re-polarize them, a polarized target should be used.
The δCP estimated of order one, has to be weighted by the actual muon polarization.
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LOW-ENERGY ASPECTS OF THE PHENOMENOLOGY OF THE NMSSM
F. DOMINGO
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The Next-to-Minimal Supersymmetric Standard Model is a well-motivated singlet extension
of the MSSM, liable, e.g., to solve the ”µ-problem”. A remarkable feature of this NMSSM
lies in the possibility of very light CP-odd Higgs states (below the B − B̄ threshold). While
most of the aspects of the phenomenology of the NMSSM at low energy remain similar to the
eﬀects expected in the MSSM, such light particles may lead to signiﬁcant new contributions.
We shall here review a few aspects of the low energy phenomenology of the NMSSM, focussing
on rare B decays, muon (g − 2) and bottomonium spectroscopy and decays. Special emphasis
shall be given to the NMSSM speciﬁc eﬀects, associated with a light CP-odd Higgs.

1

Introduction

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) is a singlet-extention of the
MSSM 1 . Without spoiling the usual advantages of softly-broken supersymmetric models (with
respect to the Hierarchy Problem, Dark Matter or the convergence of gauge couplings), this
very simple kind of extension is liable to answer the µ-problem of the MSSM 2 . The so-called
µ parameter is a supersymmetric mass term of the MSSM lagrangian. Its natural order of
magnitude should thus be that of some very high energy scale, such as the Planck scale, or 0.
Both these possibilities are however phenomenologically excluded (requirement for Electroweak
Symmetry Breaking / bounds on chargino masses). The necessary requirement µ ∼ O(1 TeV)
leads then to a naturalness problem. The basic idea behind singlet-extensions 3 of the MSSM
consists thus in generating µ in a similar way as the fermion masses of the Standard Model
(SM), that is through the vacuum expectation value of a new (super-)ﬁeld, a gauge-singlet S:
µeﬀ = λ < S >. The simplest version of this model, known as the NMSSM, has a scale invariant
superpotential (imposed through a Z3 symmetry), so that the only scale involved in the Higgs
potential is the supersymmetry-breaking scale 1 . Moreover, several mechanisms may also be
used in the Higgs sector to alleviate the Little Fine-Tuning problem:
• The theoretical upper bound on the lightest CP-even Higgs mass receives a speciﬁc NMSSM
contribution and can be increased with respect to the MSSM limit 4 .
• LEP bounds do not apply straightforwardly on the lightest CP-even Higgs state and two
mechanisms have been proposed to ensure a phenomenologically realistic “light” CP-even
Higgs state. The ﬁrst possibility consists in a singlet-dominated CP-even state 5 (with
reduced couplings to Z-bosons and thus reduced production cross-sections); the second
one involves a possibly doublet-like Higgs decaying unconventionally to two light CP-odd
Higgs A1 below the B − B̄ threshold, so that these states decay essentially into τ + τ −

(and/or cc̄) 6 . This last scenario is however further constrained by a new analysis of
aleph data 7 . Moreover, in both these cases, a CP-even Higgs around ∼ 100 GeV could
lead to a succesful interpretation of the 2.3 σ excess observed at LEP in e+ e− → Z + bb̄ 6 .
Therefore, one of the interesting feature of the NMSSM phenomenology lies in the possibility
of very light CP-odd Higgs states A1 (possibly lighter than 2 MB ). CP-odd particles are indeed
diﬃcult to constrain from direct observation, since they have vanishing couplings to gauge
bosons. Note that what constraints forbid a light CP-odd Higgs in the MSSM are essentially
indirect and originate from relations among the parameters of the MSSM Higgs sector. In the
NMSSM however, the CP-odd Higgs sector contains two degrees of freedom, once the Goldstone
boson has been removed. At tree-level:
)
(
2λs(Aλ +κs)
λv(A
−
2κs)
← Doublet
λ
sin 2β
M2CP odd =
(1)
λv2 sin 2β
(Aλ + 4κs) ← Singlet
λv(Aλ − 2κs) −3κsAκ +
2s
One of them is the usual doublet component whereas the other one is the singlet imaginary
part. Singlet ﬁelds being mainly unconstrained, this additionnal degree of freedom is suﬃcient to
reach, without speciﬁc diﬃculty, low values for the masses. This scenario is particularly natural
in two limits of the Higgs parameter-space of the NMSSM, the R-symmetry 8 (with vanishing
trilinear soft terms) and Peccei-Quinn symmetry 9 (with vanishing singlet self-couplings) limits,
where the light CP-odd Higgs can be interpreted as the pseudo-Goldstone boson resulting from
the spontaneous breaking of these (approximate) symmetries by the Higgs vacuum expectation
values. Furthermore, as mentioned before, this light CP-odd state can be associated with a
CP-even Higgs below 114 GeV to alleviate the little ﬁne-tuning problem and/or interpret the
2.3 σ excess in e+ e− → Z + bb̄. We stress however that the new aleph 7 constraints on e+ e− →
Z + (H → 2A1 → 4τ ) now restrict this possibility: CP-even doublet masses below 105 GeV can
be reached only for reduced branching ratios A1 → τ + τ − (with e.g. signiﬁcant A1 → cc̄) 6 .
Although the consequences of this scenario for the Higgs phenomenology could be signiﬁcant,
the light CP-odd Higgs would yet remain diﬃcult to probe in high-energy collisions. It is
therefore particularly interesting to investigate its eﬀects on low-energy observables. There,
indeed, the couplings to b-quarks or leptons are related to the quantity Xd ≡ cos θA × tan β,
where cos θA corresponds to the amount of doublet component in A1 and tan β, to the usual ratio
of the doublet vacuum expectation values. Let us stress that this quantity is not necessarily large.
However, it can be enhanced for signiﬁcant values of tan β, provided cos θA does not vanish. In
such a case, the couplings to down-type quarks and leptons could lead to observable eﬀects in
low-energy observables. In the following sections, we will discuss the NMSSM contributions
to B-physics processes 10 , (g − 2)µ 11 and ﬁnally bottomonium spectroscopy and decays 12,13 ,
distinguishing between MSSM-like eﬀects and speciﬁc NMSSM contributions. Special emphasis
will be dedicated to the light CP-odd Higgs scenario.
2

B-Physics in the NMSSM

Rare B decays and mixing are known to be sensitive probes of new-physics. In the following
we will consider constraints from BR(B̄ → Xs γ), BR(B̄s → µ+ µ− ), BR(B̄ → Xs l+ l− ), ∆Md,s
and BR(B + → τ + ντ ) 10 . All these quantities show a good agreement between SM predictions
and experimental measurements (or limits). They dictate thus that the possible new-physics
contributions remain comparatively small. Eﬀects from explicit ﬂavour violation by neutral
currents in the NMSSM sfermion sector (through soft masses and trilinear couplings) should be
comparable to what is expected in the MSSM and strongly constrained by such ﬂavour-changing
observables. We will therefore neglect all possibilities for neutral ﬂavour-changing vertices at
tree-level, assuming minimal ﬂavour violation, and focus on ﬂavour-changing charged currents.

Figure 1: B-physics constraints in the light CP-odd Higgs scenario.

2.1

MSSM-like eﬀects

In softly-broken supersymmetric models, the leading new-physics contributions to B̄ → Xs γ
originate from charged Higgs/top and chargino/squark loops. The charged Higgs contribution
has a positive sign and tends to become large when this particle becomes light. On the other
hand, the contribution from supersymmetric particles is enhanced for large values of tan β and
of the trilinear soft coupling At . It can have both signs and thus interfere constructively or
destructively with the charged Higgs eﬀect. All such eﬀects are very similar to what is expected
in the MSSM. The main speciﬁc eﬀects from the NMSSM intervene either at higher order
(additionnal neutralino state, neutral Higgs sector) and are thus small, or have indirect causes
(possibility of a slightly displaced charged Higgs mass, accessibility of the low tan β region).
As in the MSSM, BR(B + → τ + ντ ) can be mediated at tree-level by a charged Higgs exchange. Note that the large uncertainties on the CKM element Vub , the hadronic decay parameters and the experimental value for this branching ratio limit the impact of this constraint.
2.2

Speciﬁc NMSSM eﬀects

The light CP-odd Higgs scenario oﬀers the possibility of enhanced Higgs-penguin diagrams which
is the main speciﬁc eﬀect: the contribution to 4-fermion operators can be signiﬁcantly enhanced
in regions where the light CP-odd Higgs is exchanged close to its mass shell. Moreover, the
eﬀective b − s − A1 vertex, mediated by loops of supersymmetric particles, receives signiﬁcant
enhancement at large tan β. The A1 contribution could then exceed the experimental bounds
on BR(B̄s → µ+ µ− ), BR(B̄ → Xs l+ l− ) or ∆Md,s , which translates into constraints on the
(mA1 , Xd ) plane: see Fig. 1. Note however that the tan β enhancement can be reduced when
the b − s − A1 vertex is small, e.g. for small trilinear soft couplings. Nevertheless, the “pole”
regions where the CP-odd Higgs would be exchanged on its mass shell are always excluded, which
+ −
+ −
leaves most of the region mA1 <
∼ mB severely constrained by B̄ → Xs l l and B̄s → µ µ .
3

Muon Anomalous Magnetic Moment

In this section, we analyse constraints from the muon (g − 2) on the NMSSM parameter space
11 . Let us ﬁrst summarize brieﬂy the current status of this observable. Depending on the experimental source chosen to compute the hadronic contribution to (g − 2)µ (vacuum polarization
diagram), one ﬁnds a discrepancy of about 1.9 σ (using data from τ -decays to hadrons), 2.4 σ
(babar e+ e− ISR data), 3.2 σ (combined e+ e− data) or up to 3.7 σ (e+ e− data without babar)

Figure 2: MSSM-like (left) and light CP-odd Higgs (right) contributions to (g − 2)µ .
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between the SM prediction and the experimental measurement from BNL laboratory. In the
following, we choose to take this signal for new physics seriously by assuming a deviation of
about ∼ 3 σ and considering whether the NMSSM is able to generate it.

3.1

MSSM-like contributions

As in the MSSM, (g − 2)µ receives signiﬁcant contributions from chargino/sneutrino and neutralino/smuon loops. The leading two-loop eﬀects are also taken into account. The chargino
diagram depends linearly on tan β and tends to dominate the new-physics contribution. The
sign of the deviation between SM and experiment dictates that the µ(eﬀ) parameter be chosen
positive. Then, reaching the experimentally favoured region requires suﬃcient tan β enhancement or suﬃciently light supersymmetric particles, as can be observed in Fig. 2. Light binos
can also generate relevant contributions independent on tan β. All such eﬀects are however
identical in the MSSM and NMSSM, since the decoupling singlino contribution remains small
in the NMSSM.

3.2

Light CP-odd Higgs region

Higgs contributions to (g − 2)µ can be safely neglected in the SM or the MSSM, due to the
constraints on masses in this sector. This assumption is yet no longer valid in the light CPodd Higgs region of the NMSSM: there, both one- and two-loop diagrams must be considered.
The resulting contribution depends quadratically on tan β (or, more precisely, on Xd ). Below
∼ 3 GeV, its sign is opposite to that of the experimental/SM deviation, leading to signiﬁcant
constraints on this region. However, a deviation of the appropriate sign is generated for CP-odd
masses beyond ∼ 3 GeV, the eﬀect being maximal for mA1 = 5 − 7 GeV. With suﬃcient tan β
enhancement, this contribution can reach the favoured region by itself. It is therefore signiﬁcant
and must be considered along with the MSSM-like eﬀects.

4

Bottomonium physics

Bottomonium states are of particular interest to study the light CP-odd Higgs region, especially
in the case of signiﬁcant A1 − b − b̄ (Xd ) coupling.

Figure 3: a) Constraints from Υ → Xs γ; b) Region favoured by mηb (1S) ; c) ηb spectrum in this favoured region.

4.1

Bounds from radiative Υ decays

First, the absence of signal for Υ → γ(A1 → τ + τ − /µ+ µ− ) at cleo 15 or babar 16 sets constraints
on the mass and coupling of the A1 : see Fig. 3a. Essentially all the region below mA1 ∼ 8.8 GeV
a
is excluded by such bounds, except for Xd <
∼ 1 . Beyond ∼ 8.8 GeV, little can be said however,
since the theoretical estimate becomes unreliable (and is expected to vanish for soft photons).
4.2

A1 − ηb mixing

Nevertheless, the region with CP-odd masses around ∼ 9 − 10 GeV is phenomenologically
attractive because signiﬁcant mixing of the A1 with the ηb states could take place there 13 . This
eﬀect can be taken into account through an eﬀective mass matrix, whose eigenstates are thus
admixtures of the pure Higgs and the pure bottomonium CP-odd particles.
A remarkable feature lies in the possibility to use this mechanism to interpret the slight
tension between the QCD-predicted 17 and experimentally measured 18 ηb (1S) massesb . The
mixing with the A1 can indeed generate a mass shift of the appropriate sign, provided the pure
A1 mass is slightly larger than the QCD-predicted ηb mass. A “favoured region”, showed in Fig.
3b, can then be determined in the (mA1 , Xd ) plane, where the appropriate shift is generated.
Along this line, the eﬀect of the (yet unobserved) heavier ηb states must be taken into account,
which could lead to signiﬁcant perturbations of the ηb spectrum (Fig. 3c), with displaced masses
and possibly large branching ratios of the heavier states into τ + τ − . Note that the branching
ratio of the observed state into τ + τ − can be calculated exactly and remains safely below the
experimental bounds. A future observation of displaced ηb (2S, 3S, . . .) masses or decays into
τ + τ − could then be used as a reliable spectroscopic hint for the light CP-odd Higgs.
4.3

Breakdown of Lepton Universality

Another interesting signal in the bottomonium sector would be a breakdown of lepton universality 12 in inclusive leptonic decays of Υ hadrons. The presence of the CP-odd Higgs could
lead to an excess in the tauonic branching fraction, due to the radiative Υ decay mediated by
the A1 (the photon remaining undetected/unlooked for). This signal used to reach the 2 σ level
but is now further constrained 19 . Moreover, from the theoretical side, BR(Υ → γA1 ) is poorly
a

Note, however, that Xd <
∼ 1 is a natural but diﬃcult-to-test possibility.
The exact discrepancy of the predicted ηb (1S) mass (or rather, the hyperﬁne splitting, mΥ(1S) − mηb (1S) )
depends on the speciﬁc choice of the hadronic model, though most of them predict a heavier mass than the
observed one. As a guideline, the perturbative-QCD result is oﬀ by about ∼ 2 σ.
b

Figure 4: Estimates of the breakdown of lepton universality generated by the A1 .

controlled in the interesting region (mA1 ∼ 9 − 10 GeV). Under crude assumptions, some estimates for the breakdown of lepton universality due to a CP-odd Higgs are shown in Fig. 4: the
corresponding signal could reach up to a few percent.
5

Conclusion

As a solution to the µ-problem and given the new mechanisms at our disposal in the Higgs sector,
the NMSSM is a well-motivated extension of the MSSM, leading to several phenomenological
improvements. Concerning low-energy observables, the results follow essentially those of the
MSSM, except when a light CP-odd Higgs is present. The corresponding speciﬁc eﬀects are
usually enhanced with large tan β and receive constraints from B-physics bounds on Higgspenguin contributions. The eﬀect on (g − 2)µ is also relevant and may alleviate the requirements
on the MSSM sector. Finally, this light-A1 scenario is further constrained and may be probed
in bottomonium physics. Note in particular the possible contribution to the ηb (1S) mass.
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TOWARD A SUB-PPM MEASUREMENT OF THE FERMI CONSTANT
D.M. WEBBER
Department of Physics, University of Illinois at Urbana-Champaign
1110 West Green Street, Urbana, IL, USA
for the MuLan Collaboration a
The Fermi constant, GF , describes the strength of the weak force and is determined most
precisely from the mean life of the positive muon, τµ . Advances in theory have reduced the
theoretical uncertainty on GF as calculated from τµ to a few tenths of a part per million
(ppm). The remaining uncertainty on GF is entirely experimental, and is dominated by the
uncertainty on τµ . The MuLan experiment is designed to measure the muon lifetime to partper-million precision, a better-than twenty-fold improvement over the previous generation of
experiments. In 2007, we reported an intermediate result, τµ = 2.197013(24) µs (11 ppm),
which is in excellent agreement with the previous world average. This mean life was measured using a pulsed surface muon beam stopped in a ferromagnetic target, surrounded by
a symmetric scintillator detector array. Since this intermediate measurement, the detector
was instrumented with waveform digitizers, the muon beam rate and beam extinction were
increased, and two data sets were acquired on different targets, each containing over 1012
muon decays. These data will lead to a new determination of GF to better than a part per
million.

The Standard Model (SM) has provided an excellent description of fundamental particles
and their interactions since its introduction in the early 1970’s. The SM description of the
weak force requires three input parameters; the most precisely determined are the fine structure
constant, α, the Fermi constant, GF , and the mass of the Z-boson, MZ . The Fermi constant,
GF , is determined most precisely from a measurement of the positive muon lifetime, τµ , via the
formula
G2 m5µ
1
= F 3 (1 + ∆q) ,
τµ
192π

(1)

where ∆q includes corrections from phase space, QED, hadronic and tau loops. In this parameterization, weak and non-weak effects factorize and all weak corrections are included in GF as
∆r,
GF
g2
√ = W2 (1 + ∆r) ,
(2)
8MW
2
where gW is the electroweak gauge coupling. The calculation of the second-order QED corrections to the determination of GF from τµ reduce the theoretical uncertainty on ∆q from
a
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∼ 30 ppm to less than 0.3 ppm [1], making the uncertainty on τµ the dominant uncertainty on
GF . This theoretical progress motivated the current generation of muon lifetime experiments.
The Muon Lifetime Analysis (MuLan) experiment is designed to measure the muon lifetime
to part-per-million (ppm) precision using a time-structured muon beam and a symmetric, segmented detector surrounding a central muon-stopping target. We presented an intermediate
result, τµ = 2.197013(24) µs (11 ppm), based on data collected in 2004 [2]. Since that measurement, the experimental electronics were upgraded from discriminators to waveform digitizers,
and two high-statistics datasets were collected on different stopping targets in 2006 and 2007,
respectively.
The experiment runs in a multi-muon mode where several muon decays are measured simultaneously. Muons are provided by a 10 MHz dc beam modulated by a fast-switching, 25-kV electrostatic kicker [3]. The time-structure imposed by the kicker has a 5-µs “accumulation period,”
during which muons are accumulated in a stopping-target, followed by a 22-µs “measurement
period” to observe the decay of the accumulated muons. During the kicker-on measurement
period, the beam rate is reduced by a factor of ∼ 1000. Approximately 50 muons arrive and stop
in the target during the accumulation period, and 20 survive until the beginning of the measurement period. An instability in the kicker voltage could affect the observed muon lifetime,
but the uncertainty on τµ from kicker instabilities has been determined to be less than 0.2 ppm
for the 2006 dataset and less than 0.07 ppm for the 2007 dataset.
The positive muons accepted by the beam optics are produced from pion decay at rest and
have negative helicity. This helicity is preserved as the muons are transported along the beamline
and stop in the target. A slow precession or relaxation of the average muon spin, combined with
a possible asymmetry in detector acceptance, could introduce a perturbation on the observed
muon lifetime. To prevent an unobserved slow spin precession or relaxation from perturbing the
observed muon lifetime, two targets were chosen to dephase or visibly precess the average muon
spin. In 2006 a ferromagnetic target with ∼ 0.5 T internal magnetic field, called Arnokrome-3
(AK3) [4], dephased the average muon spin during the accumulation period. In 2007, a disk
of quartz crystal caused ∼ 90% of the muons to form muonium, a hydrogen-like bound state
composed of one muon and one electron. In the spin-0 state, the spin of the muon and the spin of
the electron are rapidly exchanged, effectively nulling the muon spin effects. In the spin-1 state,
the spins of the electron and muon are locked together by the hyperfine interaction, and precess
∼ 103× faster than a bare muon [5]. An array of permanent magnets provide a 130-Gauss field
to visibly precess the remaining muons. The magnetic field in both target configurations was
oriented transverse to the beam and initial muon-spin direction.
Muon decay µ+ → e+ ν µ νe occurs with ∼ 100% probability. Positrons from muon decay in
the stopping target are observed by the MuLan detector. The detector is composed of a truncated
icosahedron (soccer ball) configuration of triangular scintillator tile pairs which symmetrically
surrounds the target (Fig. 1). This detector segmentation results in low individual tile pair
count rate, ∼ 0.1 hit per tile pair per beam cycle. The detector configuration contains 20
hexagonal detector housings, each containing 6 tile pairs, and 10 pentagonal detector housings,
each containing 5 tile pairs. Two pentagonal faces are open, allowing the vacuum pipe to pass
through the detector. The stopping target is suspended in the center of the detector, inside
the vacuum pipe. The symmetry of the detector largely cancels any asymmetries from residual
average muon spin precession or relaxation.
Several systems are required to read out the scintillation light produced in the tile pairs by a
through-going positron from muon decay. Each tile is connected to an adiabatic lightguide and
phototube, and the analog pulses from the phototubes are digitized by 8-bit waveform digitizers
(WFDs). The WFDs trigger when the analog input rises above threshold, and write out 24
samples (∼ 53 ns) of waveform. Each WFD board has four analog inputs, assigned to a tile
pair and its symmetrically opposite pair. The 85 WFD boards required for detector readout are

(a)

(b)

Figure 1: Illustrations of the detector. (a) A through-going positron will pass through the inner
and outer triangular scintillator in a tile pair. (b) A cartoon shows the location of the target
inside the vacuum beampipe and centered in the detector.
distributed in 6 VME crates, and each crate is readout by a dedicated frontend computer.
A backend computer collects the data and controls the time-structure of the data acquisition
(DAQ). The kicker runs continuously, but the DAQ acquires 5000 beam-cycles at a time, called
a segment. After each segment, the computers read out how much data is available in the WFD
FIFO memory, and then triggers the next segment. Data from the previous segment is readout,
compressed, and assembled by the backend while the current segment is being acquired. This
parallel structure of the DAQ allows for data rates up to ∼ 40 MB/s with no decrease in DAQ
live-time. The data acquisition is discussed in more detail elsewhere [6].
The digitization frequency for the Waveform Digitizers is provided by a master clock, set to
a frequency of ∼ 451 MHz. During data collection and analysis, the precise clock frequency was
concealed to allow for a blind analysis. During the analysis, times were reported in units of clock
ticks (ct), where 1 ct≈2.2 ns. After the analysis was complete, the true clock frequency was
revealed. Different blinding offsets were used in 2006 and 2007, and the datasets were analyzed
independently.
Overall, ∼ 1012 muon decays were collected on each of the ferromagnetic AK3 and quartz
targets, respectively. The analysis is performed in two stages. In the first stage, each waveform
is fit using pulse templates to determine the pulse time and height, as shown in figure 2. In
the second stage, coincidences are formed between inner and outer tiles of each pair, and the
coincidences are histogrammed vs. time in measurement period. The histograms are corrected
for pileup and for multiple hits from single-source events. The histograms are then fit with the
function
f (t) = (1 + AS(t))N0 e−t/τµ + B,
(3)
where AS(t) is small correction for a WFD threshold oscillation, originating in the VME logic
fanout, N0 is the number of muon decays at t = 0, and B is the flat background. The magnitude
of the electronics oscillation correction on the lifetime is 0.60 ppm, and its uncertainty 0.26 ppm.
The lifetime histograms for the two datasets, with fit residuals, are shown in figure 3.

(a)

(b)

std. dev.

1010

std. dev.

Figure 2: Examples of pulses show the resolving power of the fitting code. When triggered, the
WFD records 24 samples (∼ 53 ns) of waveform data. The raw data is shown in red and the
fitted pulse template is shown in blue. (a) A fit to a normal single-pulse waveform. Over 90%
of the data is comprised of similar single-pulse waveforms. (b) The fitter is able to resolve two
pulses if they are separated by 3 or more samples.
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Figure 3: Lifetime histograms and fit residuals for the 2006 and 2007 datasets.
Although the WFDs digitize continually, particles passing through a detector close together
in time will be incorrectly reconstructed by the analysis, resulting in missed events. This loss of
hits is called pileup. The pileup is statistically corrected using a shadow-window technique. To
test the fidelity of the corrections, a set of software deadtimes (ADTs) in the range 5-68 samples
(11-151 ns) are imposed after a hit at time ti in beam cycle j. The pileup is corrected by
searching the same deadtime interval ti to ti + ADT in beam cycle j + 1. If a “shadow” hit is
found in this interval, it is added back into the lifetime histogram. Several different classes of
pileup were corrected. A Monte-Carlo simulation of detector hits shows no dependence between
τµ and deadtime, but a dependency of 0.008 ppm/ns deadtime is observed in the data (Fig.
4). Several effects that could pull τµ vs. deadtime have been ruled-out, and the dependency
likely corresponds to ∼ 0.1% under-correction in the leading-order pileup term. Under-corrected
leading-order pileup introduces a linear dependence between τµ and ADT. In this case, a linear
extrapolation to zero deadtime gives the correct value for τµ . Overall, the uncertainty on the
pileup corrections and the extrapolation is 0.2 ppm.
Other systematic effects are shown in table 1. The largest uncertainty at 0.7 ppm is the
effect on τµ from the detector response, or gain, vs. measurement time. This effect is still under
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Figure 4: Shift in pileup-reconstructed lifetime vs. software-imposed deadtime for the 2006
dataset. The uncertainty on each point represents the uncertainty of the statistical pileup
correction. The overall statistical uncertainty of the 2006 dataset is 1.18 ppm. A small slope of
0.008 ppm per ns deadtime is observed.
Table 1: Systematic Uncertainties, in units of parts-per-million. These uncertainties represent
preliminary upper bounds on the uncertainties, and will decrease as studies are finalized. Some
systematic uncertainties vary between datasets. Correlated uncertainties are denoted by a single
number, and uncorrelated uncertainties are given with one number for each running year. Effects
vs. time are evaluated vs. time in measurement period, and effects vs. ∆t are evaluated vs.
time after a prior pulse.
Effect
Kicker stability
Spin precession
Clock calibration
Errant muon stops
Gain stability vs. time
Gain stability vs. ∆t
Timing stability vs. time
Timing stability vs. ∆t
Electronics stability vs. time
Pileup correction
Total systematic
Statistical uncertainty
Total uncertainty

Size (ppm)
2006 2007
0.22 0.07
n/a 0.20
0.03
0.10
0.70
0.27
0.09
0.08
0.26
0.20
0.85
1.18
1.7
1.3

investigation, and the value reported here is an upper limit.
Overall, the MuLan experiment has measured τµ to ppm-level precision, and will soon publish

104

2

10

Theory

2nd order QED

103

Total
τµ (indiv. exp.)

1st order QED

GF Uncertainty (ppm)

the final results. Prior to fully unblinding, a relative unblinding, which mapped the two datasets
into a common blinded space, showed the lifetime difference between the two datasets is 0.3 ppm,
an excellent agreement. Currently, a few systematic uncertainties are undergoing final analysis,
and the publication is in preparation. A plot showing the historical precision of GF and τµ is
shown in figure 5, including two points in 2010 representing the τµ results from our two datasets.
After this measurement, the value for τµ will have a precision of 1.3 ppm or better, and GF will
have a precision of 0.8 ppm or better.
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Figure 5: Theoretical and experimental uncertainty on GF vs. time. The second-order quantum
electrodynamics (QED) corrections to GF reduced the theoretical uncertainty on GF from 30
ppm to 0.3 ppm, making experimental uncertainty on the muon lifetime the dominant contribution to the uncertainty on GF .
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Results of the TWIST blind analysis
G.M. Marshall, for the TWIST Collaborationa
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3
After a decade of design, construction, improvement, data-taking, simulation, and analysis,
the TRIUMF Weak Interaction Symmetry Test (TWIST) muon decay parameter measurement
is nearly complete. Results of the blind analysis are now available. While there are still some
subtle systematic eﬀects that preclude ﬁnal values of the decay parameters ρ, δ, and Pµπ ξ, the
goal of an order-of-magnitude improvement on pre-TWIST precisions appears to have been
achieved.

1

Introduction

The decay of polarized muons (µ → eνν), where neither the electron polarization nor the
accompanying neutrinos are observed, can be described by the diﬀerential rate as1,2,3
d2 Γ
dx d cos θ
with
Wµe =

=


1
4
mµ Wµe
G2F x2 − x20 · {FIS (x, ρ, η) + Pµ cos θ · FAS (x, ξ, δ)}
4


m2µ + m2e
Ee
me
 µ |, cos θ = Pµ · pe
, x=
, x0 =
, Pµ = |P
 µ | |
2mµ
Wµe
Wµe
|P
pe |

2
FIS (x, ρ, η) = x(1 − x) + ρ(4x2 − 3x − x20 ) + ηx0 (1 − x)
9



1 2
2
2
2
x − x0 1 − x + δ 4x − 3 +
1 − x0 − 1
FAS (x, ξ, δ) =
3
3
The neutrino mass is neglected. Radiative corrections are not explicitly shown, but are
signiﬁcant and must be evaluated within the standard model (SM) to a precision compatible
with the experiment. The isotropic term FIS (x) depends on the decay parameters ρ and η,
while the asymmetric part FAS (x) depends on δ and ξ. The asymmetric part is multiplied by
the polarization of the muon at the time of decay, Pµ , which may evolve over the 2.2 µs mean
lifetime of the muon from the polarization Pµπ at the time of the muon’s birth, e.g., in pion
decay at rest. The TRIUMF Weak Interaction Symmetry Test (TWIST) has been constructed
http://twist.triumf.ca/: R. Bayes, Yu.I. Davydov, W. Faszer, M.C. Fujiwara, A. Grossheim, D.R.
Gill, P. Gumplinger, A. Hillairet, R.S. Henderson, J. Hu, G.M. Marshall, R.E. Mischke, K. Olchanski, A. Olin,
R. Openshaw, J.-M. Poutissou, R. Poutissou, G. Sheﬀer, B. Shin (TRIUMF), A. Gaponenko, R.P. MacDonald
(University of Alberta), J.F. Bueno, M.D. Hasinoﬀ (University of British Columbia), P. Depommier (Université
de Montréal), E.W. Mathie, R. Tacik (University of Regina), V. Selivanov (Russian Research Center, Kurchatov
Institute), C.A. Gagliardi, R.E. Tribble, (Texas A&M), D.D. Koetke, T.D.S. Stanislaus (Valparaiso University).
a

to determine the Michel parameter ρ as well as the parameters δ and Pµπ ξ with a precision
approximately one order of magnitude better than prior experiments, as a test of the SM.
Prior to 1990, the three decay parameters were known with uncertainties in the range of 3.58.5 parts per thousand. Intermediate TWIST results have already reduced those uncertainties
to 0.7-3.8 parts per thousand.4,5 The decay parameters measured by TWIST contribute to a
larger set derived from other observables that can be analyzed in terms of a generalized matrix
element containing scalar, vector, and tensor interactions for muons and electrons of left and
right chirality.6,7 A global analysis4,8 reveals consistency with the standard model, where the
vector coupling for muons and electrons of left-handed chirality is the only non-zero term. The
results from TWIST restrict the upper limits of other terms, especially those for left-handed
electrons and right-handed muons. For example, the probability for right-handed muon couplings
in muon decay was reduced by a factor of two to less than 2.4×10−3 (90% conﬁdence).
2

Experimental details

The TWIST spectrometer is shown in Fig. 1. The data-taking phase of the experiment was
completed in 2007. Highly polarized positive muons were selected from decays of stationary
pions at the surface of a graphite production target. They were guided into the superconducting
solenoidal ﬁeld along its symmetry axis to enter a high-precision, low-mass stack of proportional
and drift chambers.9 The muons were ranged to stop predominantly in a high-purity metal foil
at the center of the symmetric stack. Data sets were taken with two foil stopping targets, silver
(thickness 30.9 µm) and aluminum (thickness 71.6 µm). Tracks from decay positrons in the
uniform, precisely known 2 T ﬁeld were sampled by the low-mass drift chambers in a helium gas
environment. Analysis provides two-dimensional distributions of positron angle and momentum
(or energy) whose shape depends on the decay parameters. With a muon rate of order 2–5×103
s−1 , data sets of 109 events could be obtained in a few days. Approximately 3% of events pass
event and track selection criteria as well as ﬁducial cuts on energy and angle. Much care is taken
to test for and avoid the introduction of any bias. The ﬁducial cuts are symmetric for upstream
and downstream decays, and are selected to maximize sensitivity to the decay parameters while
reducing systematic uncertainties.

Figure 1: The TWIST spectrometer.

Figure 2: The TWIST TECs.

To determine the incoming muon beam characteristics (size, position, divergence, and correlations), a beam monitor detector was inserted to measure the beam before it entered the
solenoid (see Fig. 2). This detector is a pair of time expansion chambers (TECs) recording the
position and angle of each incident muon.10 Because they caused multiple scattering and hence

muon depolarization, the TECs were typically removed for precise decay measurements, but the
beam characteristics measured between data sets formed an essential input to the simulation
and analysis of decay data.
3

Analysis procedures

The important principle of TWIST analysis is the comparison of energy-angle two-dimensional
distributions of data to similar ones derived from a GEANT3 simulation. Both are subjected
to essentially the same analysis, allowing bias and ineﬃciencies to be included in an equivalent
way to reduce the dependence of the result on the speciﬁc analysis procedure. This places
great importance on the accuracy and detail of the simulation, which includes not only standard
physics processes but also a detailed description of the beam, magnetic ﬁeld, geometry, and
detector response. Decay parameters are obtained by a “blind” ﬁt of the two-dimensional data
distribution to that of a base distribution of simulated events, generated with hidden muon
decay parameters, plus distributions corresponding to the two-dimensional spectrum shape of
ﬁrst derivatives of the spectrum with respect to decay parameters (or combinations) ρ, ξ, and
ξδ, also derived from simulated events.
4

Systematic uncertainties

The procedure of ﬁtting the diﬀerence of two spectra in terms of derivatives also plays a key role
in evaluation of systematic uncertainties, by ﬁnding the eﬀect on the decay parameters when an
identiﬁed source of systematic uncertainty is changed (often by an exaggerated amount) in one
of the spectra. This is most commonly achieved with two simulated spectra. The systematic
contributions as determined prior to revealing the hidden parameters of the blind analysis are
listed, along with statistical uncertainties, in Table 1.
Table 1: Systematic and statistical uncertainties for ρ, δ, and Pµπ ξ prior to revealing hidden parameters.

Uncertainties
Positron interactions
Momentum calibration
Chamber response
External uncertainties
Resolution
Spectrometer alignment
Beam stability
Depolarization in fringe ﬁeld
Depolarization in stopping material
Background muons
Depolarization in production target
Total systematics in quadrature
Statistical uncertainty
Total uncertainty

ρ(×10−4 ) δ(×10−4 )
1.8
1.6
1.2
1.2
1.0
1.8
1.3
0.6
0.6
0.7
0.2
0.3
0.2
0.0

2.8
0.9
3.0

2.9
1.6
3.3

Pµπ ξ(×10−4 )
0.7
1.5
2.3
1.2
1.5
0.2
0.3
+15.8, -4.0
3.2
1.0
0.3
+16.5, -6.2
3.5
+16.9, -7.2

Four sources dominate for ρ and δ: positron interactions, momentum calibration, chamber
response, and external uncertainties due to radiative corrections and the assumed value of η.
The ﬁrst three were improved substantially compared to our intermediate results.4 The positron
interactions systematic relates the possible inaccuracy in our simulation of reproducing positron
energy loss in the stopping target and detector elements, due primarily to bremsstrahlung,

delta-ray production, and ionization. It was better constrained by comparisons of identiﬁed interactions observed in the data and in the simulation. Chamber response refers to the conversion
of drift chamber time information to spatial information used in helix ﬁtting and evaluation of
the momentum and angle of each track. It was improved by more precise monitoring and control
of atmospheric inﬂuences that could change chamber cell geometry. In addition, a method was
developed11 by which the detector space-time relations (STRs) were modiﬁed for each plane
to minimize positron decay track ﬁt residuals. The tracking bias was reduced by applying the
procedure also to simulations. Changes to the spatial isochrone shapes varied from zero to ∼ 40
µm in drift cells of 4 × 4 mm2 . The maximum positron energy provides a calibration feature
that is used to reduce the energy scale systematic. Since energy loss depends on the track angle primarily with a dependence on 1/(cos θ) due to the planar geometry of the detector, the
energy region near the kinematic endpoint of 52.8 MeV/c is matched for data and simulation
for small bins of cos θ. The data-simulation relative energy calibration procedure has undergone
improvements to become more robust to ﬁtting conditions.
The asymmetry parameter ξ is also subject to uncertainties from these sources, but they
are overshadowed by other unique uncertainties related to depolarization, as shown in Table 1.
Depolarization in the fringe ﬁeld and in the muon stopping target result in Pµ < Pµπ , comprising the largest contributions to systematic uncertainties for Pµπ ξ. They were also considerably
improved for this analysis compared to the intermediate result.5 Fringe ﬁeld depolarization systematics depend on the accuracy with which the muon spin evolution can be simulated as the
beam passes through signiﬁcant radial ﬁeld components at the solenoid entrance. The simulation in turn depends on two ingredients: an accurate ﬁeld map, and precise knowledge of the
position and direction of the muons in the beam. Depolarization in the stopping target from
muon spin relaxation (µ+ SR) as the spins interact with the target material is assessed from the
measured time dependence of the asymmetry.
Results
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Fourteen data sets were used to extract decay parameters ρ and δ, seven with each of the
Ag and Al targets. Only nine sets were used for Pµπ ξ; the other ﬁve were deemed to have poorly
controlled polarization systematic uncertainties. The fringe ﬁeld was not well measured for sets
70 (1.96 T ﬁeld) and 71 (2.04 T ﬁeld), there was added multiple scattering and thus increased
fringe ﬁeld depolarization for set 72 (TECs in place), while sets 76 and 86 were intentionally
mis-steered to evaluate depolarization systematics in the fringe ﬁeld. Fits to constant means
for the diﬀerence values of Fig. 3 give reduced χ2 values of 14.0/13 (ρ), 17.7/13 (δ), and 9.7/8
(Pµπ ξ) respectively.
A visualization of the ﬁt of one data set (set 87) in terms of residuals is shown in Fig. 4.
It also shows an outline of the range of (p, cos θ) used to determine the decay parameters. The
limits of this ﬁducial range in momentum (total, transverse, and longitudinal) and angle are
those within which the systematic biases and uncertainties are considered to be well controlled.
For all fourteen data sets, there were 11×109 events, of which 0.55×109 passed event selection
criteria and were within this ﬁducial range. Simulation data sets were about 2.7 times larger on
average.
After revealing the hidden parameters, the results for the three decay parameters were:
ρ = 0.74991 ± 0.00009(stat) ± 0.00028(syst)
δ = 0.75072 ± 0.00016(stat) ± 0.00029(syst)
Pµπ ξ

= 1.00084 ± 0.00035(stat)

+0.00165
−0.00063 (syst)

These diﬀer from SM predictions of 0.75, 0.75, and 1.0 by −0.3σ, +2.2σ, and +1.2σ respectively.
The results are compared graphically to prior published results in Fig. 5. Also plotted is the
+0.00167
(with correlations taken into account). This product deﬁnes
product Pµπ ξδ/ρ = 1.00192 −0.00066
the asymmetry between cos θ = ±1 at the maximum decay positron energy, which is 1.0 in
the SM. While the deviations from the SM that are allowed in the generalized matrix element
treatment of Fetscher et al.6 do not constrain the sign of diﬀerences in ρ, δ, and ξ, the product
is constrained to be not greater than 1.0. This apparent contradiction has initiated an ongoing
reconsideration of potential systematic eﬀects that might have been overlooked in the blind
analysis. While no credible cause has yet been identiﬁed, we believe the resolution will be in
terms of systematic eﬀects. Thus we prefer not to consider the results of the blind analysis as
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Figure 5: Summary of previously published values with uncertainties added in quadrature for three muon decay
parameters, including those prior to TWIST, along with the results of this blind analysis. The combination
Pµπ ξδ/ρ is also shown.

our ﬁnal physics results, pending the outcome of a more complete re-assessment of potential
sources of such eﬀects.
6

Summary

We have achieved a substantial improvement for the ﬁnal results of TWIST, compared to intermediate results and to prior experiments. Final checks of consistency and continuing reevaluation of systematic uncertainties are underway, with the goal of understanding an apparent
inconsistency in the product Pµπ ξδ/ρ.
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HEAVY FLAVOR PHYSICS : LIFETIMES AND FLAVOR CHANGING
NEUTRAL CURRENTS
S. MALDE, on behalf of the CDF and DO collaborations
Department of Physics, DWB, Keble Road, Oxford OX1 3RH, UK
√
The Tevatron, with pp collisions at s =1.96 TeV, can produce all flavors of B hadrons and
allows for unprecedented studies in the B physics sector. These range from measurements of
B hadron properties to searches of new physics signatures. The CDF 1 and D0 2 detectors
currently have more than 7 fb−1 of data recorded. This paper presents a selection of recent
results on lifetimes and flavor changing neutral currents using between 4.3–5.0 fb−1 of data.

1

B hadron lifetimes

The experimental measurement of B hadron lifetime ratios is an important test of the theoretical
approach to B hadron observables known as the heavy quark expansion. The ratio τ (B + )/τ (B 0 )
(charge conjugates are implied throughout) is predicted 3,4,5,6 to be in the range 1.04–1.08 and the
ratio τ (Λ0b )/τ (B 0 ) in the range 0.83–0.95.3 ,6,7 The measured world average B + and B 0 lifetimes
are dominated by the Belle experiment.8 Of recent interest is the Λ0b lifetime. Until 2006 all
measurements were in agreement but lay at the lower end of the theoretically expected value.
Since then, two high precision CDF measurements are significantly above previous results.9,10
The analysis described here is the most precise measurement of the B + , B 0 , and Λ0b lifetimes
and ratios.
The B + , B 0 , and Λb lifetimes were measured using 4.3 fb −1 of data with decay channels
B + → J/ψK + , B 0 → J/ψK ∗ , B 0 → J/ψKs and Λb → J/ψΛ. In previous measurements the
uncertainty due to detector resolution has been a leading source of systematic uncertainty. In
this analysis the proper decay time is determined using the J/ψ vertex to provide similarity in
the decay time resolution between channels and to allow for the cancellation of certain systematic
uncertainties. A detailed resolution model is also introduced in this analysis. The signal decay
time is modelled as an exponential decay convolved with the resolution model. The resolution
model is a superposition of three Gaussians. They are each centred at t = 0, and have a
width of event decay time uncertainty, σ ict , multiplied by a scale factor. The restriction to
models symmetric about t = 0 is motivated by simulation, while the number of components is
determined from data. The parameters of the resolution function are determined from the mass
sidebands as the fraction of background events expected to originate from the primary vertex is
between 80-90%, depending on channel and background model, and therefore provides a useful
sample from which to determine the resolution. The overall fit is an unbinned likelihood fit to
the mass, decay time and decay time uncertainty distributions simultaneously. The projections
of the mass and decay time distributions from the Λ b data are shown in Fig. 1.
We measure τB + = 1.639 ± 0.009 (stat) ± 0.009 (syst) ps, τ B 0 = 1.507 ± 0.010 (stat) ±
0.008 (syst) ps, and τΛ0 = 1.537±0.045 (stat)±0.014 (syst) ps. The lifetime ratios are calculated
b
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Figure 1: The Λb mass and proper decay time distributions.

as τB + /τB 0 = 1.088±0.009 (stat)±0.004 (syst) and τ Λ0 /τB 0 = 1.020±0.030 (stat)±0.008 (syst). 11
b
These are the world’s best measurements of the lifetimes and ratios. The improvement in the
systematic uncertainty from 0.033 ps (1.0 fb −1 to 0.014 ps (4.3 fb−1 ) is evident in the τ (Λb )
measurement. The Λb lifetime remains higher than the world average but is not inconsistent
with theoretical predictions.
Measurements of other B baryon lifetimes are also interesting as they can validate the
prediction of the baryon hierarchy and ratios. CDF and D0 have both observed the Ξ b12,13
and the Ωb14,15 baryons. CDF has performed lifetime measurements on these samples. The low
statistics, particularly in background motivates a different approach to lifetime measurement.
The data are divided into bins of proper decay time. A mass fit in each bin determines the
number of signal candidates in each bin. The lifetime is then determined from the yield in each
bin compared to the expected distribution for a given lifetime. The method has been validated
on Λb and B 0 decay modes and gives results consistent with those from other methods. Using
4.3 fb−1 CDF measures τ (Ξb ) = 1.56+0.27
−0.25 (stat) ± 0.02(syst) ps which is the first measurement
using a fully reconstructed decay of Ξ b , and τ (Ωb ) = 1.13+0.53
−0.40 (stat) ± 0.02(syst) ps which is the
first measurement of τ (Ωb )15 .
2

Flavor Changing Neutral Currents

Flavor changing neutral currents (FCNC) are forbidden at tree-level in the standard model.
Processes that involve FCNC through higher order diagrams can provide information on new
physics. New particles participating in the higher order diagrams can enhance decay rates or
alter expected kinematic distributions from the standard model predictions. FCNC provide a
complementary approach to new physics searches alongside direct searches, as any signatures
of new physics that are observed give information on the flavour structure of new physics, and
thus constrain the set of new physics models that are consistent with data observations.
2.1

B → µ + µ−

One highly studied decay is Bs → µ+ µ− . The standard model branching fraction is16 (3.42 ±
0.54)×10−9 which is beyond the CDF and D0 detector experimental sensitivity.However, these
branching ratios can be enhanced by a factor of 10−100 by supersymmetric models or other new
physics. The decay B 0 → µ+ µ− is further suppressed by the ratio of CKM elements, |V td /Vts |2 .
Given the detector sensitivities, observation of either decay is an unequivocal signature of new
physics. If observed, the ratio of measured B s and B 0 branching fractions would give information
on the flavor structure of the new physics.
The analyses carried out at CDF and D0 are similar; the CDF analysis uses 3.7 fb −1 and is

described below. One challenge in this analysis is to reduce the large backgrounds. A number
of baseline selection requirements are applied which result in a reduction of background by a
factor of 300 while 50% of signal would remain in the geometric and kinematic acceptance of the
detector. The baseline selection includes selection on transverse momentum, vertex quality, and
muon ID algorithms which reduce backgrounds where hadrons have been misidentified as muons
and decays involving a kaon that has decayed inflight to a muon. For further enhancement of
signal events a neural network is used. It is trained on six variables; the proper decay time
and proper decay time significance, the transverse momentum of the di-muon candidate, the Bcandidate track isolation, the pT of the lower momentum muon candidate, and the 3D opening
angle between the vectors p~µµ and the displacement vector between the primary vertex and the
dimuon vertex. The neural network is trained using signal events generated by Monte Carlo
and mass sideband events for background. The neural network output is shown in Fig. 2.
The remaining background is estimated from continuum combinatorics from sidebands and misreconstructed B → hh decays which peaks in the signal region. The background estimates
are cross-checked using control samples from data such as like-sign muons. The background
predictions are compared with the observed data and no statistically significant discrepancies
are observed.
A relative normalisation to the channel B + → J/ψK + is used to determine the B → µµ
branching fraction. The number of observed signal events, N s , and normalization events, N+ ,
can be used to obtain the branching fraction via:
B(Bs0 → µ+ µ− ) =

Ns + fu
·
·
· B(B + → J/ψK + , J/ψ → µ+ µ− ),
N+ s fs

(1)

where fu , fs are fragmentation fractions and + and s are the efficiencies for the normalisation
and signal channels. The efficiencies are determined through a combination of Monte Carlo
simulation and data driven techniques involving samples of J/ψ, B → J/ψK + and B → J/ψφ.
After selection, the data observed in the mass ranges corresponding to B s and B 0 are
consistent with there being only background events and are shown in Fig 2 in three separate bins of the neural network discriminant. CDF sets limits on the branching fractions for
these decay processes. Using a data sample of 3.7 fb −1 CDF extracts a 95% (90%) C.L for
B(Bs → µ+ µ− ) < 4.3 × 10−8 (3.6) × 10−8 and B(B 0 → µ+ µ− ) < 7.6 × 10−9 (6.0) × 10−9 . 17 These
are the world’s best limits on these branching ratios. At D0 an analysis of 2 fb −1 obtained a
limit of B(Bs → µ+ µ− ) < 9.5 × 10−8 (7.5) × 10−8 . 18 The analysis of 5 fb−1 is on-going with the
signal region still blinded. The expected upper limit on the branching fraction on these data
is B(Bs → µ+ µ− ) < 5.3 × 10−8 (4.3) × 10−8 . 19 These measurements at the Tevatron have limited the parameter space of allowed new physics models as large enhancements of the B → µµ
branching ratio are inconsistent with the observed data.
2.2

B → µ + µ− h

One group of interesting decays to study are B → µµh where the B is either B + , B 0 or Bs and h
stands for either K + , K ∗ or φ, respectively. The branching ratios of these decays are O(10 −6 ) and
are observable. New physics processes can enhance decay amplitudes. The interference between
amplitudes due to new physics particles and the standard model processes may be observable in
effect on branching ratios, polarisation and forward backward asymmetry. Comparison of these
observables to standard model expectation can indicate whether the underlying dynamics are
governed by the standard model or other models such as SUSY, or 4th generation quarks.
The three decay channels are reconstructed from data collected by triggers that require
two charged particles with pT ≥ 1.5GeV/c or 2.0 GeV/c with corresponding hits in the muon
chambers. Vertices comprising of the muon pair and the h are required to have a χ 2 probability
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Figure 2: The left plot shows the neural network discriminant for signal and background. The right plot shows
the data after selection in three bins of the neural network discriminant.
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Figure 3: The mass distribution of B → µµh candidates after selection.

of at least 10−3 . For the normalisation of the branching ratios the control channels B → J/ψh
are also reconstructed. The same final state allows a number of systematic uncertainties to
cancel. Selection criteria are placed on the decay time significance, transverse momentum,
impact parameter of the B candidate, the φ and K ∗ mass, and particle identification to reduce
the combinatoric and fake muon backgrounds. The normalisation channels are required to
have the di-muon invariant mass within 50 MeV/c 2 of the J/ψ mass. For the signal channels,
candidates with a di-muon mass in the region near the J/ψ and ψ 0 are rejected. Other criteria
are applied to reduce other peaking backgrounds. After the loose selection a neural network
technique is used to provide the final selection. It is optimised to maximise both the branching
ratio and the lepton forward-backward asymmetry, A F B , significance.
The signal yield is determined from an unbinned maximum likelihood fit to the B invariant
mass distribution. The signal shape is two Gaussians with different means, and is determined
from Monte Carlo with the B mass resolution scaled to data in the normalisation channels. The
background is a first or second order polynomial. The mass distribution and yields are shown in
Figure 3. For each channel a significance greater than 6σ is observed. The measured branching
ratios are B(B + → K + µ+ µ− ) = [0.38 ± 0.05(stat) ± 0.03(syst)] × 10 −6 , B(B 0 → K ∗ µ+ µ− ) =
[1.06±0.14(stat)±0.09(syst)]×10 −6 , B(Bs → φµ+ µ− ) = [1.44±0.33(stat)±0.46(syst)]×10 −6 . 20
These numbers are consistent with previous results and other B-factory measurements. In the
case of Bs → φµµ, this is the first observation of this decay channel and is also the rarest B s
decay observed so far.
The differential branching ratio as a function of the di-muon invariant mass is determined
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Figure 5: Results for AF B and K ∗ polarisation. The solid (dotted) line is the standard model (a new physics
model) expectation.

by binning the data into 6 bins and repeating the branching ratio measurement. The 6 bins
are chosen to correspond to the analysis performed at Belle to aid comparison between the two
experiments. The results are shown in Fig. 4. The region consistent with the standard model
is between the two lines; this band exists due to uncertainty in form factors. No inconsistency
with the standard model is observed.
The B + and B 0 decays are used to determine AF B and the longitudinal polarisation of the
∗
K . The theoretical uncertainty on the standard model prediction has very small uncertainty
and hence provides an interesting opportunity to observe the effects of new physics. A F B is
determined from the distribution of cos(θ µ ), where θµ is the helicity angle between the µ+ (µ− )
direction and the opposite of the B( B̄) direction in the di-muon rest frame. The polarisation is
measured from θK where this is the angle between the kaon direction and the direction opposite
to the B meson in the K∗ rest frame. The fit results are shown in Fig. 5, where one possible
beyond the standard model scenario is also shown. The results are consistent with the standard
model prediction21 and are consistent and of similar precision to those observed at the B factories.

3

Conclusion

The Tevatron continues to make significant contributions to the field of flavor physics. The
results presented here have shown the possibilities of hadron colliders for measurements in flavor
physics despite the high combinatoric backgrounds. The contribution to lifetimes will be used to
better understand the interaction of quarks inside hadrons. The indirect searches of new physics
through flavor physics observables remain complementary to direct searches.

The Tevatron accelerator continues to provide a high luminosity and these analyses can be
expected to be updated with 10 fb−1 . This will allow for significantly improved measurements for
the measurements that are currently limited by statistical uncertainty. This will be particularly
interesting for B → µµ and B → µµh where hints of new physics could be observed.
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A SEARCH FOR NEUTRINOLESS DOUBLE BETA DECAY: FROM NEMO-3
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The SuperNEMO project aims to search for neutrinoless double beta decay (0νββ) up to a
sensitivity of 1026 years for the 0νββ half-life (down to ∼ 50 meV in the eﬀective Majorana
neutrino mass), using ∼100 kg of source and a ‘tracko-calo’ detector. The current status of
the 2006–2010 R&D programme is discussed here.

1

Introduction

Discovery of neutrinoless double beta decay, 0νββ: (A, Z) → (A, Z +2)+2e− , which is forbidden
in the Standard Model due to lepton number conservation, would prove the Majorana nature
and reveal new fundamental properties of the neutrino. The hierarchy and absolute mass scale
of the neutrino eigenstates would be determined in the case where 0νββ-decay is driven by light
neutrino exchange, while new physics could be tagged in the case of other possible 0νββ-decay
mechanisms, such as right-handed currents, R-parity violation of SUSY, etc 1,2 .
The principal diﬀerence in experimental techniques is whether the two electrons emitted
in the ββ-decay are measured directly (tracking + calorimetry or TPC) or not (geochemistry
or calorimetry only). Pure calorimeters (germanium semiconductors and bolometers) are the
ββ-sources themselves and thus only measure the total energy deposited by both electrons.
In comparison with calorimeters, the direct methods currently have worse eﬃciency and
energy resolution, but better background rejection and the possibility of measuring diﬀerent
isotopes. However, the most important feature is that the individual energies and trajectories
of both electrons can be measured. Obtaining this unique information is the only way to probe
the decay mechanism once a 0νββ-signal has been found by any experiment.
The SuperNEMO project is the next step in direct experimental 0νββ-decay searches based
on the ‘tracko-calo’ technique of the NEMO series of experiments, including the latest cur-

rently running NEMO-3 detector 3 . Inspired by the success of these experiments, the NEMO/
SuperNEMO Collaboration a has embarked on an R&D programme (since 2006) to design a
detector with sensitivity down to ∼ 50 meV in the eﬀective Majorana neutrino mass (up to 1026
years for the 0νββ half-life) from measurements of ∼100 kg of source.
The SuperNEMO basic features and the current status of key R&D studies are presented in
this article.
2

Status of SuperNEMO R&D

The SuperNEMO project will extrapolate the NEMO-3 ‘tracko-calo’ technology to the new scale
with the principal parameters shown in Table 1.
Table 1: Comparison of the main NEMO-3 and SuperNEMO parameters.

Parameter
Isotope
Mass, kg
Eﬃciency, %
Energy resolution at 1 MeV (3 MeV) e− , FWHM in %
208 Tl in foil, µBq/kg
214 Bi in foil, µBq/kg
Internal background (208 Tl, 214 Bi), counts/full mass/year
0νββ
T1/2
sensitivity, ·1026 years
< mν > sensitivity, meV

2.1

NEMO-3
100 Mo
7
18
∼ 12 (∼ 8)
< 20
< 300
0.5
> 0.02
300–900

SuperNEMO
or other
100+
≃ 30
∼ 7 − 8 (∼ 4)
<2
< 10 (only for 82 Se)
0.5
>1
40–110
82 Se

Design

The SuperNEMO detector (see Fig. 1) will follow a modular concept (20 units) with ∼5 kg of
isotope per 5 × 4 × 1 m module. Electrons emitted from a thin (∼40 mg/cm2 ) ββ-source foil
in the middle of the module traverse a tracking chamber (2000-3000 wire drift cells operated in
Geiger mode) before entering a calorimeter (∼ 600 channels: organic scintillator blocks coupled
to PMTs).

Figure 1: The principal SuperNEMO design (a) has a rectangular source foil sandwiched between two planar
tracking chambers following the calorimeter walls; the demonstrator assembly (b) and its modular structure (c).
a

Includes ∼100 physicists from 12 countries (http://nemo.in2p3.fr).

The alternative design “bar mode” (long scintillator bars instead of blocks) has been backed
as the “plan B” option.
2.2

Isotope Choice

The physics criteria for the isotope choice are: i) large Qββ to give a big phase space factor and
2νββ
better background rejection, ii) large T1/2
to reduce unavoidable 2νββ-background, iii) large
nuclear matrix element (NME) to enhance the decay rate. Unfortunately, the latter is rather
unreliable as NME uncertainties remain quite large despite recent progress in the development
of calculation methods 1 .
High natural isotope abundance, easy enrichment, radiopuriﬁcation and foil preparation are
practical criteria required to produce 100 kg of ultra-radiopure thin sources at a reasonable
price. The main candidate for SuperNEMO is 82 Se.
The full production chain is being studied now for selenium: i) centrifugation enrichment
has been tested b producing 3.5 kg of 82 Se; 100 kg could be produced in 3 years; ii) puriﬁcation
by two methods (chemical and distillation) has been carried out and checked at the kg scale; iii)
foil production has been redone with NEMO-3 technology and a new technique is being tested.
The second option 150 Nd could be a promising isotope for measurements (less background
restrictions and possible physics beneﬁts) but the possibility of its large scale enrichment is still
unclear. Recently the SuperNEMO Collaboration has initiated R&D studies in Russia with the
aim of enriching 150 Nd via hot gas (≃ 80 ◦ C) centrifugation, which looks promising for large
scale isotope production.
2.3

Calorimeter

The energy resolution is a key factor in discriminating a 0νββ-signal from ∼105 –106 times as
much unavoidable 2νββ-background. To reach a factor of two improvement relative to NEMO-3
(see Table 1), with the ∼1000 m2 of detection surface in SuperNEMO, is a challenging task as the
technology has already been well tuned over many years. The search for the best design includes:
i) tests of diﬀerent scintillator materials (plastic, liquid, non-organic) produced by improved
technology where possible; ii) maximisation of light collection, choosing optimal scintillator
shape and size, new and improved reﬂector coating materials; iii) development of new ultralow background, high quantum eﬃciency (HQE) PMTs, working closely with the Hamamatsu,
Photonis and ETL companies; iv) design of a technical implementation of the calorimeter.

Figure 2: Developed calorimeter cell prototype with required resolution (a) as well as current design of calorimeter
detection cell (b) and the whole wall (c).
b

Enrichment and most of the puriﬁcation have been funded by ILIAS (http://www-ilias.cea.fr).

As a result of all tremendous eﬀorts the required resolution (4%@3 MeV) has been demonstrated with 28 cm hexagonal PVT blocks (≥ 10 cm thick) directly coupled to 8-inch HQE
Hamamatsu and Photonis PMTs (see Fig. 2).

2.4

Source radiopurity

The most of dangerous internal sources are 208 Tl and 214 Bi contaminations which must be reduced by factors 10 and 30, respectively, in comparison with the NEMO-3 detector (see Table 1).
Such ultra-radiopurity is beyond the sensitivity of standard low-background measurement techniques (1 kg × month exposure in ∼400 cm3 HPGe).

Figure 3: BiPo-1 capsule (a) and BiPo host site in LSM (b), capsule (c) and module (d) designs of BiPo-III
detector currently under construction.

The dedicated BiPo detector (see Fig. 3) is being developed with the aim of measuring
activities in thin foils (12 m2 , 5 kg) at the level required, with reasonable exposure,
by tagging the Bismuth-Polonium chain signature: an electron followed by a delayed alpha
particle 4 . Three diﬀerent BiPo prototypes have been developed and tested in the Underground
Laboratory of Modane (LSM, France) c . The background level A(208 Tl)=1.5 µBq/kg has been
reached after more than one year of measurement with the most successful BiPo-I prototype
(0.8 m2 of detecting surface). Extrapolating this level of background the currently in constuction
BiPo-III detector (12 m2 of active surface area) will be able to check the radiopurity of the
SuperNEMO selenium foils with the required sensitivity with a six month exposure.
208 Tl/214 Bi

2.5

Tracker

Improvement of performance in tagging charged particles (e± and α) in the tracking chamber
implies optimal choice of construction materials, sizes of wires and cell, cell layout (topology)
design permitting automated wiring, working gas mixture, and readout. The basic cell design
has been developed and veriﬁed with a 90-cell prototype with ∅4.4 cm x 4 m Geiger cells (see
Fig. 4-a,b). The required performance has been demonstrated on muon data: 0.7 mm transverse
and 1 cm longitudinal resolution with > 98% cell eﬃciency.
As an industrial scale is required for assembling the SuperNEMO tracker (∼500,000 wires
must be processed), a dedicated wiring robot is being developed for the mass production of drift
cells (see Fig. 4-c).
c

http://www-lsm.in2p3.fr/

Figure 4: The 90-cell tracker prototype (a) and reconstructed muon track in it (b); wiring robot (c).

2.6

Demonstrator

The ﬁrst SuperNEMO module, called the demonstrator (see Fig. 1-b,c), will be the ﬁrst step
from R&D to construction with the aims: i) to demonstrate the feasibility of large scale mass
production; ii) to measure backgrounds especially from radon emanation; iii) to ﬁnalize detector
design.
Also, the demonstrator will be able to produce a meaningful physics result. With 0.3 expected background events in the 2.8 - 3.2 MeV energy region with 7 kg of 82 Se in 2 years, it is
0νββ
expected to reach a sensitivity T1/2
= 6.5 · 1024 y (90% CL) in 2015, which corresponds to ∼ 4
“golden events” if the 0νββ-evidence claim is correct 5 .
2.7

Miscellaneous

Simulations. The SuperNemo SoftWare (SNSW) package has been developed and extensive
simulations have been done in order to optimize the SuperNEMO design. They have proved
that the SuperNEMO target sensitivity is reachable with the target parameters given in Table 1.
Location. The SuperNEMO will be located in a
new cavern at LSM. One should emphasize that
the SuperNEMO is one of the main projects to be
hosted in the new LSM laboratory (Hall A), which
is expected to be available in 2013 (see Fig. 5). If
construction of a new hall of LSM will be delayed
then the demonstrator will replace the NEMO-3
detector.
The BiPo-III will be hosted in the Canfranc
Underground Laboratory d .
Schedule. The current SuperNEMO plans are the
following: i) the demonstrator construction —
2010-2012; ii) the demonstrator physics run startup — 2013; iii) full detector construction start-up Figure 5: The SuperNEMO housing plan in the
Hall A of the new LSM.
— 2014; iv) target sensitivity will be reached in
2019.
The BiPo-III detector construction and start is planned during 2010-2011.
d

http://ezpc00.unizar.es/lsc/index2.html

3

Conclusion

0νββ studies have a potential of discovery to reveal new fundamental properties of the neutrino
in particular and nature in general. Several experiments with diﬀerent techniques are required
to conﬁrm deﬁnitely any possible signal observation.
Based on the successful experience of the NEMO detectors, the extensive and intensive
SuperNEMO R&D programme is ﬁnishing with construction of the demonstrator started in
2010. In terms of sensitivity and time scale, SuperNEMO is competitive with other worldbest 0νββ-projects (e.g., see review 6 ); the unique technique of the SuperNEMO detector could
provide the possibility to study the origin of 0νββ-decay in the case of its discovery.
We acknowledge support by the Grants Agencies of France, the Czech Republic, RFBR
(Russia), STFC (UK), MICINN (Spain), NSF, DOE, and DOD (USA).
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Status of the T2K experiment
K. Matsuoka
(for the T2K collaboration)
Department of Physics, Kyoto University,
Sakyo-ku, Kyoto, Japan
T2K is a long baseline (295 km) neutrino oscillation experiment. A 30-GeV proton beam at
J-PARC produces a muon neutrino beam aimed at the near detector complex and the far
Super-Kamiokande detector. The goal of T2K is the search for ”„ → ”e oscillations. This
article describes the status of T2K in the ﬁrst year of operation. In 2009, the beamline was
commissioned and all the components worked as expected. In 2010, T2K neutrino events have
been detected and T2K has started searching for the electron neutrino appearance.

1

Introduction

The phenomenon of neutrino oscillations, where neutrinos change from one ﬂavor to another
during propagation in vacuum or matter, is well established. This implies that neutrinos have
masses and that leptons mix. Neutrino ﬂavor eigenstates |”α i (α = e, „, ¿ ) are written as linear
combinations of mass eigenstates |”i i (i = 1, 2, 3) using a 3 £ 3 unitary mixing matrix U as
∑
|”α i = 3i=1 Uαi |”i i. This matrix is referred to as the MNS (Maki-Nakagawa-Sakata) matrix 1 .
In this picture, neutrino oscillations can be described by six parameters: two independent masssquared diﬀerences ∆m2ij · |m2i ¡ m2j | (∆m212 , ∆m223 ), three mixing angles µij (i, j = 1, 2, 3;
i 6= j) and a CP-violating phase –. The matrix U can be written as a product of three rotations:








1
0
0
c13
0 s13 e¡iδ
c12 s12 0




0
1
0
U =  0 c23 s23  
  ¡s12 c12 0  ,
0 ¡s23 c23
0
0 1
¡s13 eiδ 0
c13

(1)

where cij · cos µij and sij · sin µij .
The evidence of neutrino oscillations was ﬁrst reported by the Super-Kamiokande (Super-K)
experiment which measured a zenith angle dependent deﬁcit of atmospheric muon neutrinos 2 .
The K2K experiment conﬁrmed neutrino oscillations by using accelerator-produced neutrinos 3 .
Many experiments have measured µ12 , µ23 , ∆m212 and ∆m223 :
† µ12 and ∆m212 by solar 4, 5 and reactor 6 neutrino experiments, yielding
+0.21
2
¡5 eV2 ;
tan2 µ12 = 0.47+0.06
¡0.05 and ∆m12 = 7.59¡0.21 £ 10
† µ23 and ∆m223 by atmospheric 7 -12 and accelerator 13, 14 neutrino experiments, yielding
0.37 < sin2 µ23 < 0.65 a at 90% C.L. (conﬁdence level) by Super-K 11 and
∆m223 = (2.43 § 0.13) £ 10¡3 eV2 at 68% C.L. by MINOS 14 .
However neither µ13 nor – have ever been measured. The current best limit on µ13 is from
the CHOOZ reactor neutrino experiment 15 , which implies sin2 2µ13 < 0.15 at 90% C.L. for
∆m223 = 2.43 £ 10¡3 eV2 .
The aim of the T2K (Tokai-to-Kamioka) experiment is to measure sin2 2µ23 and ∆m223 with
a precision of –(sin2 2µ23 ) ≈ 0.01 and –(∆m223 ) < 10¡4 eV2 , respectively, and to probe sin2 2µ13
with sensitivity down to 0.006 at 90% C.L. for ∆m223 = 2.4 £ 10¡3 eV2 assuming – = 0, normal
mass hierarchy, 8 £ 1021 30-GeV-POT (protons on target) and 10% systematic error.
a

Three ﬂavor oscillation analysis in the assumption of normal mass hierarchy.

2

Strategy of the experiment

The neutrino transition and survival probabilities in vacuum are expressed as:
P (”„ → ”e ) ≈ sin2 2µ13 sin2 µ23 sin2
P (”„ → ”„ ) ≈ 1 ¡ sin2 2µ23 sin2

(

(

∆m223 L
4Eν

∆m223 L
4Eν

)

,

)

,

(2)
(3)

where L is the neutrino travel length and Eν is the neutrino energy. Therefore, the parameters
µ13 , µ23 and ∆m223 can be derived from measurements of the probability as a function of L/Eν .
In T2K, an almost pure muon neutrino beam is produced by using the 30-GeV proton
beam at J-PARC (Japan Proton Accelerator Research Complex) and an energy spectrum of the
neutrinos for each ﬂavor (N obs ) is measured by the Super-K water Cherenkov detector, 295 km
away from J-PARC. An energy spectrum of the neutrinos before oscillation is measured by
the near detector (ND280), which is located at the J-PARC site, 285 m downstream of the
proton interaction target. In order to predict a spectrum at Super-K in case of null oscillation
(N null ), the energy spectrum measured by ND280 is extrapolated to Super-K by means of Monte
Carlo simulation. For validation and tuning of hadron production models in the Monte Carlo
simulation, input is provided by the CERN NA61 hadron production experiment 16 . N obs /N null
gives the oscillation probability P as a function of Eν .
Charged current quasi-elastic CCQE events (” + n → lepton + p) are selected to measure
the neutrino energy, which is reconstructed from the lepton momentum and angle with respect
to the beam direction. Charged current neutrino cross sections scaled to Eν can be seen in the
reference 17 . Non-CCQE events can be a background if they are misidentiﬁed as CCQE. The
cross section of non-CCQE events increases as a function of neutrino energy while that of CCQE
events ﬂattens above a few GeV. Therefore, a sub-GeV neutrino beam is required for T2K to
enhance CCQE events.
One of the interesting features of T2K is the oﬀ-axis beam conﬁguration: The neutrino
beam is aimed at a direction away from Super-K by 2.5 degrees. This conﬁguration makes a
neutrino energy spectrum at Super-K more peaked than one in a conventional on-axis beam
conﬁguration and the peak energy depends on the oﬀ-axis angle. By selecting the oﬀ-axis angle
at 2.5 degrees, the peak of the spectrum is selected to be around 0.6 GeV where the neutrino
oscillation probability is maximum for the 295-km distance. In addition, the number of high
energy neutrinos is signiﬁcantly reduced, resulting in a decrease in background events. In the
oﬀ-axis conﬁguration, it is important to monitor and tune the neutrino beam direction precisely
since the peak energy is a sensitive function of the beam direction. A tolerable shift of the beam
direction is < 1 mrad which corresponds to a shift in the peak energy by about 15 MeV.
Another feature of T2K is the expected high statistics due to the intense proton beam at
J-PARC (up to 750-kW) along with the large volume (50 kt) of the Super-K detector. With
8 £ 1021 POT, the expected number of ”e appearance events in Super-K (0.35 ≤ Eν ≤ 0.85 GeV)
is 143 (14) if sin2 2µ13 = 0.1 (0.01), while the expected number of background events is 26, of
which 16 background events come from intrinsic ”e in the beam. The ”e ﬂux contamination is
estimated at ”e /”„ ≈ 0.4% at the spectrum peak energy. The rest comes from misreconstructed
neutral current (NC) … 0 interactions, which higher energy neutrinos are more likely to cause
(see Sec. 3.3).
3
3.1

Experimental setup
The neutrino beam line

A train of six bunches of protons from the J-PARC main ring is extracted as a spill to the neutrino
beamline and a spill occurs every 3.5 seconds. It is transported to the graphite target through the

Figure 1: Schematic side view of the T2K neutrino beam line and the near neutrino detectors. An example
trajectory of a pion decaying into a muon and a muon neutrino is also drawn.

preparation (»50 m long), arc (»150 m) and ﬁnal focusing (»40 m) sections. In the preparation
section, the extracted proton beam is tuned with a series of normal conducting magnets so that
the beam position and size can be accepted by the arc section. The arc section consists of
14 doublets of superconducting combined function magnets 18 , which bend the beam by about
80 degrees toward the direction of Super-K. In the ﬁnal focusing section, normal conducting
magnets guide and focus the beam onto the target, while directing the beam slightly downward.
The intensity, position, proﬁle and loss of the proton beam in those sections are monitored
by ﬁve current transformers (CT), 21 electro-static monitors (ESM), 19 segmented secondary
emission monitors (SSEM), an optical transition radiation monitor (OTR) and 50 beam loss
monitors (BLM).
Figure 1 is a schematic side view of the beamline downstream of the target and the near
neutrino detectors. The proton beam impinges on the target to produce pions. The pions are
focused by three magnetic horns excited by a 250-kA (to be increased to 320-kA) current pulse
and enter the decay volume to decay mainly into muons and muon neutrinos. All the remnants
of the undecayed pions and other hadrons are stopped by the beam dump which is made of
graphite and iron. Just downstream of the beam dump, the ﬂux and direction of the intense
muon beam from the pion decays are measured by the muon monitor 19 , which consists of two
independent arrays of 49 silicon PIN photodiodes and 49 ionization chambers. The muon beam
direction is measured as the direction from the target to the proﬁle center reconstructed by the
muon monitor. It should be the same as the neutrino beam direction since both muons and
neutrinos originate from the same parent pions. A tolerable shift of the proﬁle center is less
than 11.8 cm which corresponds to a 1-mrad shift of the beam direction. To keep the shift less
than 1 mrad, the proﬁle center has to be monitored with a precision much better than 11.8 cm.
Actually, the muon monitor requirement is even more stringent, and the proﬁle center should
be measured with a precision better than 3 cm.
The neutrino beam is measured by the on-axis INGRID (Interactive Neutrino GRID) detector to monitor the beam ﬂux and direction, and by the ND280 oﬀ-axis detector to measure
neutrino energy spectra, ”e contamination in the beam, and neutrino interaction cross sections.

3.2

The near detector

ND280 consists of the on-axis detector (INGRID) and the oﬀ-axis detector. INGRID consists
of seven vertical and seven horizontal modules. Each module is made of iron and segmented
plastic scintillator planes. INGRID counts neutrino charged current events in each module to
reconstruct the neutrino beam proﬁle. A tolerable shift of the proﬁle center is less than 28.5 cm
and the aimed precision of the INGRID measurement is 5 cm.
The oﬀ-axis detector 20 consists of several sub-detectors: two ﬁne grain detectors (FGD) to
provide active targets for neutrino interactions and to measure the interaction vertices, three
time projection chambers (TPC) to measure muon momentum for Eν reconstruction and dE/dx
for particle identiﬁcation, side muon range detectors (SMRD), a … 0 detector (P0D) to measure
NC … 0 production rate and electromagnetic calorimeters (ECAL). The UA1 dipole magnet

surrounds the sub-detectors, operating in a 0.2-T magnetic ﬁeld.
3.3

The Super-Kamiokande detector

Super-K 21 is a 22.5-kt ﬁducial mass ring-imaging water Cherenkov detector located at a depth
of 2,700-m water equivalent in the Kamioka mine. The detector is optically separated into two
concentric cylindrical regions: the inner detector instrumented with 11,129 20-inch photomultiplier tubes (PMT) and the outer detector with 1,885 8-inch PMTs. A new high-speed readout
electronics system 22 was installed and a new run time called Super-Kamiokande IV started in
September, 2008. Synchronization with the J-PARC beam timing is achieved by means of a
GPS system.
Super-K has good capability of identifying muons and electrons by analyzing the sharpness
of a Cherenkov ring edge. A muon makes a sharp edge ring and an electron makes a fuzzy one
due to electromagnetic showers. The probability of misidentiﬁcation, where a muon is identiﬁed
as an electron, and vice versa, is about 1% for the T2K neutrino energy. Therefore, ”e signals can
be clearly seen by selecting one-ring electron-like events in CCQE samples. Backgrounds come
from the beam ”e contamination and misreconstructed NC … 0 events (”„ + N → ”„ + … 0 + N 0 ).
The … 0 can be identiﬁed by two electron-like rings from its decay into two photons. However, if
one of the photons is missed, the event looks same as a ”e signal.
4

Results from the beam operation

4.1

Beamline commissioning

The neutrino beamline commissioning started in April, 2009. The proton beam orbit was tuned
by using the proton beam monitors. Figure 2 shows a sample of the orbit after the extraction
from the main ring from December, 2009. The deviation from the ideal orbit was within §1 mm
in the horizontal and §2 mm in the vertical directions.
Muon proﬁles measured by the muon monitor for 320-kA and 0-kA horn current are shown
in Fig. 3. With the horn focusing, the proﬁle narrowed and the peak ﬂux increased by a factor
of seven. The muon monitor worked stably; ﬂuctuation of the ﬂux and direction measurement
during continuous operation for half an hour was less than 1% in RMS/mean and a few mm in
RMS, respectively. The muon proﬁle center was on the beam axis. That means the muon beam
direction was well tuned within 1 mrad. When the proton beam hit oﬀ-center on the target, the
deviation was found by the muon monitor with magniﬁcation a few tens of times. Therefore,
the muon monitor can also monitor the proton beam shift on the target.
After the successful commissioning of the beamline, continuous beam operations for the ”e
appearance search started in 2010 with all three horns excited by 250-kA current. The beam
power increased to 30 kW by March, 2010.
4.2

Neutrino events

The ﬁrst neutrino event candidate occurred in an INGRID module in November, 2009, and is
shown in Fig. 4. The neutrino interaction occurred in the sixth iron plane, and a muon-like long
track and a pion or proton-like short track were observed.
Figure 5 shows an oﬀ-axis neutrino event in the oﬀ-axis detector observed in February, 2010.
The neutrino interaction occurred in the P0D and multiple particles were generated. One of
them left its track in the TPCs, FGDs and the downstream ECAL (DSECAL). The ND280
oﬀ-axis detector successfully started beam data taking with almost full setup b in 2010.
b

Some ECALs in the barrel will be installed during the summer shutdown in 2010.

Figure 6 shows the ﬁrst candidate of T2K neutrino events inside the ﬁducial volume of
Super-K taken on February 24, 2010. There were three Cherenkov rings and they were fully
contained in the inner detector. The ﬁrst and second rings were showering and their invariant
mass was reconstructed to be 133.8 MeV/c2 . Therefore, they are most likely photons from a … 0 .

5

Summary

T2K entered a phase of beam data taking in April, 2009. The commissioning of the beamline
was successful, and subsequently T2K started ”e appearance search in 2010. Both ND280 and
Super-K are running, all the components are working as expected, and neutrino events are being
detected. The ﬁrst physics result is expected shortly.
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Figure 2: Horizontal (top) and vertical (bottom) proton beam orbits from the extraction point to the target before
(green long-dashed lines) and after (blue solid lines) the tuning. The proﬁle centers of the beam were measured
by SSEMs and by OTR at the target. The blue broken line in the bottom ﬁgure shows the alignment data; The
vertical beam orbit should run along the line, while the horizontal one should be zero.

Figure 3: Horizontal proﬁles measured by the muon
monitor silicon PIN photodiodes in the center row
for 320-kA and 0-kA horn current. Each histogram
is ﬁtted with a Gaussian function (dotted line).

Figure 5: Event display (side view) of the ND280 oﬀaxis detector where a neutrino event occurred in the
P0D. The neutrino beam enters from the left side.
Red dots show tracks of the daughter particles.

Figure 4: Event display (side view) of an INGRID
module showing a neutrino event candidate. The
neutrino beam enters from the left side. Looking
from upstream, scintillator and iron planes alternate.
Red circles on the scintillator planes indicate hits.
An amount of energy deposition is represented by
area of the circle.

Figure 6: Super-K event display showing the ﬁrst
candidate of T2K neutrino events. Dots in the detectors shows PMT hits. There are three Cherenkov
rings with ﬁtted circles.

SciBooNE and other neutrino cross section measurements
Masashi Yokoyama
Department of Physics, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033 Japan
Recent discovery of neutrino oscillation has renewed interest in the study of neutrino interaction cross-section, especially the interaction with nucleus in the neutrino energy region
around one GeV. Among several relevant interaction channels, neutral current π 0 production
is of critical importance in the search for νµ → νe transition, that is the most important
goal of the current neutrino oscillation experiments. We report on the latest result from SciBooNE experiment at Fermilab. Also given is the future outlook of the neutrino cross section
measurements.

1

Introduction

Understanding of the neutrino-nucleus interaction cross section, in the neutrino energy region
of one GeV, has become increasingly important with the recent discovery of neutrino oscillation
and the subsequent success of long baseline oscillation experiments. Over the past decade,
new data from neutrino oscillation experiments and, more recently, dedicated neutrino crosssection experiments have been accumulated. In the past few years, new results have been
mainly reported by two experiments at Fermilab, MiniBooNE and SciBooNE. Because crosssection measurements by MiniBooNE are presented elsewhere 1 , the latest results from SciBooNE
experiment is presented in this paper.
2

SciBooNE experiment (FNAL E-954)

The SciBooNE experiment 2 is designed to measure the neutrino cross sections on carbon in
the one GeV region. The experiment uses the Booster Neutrino Beam (BNB) at Fermilab.
The muon neutrino beam is generated with a conventional beamline with a magnetic focusing
horn. The ﬂux-averaged mean neutrino energy is 0.7 GeV. When the horn polarity is reversed,
π − are focused and hence a predominantly antineutrino beam is created. Because the energy
spectrum of neutrinos from BNB is well matched with that of T2K long baseline experiment 3 ,
SciBooNE can provide an essential input for the neutrino oscillation studies at T2K. Together
with MiniBooNE, SciBooNE can also search for the neutrino oscillation with a short baseline.
The SciBooNE detector is located 100 m downstream from the proton target. The detector
complex consists of three sub-detectors: a fully active ﬁne grained scintillator tracking detector
(SciBar), an electromagnetic calorimeter (EC) and a muon range 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 ﬁber attached to a

64-channel multi-anode PMT. The EC is installed downstream of SciBar, and consists of 32
vertical and 32 horizontal modules made of scintillating ﬁbers embedded in lead foils. The EC
has a thickness of 11X0 along the beam direction to measure the electromagnetic component
from the neutrino interaction. 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”-thick iron
plates sandwiched between layers of 6 mm-thick plastic scintillator planes. The experiment was
proposed to Fermilab in 2005. After two years of preparation, SciBooNE took both neutrino and
antineutrino data from June 2007 until August 2008. In total, 2.64×1020 POT were delivered to
the 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.
The physics topics of SciBooNE include all possible interaction channels in relevant energy
region, with both charged current (CC) and neutral current (NC) interactions. Preliminary
results of many analyses have been shown at conferences 4 , and the search for CC coherent pion
production in neutrino-carbon scattering has been published as the ﬁrst result from SciBooNE 5 .
We present in this paper the results of neutral current π 0 production measurement that has been
recently published 6 including its update on the coherent pion production 7 .
3
3.1

Neutral current π 0 production
Motivation

One of the most important topics in the current neutrino physics is the search for oscillaltion
from νµ to νe which is related to the yet-unknown neutrino mixing angle θ13 . If the value of θ13
is large, we can search for the CP violation in neutrino oscillation with next generation experiments. The precision needed for these searches drives the need for more accurate independent
measurements of neutrino cross sections. An understanding of neutral current neutral pion production (NCπ 0 ) is especially important. NCπ 0 events form the largest νµ -induced background
to neutrino experiments measuring νµ → νe oscillations in the neutrino energy range of a few
GeV or less, such as T2K, because NCπ 0 events can mimic νe signal events when, for example,
one of the two photons associated with π 0 →γγ is not detected. The T2K experiment requires
less than a 10% uncertainty on NCπ 0 production to maintain high sensitivity for the νµ → νe
oscillation search.
Pions are produced mainly through two distinct mechanisms by neutrinos with energies
around 1 GeV. In the dominant mode, resonant pion production, the neutrino interacts with a
nucleon in the nucleus and excites it to a baryonic resonance, such as ∆ (1232), which subsequently decays to a pion and a nucleon. The other mode, coherent pion production occurs when
the neutrino interacts with the whole target nucleus so that no nuclear breakup occurs. There
are recent reports from K2K 8 and SciBooNE 5 that the cross section of charged current coherent
pion production around 1 GeV is much lower than the prediction of commonly-used model by
Rein and Sehgal 9 . On the other hand, MiniBooNE 10 has reported an evidence for the neutral
current coherent pion production in the same energy range. It is one of hottest topics in the
neutrino interaction physics community to understand the mechanism of the pion production in
this energy region. SciBooNE can measure both CC and NC coherent pion production with the
same detector, which provides us valuable information.
Resonance production and decay in a nuclear target diﬀers from the case of the free nucleon
target. This is due to nuclear eﬀects such as Fermi motion, Pauli blocking, and the nuclear
potential. In addition, produced mesons and baryons interact with nuclear matter until they
escape from the target nucleus. Due to this ﬁnal state interaction, the number, momenta,
directions and charge states of produced particles can be changed in nuclear matter. Although

there are several theoretical models of these processes, their uncertainties are still large. To
understand the production mechanism and the nuclear eﬀects, measurements of emitted π 0
kinematics are essential.
3.2

The signal and backgrounds

The signal is deﬁned as a neutral current neutrino interaction where at least one π 0 are emitted
in the ﬁnal state from a nulceus. As long as a π 0 is emitted from the initial target nucleus in an
event, the event is treated as a signal even if the π 0 is produced by nuclear eﬀect or other mesons
including charged meson are emitted along with π 0 . The events where π 0 s are produced at the
initial target nucleus but all π 0 s are absorbed are not included in the signal events.
The clearest feature of the NC π 0 production is two gamma rays from π 0 s. Both gamma rays
are required to convert inside the SciBar detector to be reconstructed. Figure 1 shows a display
of NC π 0 event candidate in SciBooNE data. Because SciBar corresponds to approximately four
radiation length in the beam direction, about 30% of π 0 has both gamma rays converted inside
SciBar. Two tracks, separated from each other, are required as a π 0 candidate.

Figure 1: Event display of a typical NCπ 0 event candidate with two electromagnetic shower tracks from γ
conversion in SciBooNE data. The neutrino beam runs from left to right in this ﬁgure, encountering SciBar,
the EC and MRD, in that order. The circles on SciBar indicate ADC hits for which the area of the circle is
proportional to the energy deposition in that channel.

The main background events are divided into two categories; the internal background and
the external background. In the internal background events, the neutrino interactions other
than NCπ 0 interaction in SciBar produce secondary particles. Major part of the internal background comes from the charged current events and can be rejected by ﬁnding muons. Energy
information from EC and MRD is used to veto particles consistent with muons. Decay electrons
are searched for by timing information of SciBar and vetoed. The external background is particles coming from the outside of the detectors. Charged particles coming from outside are rejected
using outer layers of SciBar. To reduce π 0 s produced in the surrounding material and gammas
converted inside SciBar, an event is rejected if the reconstructed π 0 vertex, reconstructed from
the direction of gamma candidates, is outside of SciBar.
3.3

Results

After rejecting background and reconstructing the events, a clear peak at the expected π 0 mass
is seen in the invariant mass of two gamma candidates. Figure 2 shows the invariant mass

distribution of the reconstructed π 0 candidates. The ﬁnal sample is selected by requiring the
rec
invariant mass Mπrec
0 to be 50 < Mπ 0 < 200 MeV. After all the selection, 657 events remain as

Figure 2: The reconstructed mass of π 0 s after all other selections.

the signal candidates. The background for this sample, estimated using a Monte Carlo (MC)
simulation using NEUT neutrino interaction simulation package 11 and GEANT4 library, is 240
(202 internal and 38 external). The number of events from the MC simulation is normalized to
data using inclusive charged current events, in which a track is required to reach and stop inside
MRD to tag muons. The purity and eﬃciency of NC π 0 production after all event selection is
estimated to be 61% and 5.3%, respectively.
We measure the ratio of the NCπ 0 production to the total CC interaction cross sections, in
order to avoid a large uncertainty arising from the estimate of absolute neutrino ﬂux. The inclusive CC candidates are selected using MRD and 21,702 events are selected with 19% eﬃciency.
The ratio of the NC π 0 production to the total CC cross section is measured to be
σ(NCπ 0 )
= (7.7 ± 0.5(stat.) ± 0.5(sys.)) × 10−2
σ(CC)
at the mean neutrino energy of 1.14 GeV. The largest contribution to the systematic uncertainty
comes from the understanding of the detector response. The MC expectation based on the NEUT
program using the Rein and Sehgal model is 6.8 × 10−2 .
Figure 3 shows the π 0 momentum and direction distributions, after background subtractions,
conversions to the true π 0 kinematics and eﬃciency corrections. To compare the shapes of the
distributions, the total numbers of entries in the distributions are normalized to unity both for
the measurement and the MC expectation. The shapes of these two distributions agree with the
MC expectation.
In NC coherent pion production, there is no recoil nucleon in the ﬁnal state since the π 0 is
produced by the neutrino interacting with the whole nucleus. Conversely, a recoiling nucleon
should be present in a resonant pion event. To separate the NC coherent π 0 events from the NC
resonant π 0 events, recoil protons in the ﬁnal state are used. The recoil protons are detected by
their large energy deposition near the neutrino interaction vertex. This is a unique feature to
SciBooNE utilizing its fully active detector design. The absence of a recoil nucleon provides a
clear and less model-dependent signal of coherent pion production, in addition to the kinematic
distribution of π 0 used in the previous analyses from MiniBooNE and SciBooNE.
To identify the coherent pion production, the kinematic variable of reconstructed π 0 Eπrec
0 (1−
rec
rec
0
cos θπ0 ), where Eπ0 is the reconstructed π energy calculated as the sum of the reconstructed
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Figure 3: The π 0 kinatic distributions after subtracting the background, unfolding the detector eﬀects, and
correcting for the eﬃciency. Error bars and boxes show statistical and systematic uncertainties, respectively. Left
and right plot shows the distribution of momentum and cosine of angle with respect to the beam axis, respectively.
The dashed line shows the Monte Carlo expectation based on the Rein and Sehgal model.
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to the neutrino beam axis, is used. Two Eπ0 (1 − cos θπ0 ) distributions, with and without the
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Figure 4: The Eπrec
0 (1 − cos θπ 0 ) distributions after ﬁtting with (left) and without (right) vertex activity.

distributions after ﬁtting. Clear evidence of coherent pion production is seen.
The ratio of the NC coherent π 0 production to the total CC cross sections from the MC
prediction based on the Rein and Sehgal model is 1.21 × 10−2 . From SciBooNE data, the cross
section ratios are measured to be
σ(NCcohπ 0 )
= (1.16 ± 0.24) × 10−2 .
σ(CC)
This result is in agreement with MiniBooNE result with the same neutrino energy and also with
the model prediction. However, there is no model which can accommodate the measurement of
the CC/NC coherent pion production ratio at these energies, although the measurement of the
ratio at higher energies is consistent with model expectation.

4

Future prospects

While both SciBooNE and MiniBooNE collaborations are actively analyzing their data, there
are also more experiments coming into the ﬁeld. MINERνA experiment at Fermilab is an
experiment dedicated to the precise measurement of neutrino cross section and has just started
taking data. There will be precise measurements of neutrino cross section from the near detectors
of long baseline experiment such as T2K. Also experiments based on a new technology, such as
the liquid argon TPC, are proposed. ArgoNEUT at Fermilab has recently took data at NuMI
beamline and analyzing the data.
The future, precision neutrino oscillation experiments require improved understanding of
neutrino-nucleus interaction in the energy region of 1 GeV. Although uncertainties in neutrino
ﬂux, energy spectrum, nuclear eﬀects, as well as the cross section itself, make it a diﬃcult task,
there have been much progress in the past decade with the new data and theory. On the other
hand, we encounter new puzzles as we gain more data and analysis experience, which we hope
to solve with new experiments and more data. The understanding of neutrino interaction will
become even more important, and it will continue to be one of exciting ﬁelds of research in the
next decade.
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KAMLAND AND FUTURE REACTOR NEUTRINO EXPERIMENTS
M.P. DECOWSKI for the KamLAND Collaboration
Nikhef, the National Institute for Subatomic Physics,
Science Park 105, 1098 XG Amsterdam, the Netherlands
The KamLAND experiment uses reactor antineutrinos to study the solar neutrino oscillation
parameters by observing the energy spectrum distortion effect. An analysis down to the inverse
+0.15
−5
eV2
beta decay energy threshold gives a best-fit at ∆m221 = 7.58+0.14
−0.13 (stat)−0.15 (syst ) × 10
+0.10
(syst).
While
KamLAND
has
little
sensitivity
to
the
last
(stat)
and tan2 θ12 = 0.56+0.10
−0.06
−0.07
unmeasured mixing angle θ13 , new short-baseline reactor experiments are coming online that
will significantly improve the limits on (or measure) θ13 in the coming years.

1

Introduction

Nuclear reactors emit electron antineutrinos (ν e ) isotropically in the decay of neutron-rich radioactive products of the fission process. The Kamioka Liquid scintillator Anti-Neutrino Detector (KamLAND) investigates neutrino oscillation parameters by observing electron antineutrinos
emitted from distant nuclear reactors.
The ν e spectrum emitted by commercial reactors can be calculated with ∼2% uncertainty
from ν e spectra and the reactor fission rates for 235 U, 238 U, 239 Pu and 241 Pu provided by the
power companies operating the reactors. The average reactor ν e energy is ∼4 MeV. Since the
ν e -survival probability function depends on Eν explicitly, any oscillatory behavior will manifest
itself in a distortion of the measured neutrino energy spectrum.
KamLAND 1 , a 1 kton liquid scintillator detector, is situated in the old Kamiokande cavity
in a horizontal shaft mine in the Japanese Alps at a depth of ∼2700 m water equivalent. The site
is surrounded by 55 Japanese commercial power reactors, at a flux weighted average distance
of 180 km. This baseline makes KamLAND sensitive to the neutrino mass-splitting associated
with the solar neutrino problem and in particular to the large mixing angle (LMA) solution.
Electron antineutrinos are detected via inverse β-decay, ν e + p → e+ + n, which has a
1.8 MeV ν e energy threshold. The prompt scintillation light from the e+ gives an estimate of
the incident ν e energy, Eν e = Ep +E n +0.8 MeV, where Ep is the prompt event energy including
the positron kinetic energy and the annihilation energy, and E n is the average neutron recoil
energy, which is typically a few tens of keV. The neutron captures on hydrogen 207.5 ± 2.8 µs
later, giving off a characteristic 2.2 MeV γ ray. This delayed coincidence is a powerful tool for
reducing background.
2

Analysis Cuts and Systematic Uncertainties

The results presented here are based on data collected from March 9, 2002 to May 12, 2007;
together with a 6-m-radius fiducial volume, the total exposure is 2.44×1032 proton-yr (2881 ton-

Table 1: Summary of the neutron and isotope production yields from muon-initiated spallation in KamLAND.
The results of the FLUKA calculation shown in this table include corrections for the muon spectrum and the µ+ /µ−
composition of the cosmic-ray muon flux.

n
12 B
12 N
8 Li
8B
9C
8 He
9 Li
11 C
10 C
11 Be

Lifetime in
KamLAND LS
207.5 µs
29.1 ms
15.9 ms
1.21 s
1.11 s
182.5 ms
171.7 ms
257.2 ms
29.4 min
27.8 s
19.9 s

Radiation Energy
2.225 MeV (capt. γ)
13.4 MeV (β − )
17.3 MeV (β + )
16.0 MeV (β − α)
18.0 MeV (β + α)
16.5 MeV (β + )
10.7 MeV (β − γn)
13.6 MeV (β − γn)
1.98 MeV (β + )
3.65 MeV (β + γ)
11.5 MeV (β − )

Spall. Prod. Yield (×10−7 (µ · (g/cm2 ))−1 )
FLUKA calc.
KamLAND meas.
2097 ± 13
2787 ± 311
27.8 ± 1.9
42.9 ± 3.3
0.77 ± 0.08
1.8 ± 0.4
21.1 ± 1.4
12.2 ± 2.6
5.77 ± 0.42
8.4 ± 2.4
1.35 ± 0.12
3.0 ± 1.2
0.32 ± 0.05
0.7 ± 0.4
3.16 ± 0.25
2.2 ± 0.2
416 ± 27
866 ± 153
19.1 ± 1.3
16.5 ± 1.9
0.84 ± 0.09
1.1 ± 0.2

yr). An “off-axis” calibration system capable of positioning radioactive sources away from the
central vertical axis of the detector allowed us to reduce the fiducial volume uncertainty from
4.7% 2 to 1.6% for R <5.5 m and 1.8% for R <6 m. This, combined with other systematic
uncertainties such as those arising from the ν e -spectra (2.4%), reactor power (2.1%), the energy
threshold (1.5%), fuel composition (1.0%) and various smaller contributions gives an expected
event rate uncertainty of 4.1%. This uncertainty primarily affects the determination of θ12 . The
uncertainty on ∆m221 is mostly determined by the energy scale uncertainty (1.9%); the total
∆m221 systematic uncertainty is estimated to be 2.0%.
The analysis is over the full reactor spectrum and we require 0.9 MeV < Ep < 8.5 MeV.
The neutron predominantly captures on protons and the delayed energy requirement for this
reaction is 1.8 MeV < Ed < 2.6 MeV. However, occasionally the neutron captures on 12 C and we
also allow 4.0 MeV < Ed < 5.8 MeV. The time difference (∆T ) and distance (∆R) between the
prompt positron and the delayed neutron are required to be 0.5 µs < ∆T < 1000 µs and ∆R < 2 m,
respectively. The size of the effective fiducial volume with good signal-to-background is limited
because of the rapidly increasing accidental coincidence rate from backgrounds near the balloon
surface (R = 6.5 m). We use event characteristics to suppress accidental backgrounds while
maintaining high efficiency. The prompt and delayed radial distance from the detector center
(Rp , Rd ) must be less than 6 m. To discriminate signal from background, we construct a multidimensional probability density function (PDF) for accidental coincidence events by pairing
events in a delayed-coincidence window between 10 ms and 20 s. Using GEANT4 simulations,
we construct a PDF for the ν e signal generating prompt and delayed events using the measured
neutron capture time and detector energy resolution. The two PDFs are used in a likelihoodratio that discriminates ν e -candidates from accidental-background.
The selection efficiency (Ep ) is estimated from the fraction of selected coincidence events
relative to the total generated in R < 6 m in the simulation, see Fig. 1(top). The increasing
accidental rate at low energies results in a lower efficiency. Above the 208 Tl Compton shoulder
at 2.6 MeV,  reaches 93% reflecting the efficiency of spatial and temporal cuts (Rp , Rd , ∆R,
∆T ) alone.
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Figure 1: Prompt event energy spectrum of ν e candidate events. All histograms corresponding to reactor spectra and expected backgrounds incorporate
the energy-dependent selection efficiency (top panel).
The shaded background and geoneutrino histograms
are cumulative. The data show the statistical uncertainties, the band on the blue histogram indicates the
event rate systematic uncertainty.

3

95% C.L.
99% C.L.
99.73% C.L.
best fit

10-1

1

10 20 30 40

tan2θ12

∆χ2

Figure 2: 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 well as the combination of the two
(solid).

Backgrounds

The dominant background is caused by α-induced neutron background from 13 C(α,n)16 O reactions. The prime α particle source is the decay of 210 Po, a daughter of the 222 Rn decay-chain introduced into the scintillating fluid during assembly. We estimate there were (5.56 ± 0.22) × 109
210 Po α particle decays in the full data-set, by observing the quenched scintillation signal from
the 5.3 MeV α particle. While the 13 C abundance is only 1.1% of the carbon in the LS, the
reaction rate is significant resulting in neutrons with energies up to 7.3 MeV. These neutrons
scatter elastically off protons and since the observable proton ionization loss is quenched, most
of the observed scintillation energy spectrum is below 2.7 MeV. In addition, the 1st (6.05 MeV,
e+ e− ) and 2nd (6.13 MeV γ) excited states of 16 O and 12 C(n,n’)12 C∗ (4.4 MeV γ) produce coincidences with the scattered neutron. Including the 210 Po decay-rate, we assign an uncertainty
of 11% for the ground-state and 20% for the excited states. The total 13 C(α,n)16 O background
in the full data-set is 182±21.7 events.
The accidental coincidence background is measured with a 10 ms to 20 s delayed-coincidence
window, the expected background is 80.5±0.1 events.
KamLAND recently completed an analysis of muon-initiated spallation products in the liquid
scintillator 4 . Table 1 summarizes the neutron and isotope production yields and compares them
to a FLUKA 5 calculation. All isotope yields between FLUKA and KamLAND are consistent within
an order of magnitude, with some considerably better agreement.
In the neutrino analysis, spallation-produced neutrons (< 9.0 background events) are suppressed by incorporating a 2 ms full-volume veto after a detected muon in the analysis. For the
cosmogenic beta delayed-neutron emitters 9 Li and 8 He, we apply a 2 s veto within a 3-m-radius
cylinder around well-identified muon tracks passing the detector or a 2 s veto of the full detector
for muons that either deposit a large amount of energy or that cannot be tracked. We estimate
that 13.6±1.0 9 Li/8 He events remain.
Finally, for the neutrino oscillation measurement there is also a background from antineutrinos produced in the decay chains of 232 Th and 238 U in the Earth’s interior 3 . These so-called
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Figure 3: Estimated time variation of the reactor ν e flux at KamLAND assuming no antineutrino oscillation.
The black line shows the flux variation calculated from detailed reactor operational records, the thicker pink line
indicates the time variation calculated from the JAIF monthly electrical power report and scaled to match the
calculated ν e variation in the period 2003–2004. The large differences between the two curves in late 2005 is due
to the fact that one nearby reactor was being commissioned, but not yet part of the electrical grid. The flux was
particularly low in late 2007/early 2008, improving the signal-to-background ratio for geoneutrino detection.

geoneutrinos are limited to prompt energies below 2.6 MeV. Our analysis takes geoneutrinos into
account and simultaneously fits for geoneutrinos and neutrino oscillation parameters.
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Neutrino Oscillation Analysis

Figure 1 shows the prompt energy spectrum of identified electron antineutrino events and the expected background. The unbinned data are assessed with a maximum likelihood fit to two-flavor
neutrino oscillation simultaneously fitting the geoneutrino contribution. The method incorporates the absolute time of the event to account for time variations in the reactor flux (the
so-called “rate-shape-time” analysis) and takes into account Earth-matter effects. The background includes contributions from 9 Li, accidental, 13 C(α,n)16 O and geoneutrino spectra. The
amplitude of the geoneutrino contribution from uranium and thorium is not constrained because
of large geological uncertainties. The fitted spectrum for the rate-shape-time analysis is shown
+0.15
−5 eV2 and
in Fig. 1; the joint confidence intervals give ∆m221 = 7.58+0.14
−0.13 (stat)−0.15 (syst) × 10
+0.10
2
tan2 θ12 = 0.56−0.07
(stat)+0.10
−0.06 (syst) for tan θ12 <1. The data exclude a scaled reactor spectrum
with no distortion from neutrino oscillation at 5σ.
The allowed parameter contours for the rate-shape-time analysis, including ∆χ2 -profiles,
are shown in Fig. 2. With the current KamLAND data, the so-called LMA I region remains,
the other parameter regions that were previously allowed by KamLAND are disfavored at more
than 4 σ. The parameter space can be further constrained by incorporating the results from
solar experiments 6,7 in a two-neutrino analysis with KamLAND. Under the assumption of CPT
−5 eV2 and tan2 θ = 0.47+0.06 .
invariance, the combined analysis gives ∆m221 = 7.59+0.21
12
−0.21 × 10
−0.05
5

Reactor Power Variation and Limits on a “Geo-Reactor”

The power produced by nuclear reactors varies over time, due to refueling cycles and periodic
inspections. Fig. 3 shows the estimated time variation of the ν e flux at KamLAND under the
assumption of no ν e oscillation. The figure shows the flux as calculated from the detailed reactor
operational records of all 55 Japanese reactors and a similar calculation from monthly power
production data published by JAIF8 , scaled to match the detailed calculation in the period 2003
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Figure 4: Observed ν e event rate versus no-oscillation
reactor ν e flux. Data points correspond to intervals
of approximately equal ν e flux. The dashed line is a
fit, the 90% C.L. is shown in yellow. The solid line
is a fit constrained to the expected background (red
point). The low reactor neutrino flux from mid-2007
to 2008 (see Fig. 3), will allow KamLAND to put
more stringent constraints on this correlation.

Figure 5: Ratio of the background and geoneutrino subtracted ν e spectrum to the expectation for
no-oscillation as a function of L0 /E. L0 is the
effective baseline taken as a flux-weighted average
(L0 = 180 km); the energy bins are equal probability bins of the best-fit including all backgrounds (see
Fig. 1). The histogram and curve show the expectation accounting for the distances to the individual
reactors, time-dependent flux variations and efficiencies. The error bars are statistical and do not include correlated systematic uncertainties in the energy scale.

to 2004. The disagreement between the two calculations in late 2005 is due to the fact that one
powerful nearby reactor, Chika-2, was being commissioned while not yet producing electricity
for the grid. The powerful Kashiwazaki complex (24 GWth total thermal power at 160 km from
KamLAND) on the other hand was offline for more than two years after a powerful earthquake
occurred on July 17, 2007, providing an opportunity for measurements with low incident ν e flux.
Figure 4 shows the signal counts plotted in bins of approximately equal ν e flux corresponding
to total reactor power. For the ∆m221 and tan2 θ12 determined above and the known distributions
of reactor power level and distance, the expected oscillated ν e rate is well approximated by a
straight line. The slope can be interpreted as the ν e rate suppression factor and the intercept
as the reactor-independent constant background rate. The intercept is consistent with known
backgrounds, and limits a possible geo-reactor at the center of the Earth to <6.2 TW at 90% C.L.
The ratio of the background-subtracted ν e candidate events, including the subtraction of
geoneutrinos, to no-oscillation expectation is plotted in Fig. 5 as a function of L0 /E. The spectrum indicates almost two cycles of the periodic feature expected from neutrino oscillation.
6

Detecting Solar Neutrinos

The liquid scintillator in the KamLAND experiment has undergone extensive purification for
the low-background phase of the experiment. The aim of this phase, which started in early
2009, is to measure the solar 7 Be neutrino flux to 5–10% uncertainty. In addition, the solar
8 B neutrino flux will be measured with a low threshold. The removal of the α-source feeding
the 13 C(α,n)16 O reactions allows for a more precise measurement of geoneutrinos. The data
collection is ongoing and will finish in April 2011 when the detector will be modified to become
a neutrinoless double beta decay experiment.

Table 2: Parameters and estimated start dates of future θ13 reactor experiments. Double Chooz and RENO each
have one “near” and one “far” detector, Daya Bay has eight identical detector modules distributed over two near
and one far detector site.

Double Chooz

Power
(GWth )
8.5

Mass
(tons)
2×10

Daya-Bay

17.4

8×20

RENO

16.4

2×16

Experiment

7

Distance to Reactor
Near (m) Far (m)
400
1050
363
1985
481
1613
290
1380

Systematic
Uncert. (%)
0.6
0.4(base)
0.2(opt)
0.5

Estimated
Start
end 2010
mid 2011
end 2010

Future reactor experiments: measuring the remaining mixing parameter θ13

One remaining key oscillation parameter is the mixing parameter θ13 . This angle is small, but
has not yet been determined. The CHOOZ reactor experiment established an upper limit of
sin2 2θ13 < 0.17 9 . Future short-baseline reactor experiments aim to measure θ13 or severely
constrain this limit.
There are presently three efforts to measure θ13 at reactors: Daya-Bay in China 10 , Double
Chooz in France 11 , and RENO in South-Korea 12 . All three experiments have a near detector at
a few hundred meters from the reactor to measure the reactor neutrino flux before the oscillation
effect due to θ13 becomes important, and a far detector at 1.5–2 km to measure the amount of
disappearance of ν e from the reactor flux. Most systematic uncertainties can be eliminated
by using ratios between the identical near and far detectors. Table 2 summarizes some of the
important parameters. The three experiments are almost finished with construction and will
soon move to the commissioning phase.
8

Conclusions

It has been 55 years since Reines and Cowan discovered the (anti-)neutrino in a reactor neutrino
experiment, yet reactors remain important as neutrino sources.
The KamLAND results confirm neutrino oscillation, providing the most precise value of
∆m221 to date and improving the precision of tan2 θ12 in combination with solar neutrino data.
Only one allowed region in the neutrino oscillation parameter space prevails in the solar sector.
The next-generation of neutrino reactor experiments will significantly constrain or measure
the remaining unknown neutrino oscillation parameter θ13 in the coming years.
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The Sudbury Neutrino Observatory (SNO) Collaboration has reanalyzed the data from the
first two phases of the experiment – the pure heavy water and salt phases – in order to
extend the acceptance of neutral- and charged-currents, and elastic scattering events down
to an observed kinetic energy of 3.5 MeV. The combined nature of the analysis, with the
reassessment of the systematic uncertainties and backgrounds, has resulted in an improved
determination of the neutral-current flux of 8 B solar neutrinos which is now measured with
an accuracy of approximately 4%. In the context of the solar standard model and neutrino
oscillation theories, the newest SNO results are of great importance in understanding the
energy production in the Sun and the interaction of neutrinos with matter. A new extraction
method was developed to measure the absolute 8 B flux scale and a set of analytic parameters
describing the survival probability directly as a function of neutrino energy. The neutrino
oscillation parameters were obtained from this new compact set of SNO-only observables,
where the model survival probabilities were calculated in the context of matter-enhanced
oscillations with the additional effect of θ13 . A collection of results from solar and reactor
experiments, combined with the SNO data, resulted in a global estimation of the neutrino
mixing parameters with the interesting hint that θ13 might be different from zero.

1

Introduction

Since the evidence of flavour conversion of solar electron neutrinos claimed by the SNO Collaboration in 2002 1 , a dual search has been pursued in the sector of solar neutrino physics. First,
the solar neutrino experiments (Homestake 2 , Gallex/GNO 3,4 , SAGE 5 , Super-Kamiokande 6,7 ,
SNO 8 , and Borexino 9 ) are sensitive to the overall strength of the neutrino source, the Sun.
The parameters of the Solar Standard Model 10,11 (SSM), which describe how stars evolve, are
in part inferred from their data and used to refine the knowledge of physicists about astrophysical objects. Second, assuming a prediction or a measurement of the flux normalization of the

source, the experiments can determine, independently and simultaneously, the rate of disappearance of electron neutrinos at the Earth, or, equivalently, characterize the neutrino oscillations
by measuring the parameters of the MNSP mixing matrix 12 . In practice the two main scaling
quantities, the strength of the source and the attenuation of the electron-flavour component, are
measured simultaneously in combined fits of all solar neutrino data. This talk presents the result
of such analysis performed by the SNO Collaboration in the context of the latest re-analysis
of the SNO data taken during the first two phases of the experiment, with a lowered energy
threshold of 3.5 MeV. Particularly, the associated and latest oscillation analysis accounts for
second order effects of the small mixing angle θ13 .
2

SNO and the Low Energy Threshold Analysis

The SNO detector and experiment are extensively described elsewhere 8 . The heavy water (D2 O)
Čerenkov detector was located in Vale Inco’s Creighton mine near Sudbury, Ontario, Canada,
providing a clean and ideal environment to collect solar neutrino data and avoid backgrounds
from the surroundings and from energetic products of cosmic particles. The detector was made
of two concentric spheres; the inner volume consisted of a spherical acrylic vessel (AV) that
held 1 kt of D2 O, and the outer ultra-pure water volume housed the geodesic structure on
which 9456 photomultiplier tubes (PMTs) were mounted, pointing towards the center of the
active target volume. The levels of impurities in both volumes were kept under the design
values, corresponding to less than 10−14 g/g of U and Th in the heavy water, and less than
5 × 10−13 g/g in the light water.
The use of heavy water 13 allows to observe the products of neutrino interactions, all in the
form of Čerenkov radiation, through three independent reactions:
νx + e−
νe + d
νx + d

→
→
→

νx + e−
p + p + e−
p + n + νx′

(ES)
(CC)
(NC).

For both the elastic scattering (ES) and charged current (CC) reactions, the recoil electrons
were detected directly through their production of Čerenkov light. For the neutral current (NC)
reaction, the neutrons were detected via de-excitation γ’s following their capture on another
nucleus.
In SNO Phase-I 14 (the ‘D2 O phase’), the detected neutrons captured predominantly on
the deuterons in the D2 O. Capture on deuterium releases a single 6.25-MeV γ-ray, and the
resulting Čerenkov light from secondary Compton electrons or e+ e− pairs was detected. In
Phase-II 15 (the ‘Salt phase’), 2 tonnes of NaCl were added to the D2 O, and the neutrons
captured predominantly on 35 Cl nuclei, which have a neutron capture cross-section that is 105
larger than deuterium nuclei, resulting in a higher neutron detection efficiency. Capture on
chlorine also releases more energy (8.6 MeV) and yields multiple γ’s, which aids in identifying
neutron events. In Phase-III (the ‘Neutral Current Detector, or NCD, phase’) the neutrons
interacted inside proportional counter tubes deployed in the D2 O volume. The neutrons were
captured on He inside the tubes and produced distinctive neutron signals. The Phase-III data
were not used in the low energy threshold analysis, but the results reported in Ref. 16 were
combined to the data from phases I and II in the oscillation analysis presented in Section 3.
2.1

Basics of the Analysis

The low energy threshold analysis 17 (LETA) aimed at lowering the minimum energy of the
neutrino events accepted in the final clean data set. This threshold was lowered from values of
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Figure 1: (color) Main four observables used in the likelihood function of the SNO statistical
separation technique. The black and green distributions are Phase-I and Phase-II NC signals;
the red and blue distributions are CC and ES signals, respectively. The scales are arbitrary.
However, the relative scale between the NC rates reflects the increase of the neutron capture
cross-section in Phase-II compared to Phase-I.
5.0 MeV and 5.5 MeV in Phase-I and Phase-II, respectively, down to a common value of 3.5 MeV
for both phases. The new threshold resulted in an approximate increase of 70% and 35% in the
number of neutrino events expected in the NC, and CC or ES channels, respectively. The
combination of the data of the two phases increased the statistics with respect to a single-phase
analysis. Another advantage of the newest analysis is that it also relied on two independent
measurement techniques of the NC flux.
Although the NC, CC, and ES reactions are independent, their products in phases I and II
were always detected through the PMT system, which hardened the assignment of a signal type
on a event-by-event basis. Therefore typical SNO analysis techniques used a likelihood function
which evaluates the probability of each selected event of being of a given type. Probability density functions (PDFs) were thus needed beforehand to describe each signal type with observables
that had a good separation power. In the LETA, the PDFs of NC, CC, ES, and all backgroundtype events were built for each phase after reconstructing a large number of Monte Carlo (MC)
events generated without neutrino oscillations. These observables are shown in Figure 1. The
main observable, the kinetic energy released in the event, Teff , is mandatory for analyses of the
energy spectra and controls the overall acceptance of the analysis. The separation of the NC
and CC signals was achieved with the isotropy parameter, β14 , which differentiated between
single-e− (CC, ES) and multi-γ (NC) event types in Phase-II. The direction of the event with
respect to the Sun-detector axis, parametrized with cos θ⊙ , predominantly identified the ES
events which were strongly peaked in the forward direction. The NC and background events did
not present any structure in cos θ⊙ . Finally, the normalized radial position of the reconstructed
events, R3 , mainly served as a fiducial volume cut and prevented background events coming
from the outside of the AV region to leak into the physics analysis window (the analysis used
R3 ≤ 0.7 with R3 = 1 at the AV, at r ≃ 600 cm). A detailed description of the cuts applied to
the observables is given in Ref. 17 .
2.2

Improvements

The lower threshold necessarily allows for a larger amount of background events to leak into the
analysis window, from both known and new sources. For instance, known sources included the
products of the U and Th decay chains, and new sources included the radioactivity in the PMT
assembly components. Although the energy resolution was improved, which helped reducing the
acceptance of the analysis to such backgrounds, each source of background was carefully studied
and incorporated into the analysis keeping a similar approach as for physics signals; 5 internal
(in D2 O volume) and 12 external (outside D2 O, and from detector components) across phases
I and II were simulated in the MC. The background MC PDFs were then validated using the
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Figure 2: NC flux results from the unconstrained fits, compared to previous phase-by-phase
fits 14,15,16 .
data from dedicated calibration sources, extending their analysis down to the low threshold.
The likelihood function was rewritten such that neutrino and background events were fitted
simultaneously. Constraints on the background rates were applied based on the measurements
from water assays that were obtained independently of the detector PMT data. In addition,
the dominant systematic uncertainties, such as terms acting on the scale and resolution of the
energy and isotropy parameters, were allowed to vary within their 1σ interval in the fit. These
floating systematic uncertainties were found to be very close to their initial estimation. Their
contribution to the total uncertainty were reported as part of the statistical component since they
were propagated automatically in the fit. Other, less significant, systematic uncertainties were
evaluated by applying a 1σ distortion to the observables. After the fit was performed a second
time, the differences in the fit parameters were used to evaluate the effect of each systematic
source, without considering the correlations between them (which could be negligible). The total
systematic uncertainty was calculated as the quadrature sum of all the shift-and-refit sources.
The total systematic component of the total uncertainty was found to be smaller than the
statistical component for the above reasons.
The fit of all the physics and background data was performed with two independent codes,
allowing for a direct comparison of the numerous parameters and uncertainties after convergence.
One method was similar to that of previous SNO publications 14,15 in which the PDFs were built
from multi-dimensional MC histograms into an extended maximum likelihood function. The second, preferred, method used a standard kernel estimation technique which effectively smoothed
the binned PDFs and resulted in a better, but computationally more-intensive, mapping of the
parameter space around the best-fit point. An extensive description of all the improvements
brought in the low energy threshold analysis with respect to previous analyses is given in Ref. 17 .
2.3

Results

The two fitters mentioned above could extract the number of NC events along with the CC
and ES spectral bins in Teff without assumptions on the solar neutrino spectral shape. This
configuration was named unconstrained fit, since each bin in Teff was independent of one another.
The result for the NC flux obtained from the unconstrained configuration is shown in Figure 2,
where the comparison is made with the previous SNO fits 14,15,16 on a phase-by-phase basis. The
NC flux in the LETA was measured to be:
ΦNC = 5.14 × 106 cm−2 s−1

+4.0
−3.8

%,

(1)

which agrees very well with the SSM(AGSS09) 18 value of 5.22 ± 16% in units of 106 cm−2 s−1 .
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Figure 3: CC and ES spectra results from the unconstrained fits. The absolute normalization
corresponding to 1 SSM was taken from the BS05(OP) 10 model.
The CC and ES spectra of Figures 3a and 3b are shown in units of expected number of
SSMs, where purely undistorted spectra would yield a constant at 1.0 for all bins.
An interesting alternative fit configuration was developed for the LETA, which allowed the
CC and ES spectra to be fitted simultaneously by the means of a common survival probability
function. The latter function applied to the electron component of both signal types assuming a
typical flavour-conservation two-neutrino-flavour oscillation scheme where the total probability
is Ptotal = 1 = Pee + Pe,µτ , where Pee is the (survival) probability of a νe to remain a νe , and
Pe,µτ is the (transition) probability of a νe to oscillate into either a νµ or ντ . Furthermore this
assumption allowed the normalization factors of the NC, CC, and ES signals to be reduced to
a single parameter, interpreted as the scale of the 8 B flux. This configuration, known as the
survival probability fit, therefore compacted the physics information obtainable with the SNO
data into six parameters:
• Φ8 B – the total 8 B neutrino flux,
• c0 , c1 , c2 – coefficients in the quadratic expansion of the day-time νe survival probability
around Eν = 10 MeV.
• a0 , a1 – coefficients in a linear expansion of the day/night asymmetry around Eν = 10 MeV.
day (E ), and night-time ν
The day/night asymmetry, A(Eν ), daytime νe survival probability, Pee
ν
e
night
survival probability, Pee (Eν ), that correspond to these parameters are:

A(Eν )
day
Pee (Eν )

= a0 + a1 (Eν − 10 MeV)

(2)
2

= c0 + c1 (Eν − 10 MeV) + c2 (Eν − 10 MeV)
1 + A(Eν )/2
night
day
.
Pee
(Eν ) = Pee
(Eν ) ×
1 − A(Eν )/2

(3)
(4)

The result of the survival probability fit using the kernel estimation technique gave:
+0.107
6
−2 −1
Φ8 B = 5.046 +0.159
s ,
−0.152 (stat) −0.123 (syst) × 10 cm

(5)

with a +3.8
−3.9 % total uncertainty. This was the most precise measurement of the total flux of
neutrinos from the Sun reported as of 2009. The parameters of the analytic functions were
used to display the smooth survival probability and asymmetry curves with uncertainty bands
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Figure 4: Results of the survival probability fit. The five parameters of Eqs. 2 and 3 and the
covariance matrix were used to draw the smooth curves and uncertainty bands. The best-fit
solution from a previous global oscillation parameter fit 16 , labelled LMA for Large Mixing Angle
solution with a large angle θ12 , is shown for comparison.
as a function of Eν , shown in Figure 4. One of the goals of the survival probability fit was to
encode the SNO sensitivity to oscillation scenarios into a simple set of functions. Hence one can
test a set of oscillation parameters directly using the results from the survival probability fit,
if the same assumptions about the model were made. Section 3 describes this new approach of
oscillation parameter fits developed in the context of the LETA.
3

Combined Fits of Neutrino Oscillation Parameters

Given the SNO survival probability, one can test neutrino oscillation models with the same
basic assumptions, such as MSW matter-enhanced oscillations 19,20 with two or three neutrino
flavours. A slightly different hypothesis test than a rate comparison between a model and the
experiment needed to be implemented, however. The simplest approach was to reduce the
day and P night of a given MSW model to the analytic
numerically-calculated prediction for Pee
ee
functions of Eqs. 4, and then test the model-predicted parameters to the measured parameters.
This new approach worked well such that SNO-only oscillation contours could be obtained by
combining the analytic parameters of the LETA with the rates from Phase-III 16 , by treating
Φ8 B as a global parameter for both data sets:
χ2SNO (Φ8 B ) = χ2LETA (analytic, Φ8 B ) + χ2III (integral fluxes × Φ8 B ).
The result is shown in Figure 5.
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Figure 5: SNO-only contours, assuming a two-flavour oscillation model (θ13 = 0). The contours
were obtained by testing the analytic function parameters of the LETA and the rates of Phase-III
for each MSW point, and by minimizing the χ2 with respect to the global parameter Φ8 B .
The SNO-only example can then be extended to a global fit by adding more external data
sets into the oscillation analysis. Other experiments were treated in the standard rate approach,
where survival probabilities were calculated for each neutrino type for each experiment and used
to calculate an expected rate for each point in space. The correlation between the systematic
uncertainties from each neutrino source was taken from the 2005 SSM 10 for the low-energy (LE)
experiments (Cl, Ga, Borexino) which effectively correlated their rates. The generic notation for
those LE fluxes is ΦSSM
LE . The ES data from SK were treated similarly to those of SNO since they
reveal information about the high-energy end of the neutrino energy spectrum. However the SK
results are given as a sum of 8 B and hep fluxes, thus the hep flux Φhep was floated using the SSM
1σ constraint of ∼ 15%. SNO was not completely independent of others since the 8 B flux Φ8 B
appeared as a global parameter in the fit such that all experiments could collectively determine
its value. Hence at each point in oscillation parameter space ~o = (tan2 θ12 , ∆m221 , sin2 θ13 ), the
χ2 function was built from all the solar neutrino data and the flux scale parameters were fitted
to obtain the minimum χ2 at that point:
χ2solar (Φ8 B , Φhep ) = χ2SNO (Φ8 B ) + χ2SK,Cl,Ga,Borexino (Φ8 B , Φhep , ΦSSM
LE ).

(7)

By repeating this procedure across a wide spectrum of oscillation parameter values, one can
draw the confidence intervals or contours as a function of the parameters, and perform the
marginalization of one parameter by minimizing the χ2 with respect to all other parameters to
obtain an estimate of its best-fit value (at the minimum) and 1σ range (at χ2 = χ2min + 1).
The KamLAND 21 reactor experiment was also sensitive to the parameters in ~o hence it is
standard procedure to combine the KamLAND anti-neutrino spectrum results 21 with the solar
data to further constrain the parameter space. The analysis presented here assumed a similar
form for the χ2solar function, however the χ2KamLAND component did not depend on the flux
parameters Φ, which allowed to find a global minimum for the flux parameters that accounted
for the tight constraint on ∆m221 coming from KamLAND:
χ2global (~o, Φ8 B , Φhep ) = χ2solar (~o, Φ8 B , Φhep ) + χ2KamLAND (~o).

(8)
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Figure 6: Confidence regions of the oscillation parameters obtained with the combined fit of solar
and KamLAND experiments in the LMA region for the three-flavour scenario with θ13 ≥ 0. The
global contours were obtained by minimizing the χ2 of Eq. 8 with respect to the undisplayed
parameters.
The results of the three-flavour analysis are shown as two-dimensional contours in Figure 6.
The numerical results of the main parameters are given in Table 1. The inclusion of other
experiments in the fit for Φ8 B enhanced the LETA-only precision to +2.38
−2.95 %. Interestingly the
best-fit value for sin2 θ13 is rather small, and 1.2σ away from zero. This might be a hint that
θ13 has a non-vanishing value. Transformed into a single-sided limit, that latter value became
sin2 θ13 < 0.051 (or sin2 2θ13 < 0.19), which is of similar sensitivity of what past terrestrial
experiments have found.
Table 1: Best-fit neutrino oscillation parameters and extracted 8 B flux from a three-flavour
oscillation analysis. Uncertainties listed are ±1σ after the χ2 was minimized with respect to all
other parameters.
Oscillation analysis
Solar
Solar+KamLAND
Solar
Solar+KamLAND
Solar
Solar+KamLAND

4

tan2 θ12
∆m221 (eV2 )
+0.052
−5
0.468 −0.050
6.31 +2.49
−2.58 × 10
+0.042
+0.21
7.59 −0.21 × 10 −5
0.468 −0.033
2
χmin /ndf
Φ8 B (×106 cm−2 s−1 )
67.4/89
5.115 +0.159
−0.193
81.4/106
5.087 +0.171
−0.159
sin2 θ13 (×10 −2 )
< 8.10 (95% C.L.)
2.00 +2.09
−1.63

Conclusion

The low energy threshold analysis of the SNO data taken in Phase-I and Phase-II resulted in the
most precise measurement of the 8 B flux and in the first measurement of a parametrized survival

probability function as a function of neutrino energy. Given the precision of the updated SNO
results, the oscillation analysis could be performed with the second order effect of the mixing
angle θ13 . The analysis of the SNO, solar, and KamLAND anti-neutrino data gave an interesting
hint that the effect of θ13 could be better constrained by solar neutrino data. The final analysis
of all three phases of SNO should enhance these results in the near future. And hopefully, future
experiments will further reduce the uncertainty on θ13 and measure its value with good precision
to improve the information on the lepton mixing parameters and mechanisms.
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NA61-SHINE: HADRON PRODUCTION MEASUREMENTS FOR COSMIC
RAY AND NEUTRINO EXPERIMENTS.

N. ABGRALL
on behalf of the NA61 and T2K collaborations.
Département de Physique Nucléaire et Corpusculaire - DPNC, 24 quai Ernest Ansermet,
1205 Genève, Switzerland
As neutrino long baseline experiments enter a new domain of precision, important systematic
errors due to poor knowledge of production cross-sections for pions and kaons require more
dedicated measurements for precise neutrino flux predictions. The cosmic ray experiments
require dedicated hadron production measurements to tune simulation models used to describe
air shower profiles. Among other goals, the NA61-SHINE 2 (SPS Heavy Ion and Neutrino
Experiment) experiment at the CERN SPS aims at precision measurements (5% and below) for
both neutrino and cosmic ray experiments: those will improve the prediction of the neutrino
flux for the T2K 1 experiment at J-PARC and the prediction of muon production in the
propagation of air showers for the Auger 3 and KASCADE 4 experiments. Motivations for
new hadron production measurements are briefly discussed. NA61-SHINE took data during
a pilot run in 2007 and in 2009 with different Carbon targets. The NA61-SHINE setup and
preliminary spectra for positive and negative pions obtained with the 2007 thin (4% interaction
length) Carbon target data are presented. The use of the NA61 data for the T2K neutrino
flux predictions is finally discussed in further details.

1

Needs for new hadron production measurements

Many hadron production experiments have been conducted over a range of incident proton
momenta from 3 GeV/c to 450 GeV/c. However, most of them cover only limited ranges in momentum p and production angle θ (or Feynman scaling variable xF and transverse momentum
pT ).
Several models of secondary production have been derived by fitting and interpolating experimental data on p + A → π ± X or p + A → KX. Shower cascade models (e.g. MARS 6 , FLUKA 8 )
contain a number of physical assumptions and cannot be modified by users. Parametrizations
(e.g. Sanford-Wang 9 , Malensek 10 ) account for various aspects of production cross-sections such
as pT -scale breaking but do depend on the nuclear target properties, re-interactions, etc.
The lack of hadron production data requires reliance on such models to extrapolate from existing data to the conditions of a given experiment. These extrapolations imply large and poorly
known systematic uncertainties. Muon and neutrino flux predictions for current and projected
cosmic ray and neutrino experiments will require a precision better than that obtained from
those extrapolations. New hadron production data at required projectile momentum and with
relevant targets are mandatory to reach the goals of those experiments.

2
2.1

The NA61-SHINE measurements
The NA61-SHINE experimental setup

The NA61-SHINE apparatus 5 (see Fig. 1) is a large acceptance spectrometer which consists
in a set of five time projection chambers (TPCs): two TPCs, referred to as vertex TPCs, are
embedded in dipole magnets (1 Tm) and provide a high momentum resolution, while two larger
TPCs (main TPCs) are placed downstream out of the magnetic field region. A smaller TPC,
referred to as GAP TPC, is placed in between the two vertex TPCs. This set of TPCs is
complemented by an upgraded time-of-flight (T oF ) system with 120 and 70 ps resolution for
the forward and left/right walls respectively.

Figure 1: The NA61-SHINE apparatus. Dates refer to different installation periods and upgrades.

The NA61-SHINE apparatus provides high quality measurements of both energy loss (dE/dx)
and time of flight (see Fig. 2). These measurements allow for particle identification over a
large range of momentum: dE/dx alone is used to identify particles below 1 GeV/c and in the
relativistic rise region of the Bethe-Bloch curves, while time-of-flight alone can be used between
1 and 6 GeV/c. The combination of both measurements provides a powerful separation of the
different particle species over a wider momentum range.
Data were taken in 2007 5 and again in 2009 after a major readout upgrade for incoming protons
of 31 GeV/c momentum (corresponding to the T2K beam momentum), using both a thin Carbon
target (4% of interaction length) and a full size replica of the T2K target (1.9 interaction
length). For the cosmic ray program, data were taken for incoming pions of 158 and 350 GeV/c
momentum.
The large acceptance of the NA61-SHINE apparatus covers the relevant phase space of both T2K
and Auger experiments. As an example, Fig. 3 compares the absolute (corrected) π + distribution
in the {p, θ} (θ is the production angle with respect to the beam direction) phase space measured
by NA61 with the thin Carbon target and that of π + ’s from the primary interaction producing
neutrinos in the far detector of the T2K experiment obtained from the T2K beam simulation.
2.2

Preliminary spectra for positive and negative pions

The proton on Carbon data at 31 GeV/c from the 2007 pilot run have been used to produce
preliminary spectra of both negative (up to 15 GeV/c momentum) and positive (up to 10 GeV/c
momentum) pions in angular bins of 60 mrad. Differential cross-sections for different angular bins
are shown in Fig. 4 and Fig. 5 respectively. Only statistical errors are shown, while results are
still quoted with 20% systematic errors coming from the current level of disagreement obtained
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neutrinos in the far detector of the T2K experiment.

when comparing results from different analysis procedures in some bins.
Three procedures have been developed for the analysis: the negative hadron analysis, the dE/dx
analysis below 1 GeV/c momentum and the combined T oF -dE/dx analysis starting from 0.8
GeV/c, which is necessary for the π + spectra. The three procedures give consistent results
within the quoted systematic errors for the negative pion analysis (see Fig. 4) and continuity is
observed between the procedures used for the positive pion analysis (see Fig. 5).
The thin Carbon target results also include the determination of the absolute inelastic crosssection (used for normalization) of proton on Carbon at 31 GeV/c, and preliminary comparisons
with different models such as GiBUU 7 , Geant4 11 and FLUKA-standalone. Work is currently
performed to lower the quoted systematic errors.
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Figure 4: Differential cross-section for negative pions in four different angular bins (mentioned on plots). Markers
correspond to different analysis procedures.
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Figure 5: Differential cross-section for positive pions in four different angular bins (mentioned on plots). Markers
correspond to different analysis procedures.

3

NA61 data for the T2K neutrino flux predictions

JNUBEAM (release 10a) is the T2K beam simulation 1 program. It has been used to predict
fluxes for the four different neutrino species (νµ , ν̄µ , νe and ν̄e ) at both T2K near and far
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detectors. Fig. 6 shows total fluxes for all species at the far detector, as well as contributions
from different parent particles for νµ and νe species.
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Figure 6: Neutrino fluxes for all species (νµ , ν̄µ , νe and ν̄e ) at the far detector (left). Parent contributions to νµ
(middle) and νe (right) fluxes at the far detector.

Contributions to the neutrino fluxes have been defined according to the NA61 measurements.
In-target and out-of-target contributions refer to the measurements with the full size T2K replica
target. Indirect and direct contributions refer to the measurements with the thin target in which
only primary interactions are measured.
The in-target contribution comes from neutrino parents produced inside the target (from primary
or secondary interactions), as well as from neutrino parents (such as muons) produced in the
decay of particles originating from the target (∼5-10 % of the contribution). Apart from decays
out of the target, this contribution corresponds to what is measured with the long target. The
out-of-target contribution accounts for neutrino parents produced in re-interactions in the other
elements of the beam line (magnetic horns in particular).
The direct contribution comes from neutrino parents produced in the primary interaction, as
well as from parents produced in the decay of those secondary particles. Apart from decays, this
contributions corresponds to what is measured with the thin target. The indirect contribution
accounts for parents produced in secondary interactions in and out of the target.
As shown in Fig. 7, the ratio of the out-of-target contribution to the total contribution is
∼10 % at peak energy for both νµ and νe species. The equivalent ratio between indirect and
total contributions is ∼40 % at peak energy for both νµ and νe . This conclusion stresses the
importance of the replica target measurements: providing tracks with momentum and angle
(with respect to the beam direction) at exit point on the target surface will allow to predict
directly a fraction of the neutrino flux at both near and far detectors as high as ∼90 % for both
νµ and νe components.
Studies showed variations (both in shape and normalization) of the absolute neutrino fluxes
as a function of the neutrino parent exiting point position on the target surface, as well as of
the beam profile used in the simulation. Those considerations lead to a binning of the replica
target data consisting in six equidistant longitudinal bins and three to four radial bins.
The NA61-SHINE thin target measurements can provide pion and kaon production cross-sections
as direct input to the T2K beam simulation. In this case, still ∼40 % of the neutrino fluxes
would require using models for secondary interactions. Due to the limited azimuthal acceptance
of NA61-SHINE, the replica target data cannot be used as a direct input to the simulation
on an event-by-event basis. However, they can be used to re-weight the beam Monte-Carlo
using the event generators of the T2K beam simulation within the NA61-SHINE simulation
chain. In this case, 10 % of the neutrino fluxes would still require using models to predict
secondary interactions outside the target. A method has been developed to propagate those re-
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Figure 7: Ratio of the out-of-target contribution to the total contribution for νµ (left) and νe (right) components
at the far detector.

weighting factors (and associated statistical and systematic errors) from the {p, θ} phase space
(in longitudinal and radial bins) of relevance in T2K, to the neutrino flux predictions.
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Status of the OPERA experiment at the CNGS beam
D. Autiero
Institut de Physique Nuclaire de Lyon, UCBL-CNRS/IN2P3,
4 rue E.Fermi, F-69622 Villeurbanne, France

The OPERA experiment, located in the Gran Sasso underground laboratory, is designed to
directly detect the appearance of ντ in a pure νµ beam (CNGS) produced at CERN, travelling
over a distance of 730 km. Taus produced in ντ charged current interactions are identified
by reconstructing their decay topology with the nuclear emulsion technique. After a short
introduction on the physics motivations and on the principle of the tau topological detection,
the OPERA hybrid detector will be described. The analysis flow will be explained in details
and first physics results presented.

1

Introduction

Measurements of neutrinos fluxes from all usable sources, the Sun, the Earth atmosphere, accelerator beams and nuclear reactors, form a coherent set of compelling experimental evidences of
oscillations between neutrino flavours 1 . It is however still missing till now the direct observation
of the appearance of a new flavour in a neutrino flux by identifying the charged lepton produced
in its charged current interaction (CC) with matter. The OPERA experiment 2 precisely aims at
identifying the τ produced in the CC interaction of ν τ appearing in a pure νµ beam produced at
CERN by the SPS and thus confirming the preferred interpretation of muonic neutrinos disappearance in the atmospheric sector. Having the capability to observe prompt electrons, OPERA
will also allow searching for the sub-leading oscillation channel ν µ → νe .
2
2.1

The OPERA experiment
The CNGS beam

The CNGS beam 3 is a wide band neutrino beam (< Eνµ > =17 GeV ), optimized for ντ
production and detection. A 400 GeV /c proton beam is extracted from the SPS accelerator and
transported onto a carbon target producing kaons and pions. The positively charged πs and Ks

Table 1: Expected number of τ and background events in OPERA for 5 nominal years of data taking, corresponding to 22.5 × 1019 p.o.t

τ decay channel
τ →µ
τ →e
τ →h
τ → 3h
ALL

signal (∆m2 =2.5 × 10−3 eV 2 )
2.9
3.5
3.1
0.9
10.4

background
0.17
0.17
0.24
0.17
0.75

are momenta selected and focussed with the horn and the reflector in the Gran Sasso direction.
They decay into νµ and µ in a vacuum tunnel of 1 Km length at the end of which undecayed
hadrons are stopped and muons measured to verify the beam centering. During a CNGS cycle,
of 6 s period, there are two protons extractions from the SPS, lasting each one 10.5 µs and
separated by 50 ms. The nominal beam intensity is 4.5 × 10 19 protons on target (p.o.t.), with
200 days of beam operation per year.
2.2

The principle of topological tau detection

The ντ is detected through its charged current interaction, followed by τ decay in one (τ → e,
τ → µ, τ → h ) or three (τ → 3h) charged prongs. The decay lenght is ≈ 600 µm (cτ = 87 µm).
In order to identify the decay topologies occurring over so small distances and produce enough τ
neutrino interactions, it is mandatory to have a high granularity target with a big mass. These
two conflicting requirements are fullfilled in OPERA by the concept of the Emulsion Could
Chamber (ECC), already employed by the DONUT 4 experiment to observe for the first time
ντ charged current interactions. The OPERA detector basic unit, the brick, is designed on the
ECC concept. It is a sandwich of 56 lead plates 1 mm thick, interleaved with emulsion films (2
emulsion layers, 44 µm thick, poured on a 205 µm plastic base). On the brick downstream face
(w.r.t. beam direction) it is glued a box with a removable pair of nuclear emulsion films, called
Changeable Sheets (CS). The bricks are completely stand-alone detectors, allowing for neutrino
interaction vertex and event topology reconstruction; momenta measurement of charged particles
by the reconstruction of of multiple Coulomb scattering (MCS) in lead plates; identification and
measurement of electromagnetic showers and muon-pion separation (using dE/dx).
With a target mass of 1.25 ktons, assuming nominal 5 years of data taking, the expected
total number of νµ interactions is ≈ 24000, with ≈ 170 ν e and ν e CC interactions. The number
of ντ charged current interactions is ≈ 115 ν τ (for ∆m2 =2.5 × 10−3 eV 2 and full mixing),
leading, once taking into account experimental efficiencies, to the observation of about 10 ν τ CC
events, with less than one background event. The main background sources are represented by
the production of charmed particles in charged current interactions where the primary lepton
is not identified, by events in which the muon undergoes a coulombian scattering at large angle
and by events with hadronic interactions mimiking tau decay topologies. The expected number
of τ s and background events for each channel are summarized in table 1.
2.3

The OPERA hybrid detector

The OPERA detector, shown in picture 1, is divided in two identical supermodules. Each
supermodule (SM) has a target part, composed by 31 vertical walls, perpendicular to the beam
direction, containing the ECC bricks. The walls are interleaved with planes of plastic scintillator
(TT). The two targets contain a total of ≈ 150000 bricks for a mass of 1.25 ktons (one brick
weights 8.3 kg). Each instrumented target is followed by a magnetic spectrometer consisting of a
iron magnet with 5 cm slabs segmentation equipped with plastic Resistive Plate Counters (RPC).

Figure 1: View of the OPERA detector. The upper horizontal lines indicate the positions of the two identical
supermodules (SM1 and SM2). The target area is a succession of walls filled with bricks interleaved with plastic
scintillator hodoscopes (TT). Arrows show the position of the VETO planes, the drift tubes (PT) pulled alongside
the XPC, the magnets and the RPC installed in between the magnet iron slabs. The Brick Manipulator System
(BMS) is also visible.

The deflection of charged particles inside magnetized iron is measured by six stations of vertical
drift tubes (Precision Trackers, PT) reconstructing particles directions at the entrance and exit
of each magnetic field region. 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
450 with respect to the horizontal and positioned near the first two PT stations. Finally, two
glass RPC planes mounted in front of the first target (VETO) allow rejecting charged particles
originating from outside the target fiducial region, because of neutrino interactions occurring
in the surrounding rock material. The electronic detector has the following tasks: to provide
a neutrino interaction trigger and the event timing; to locate the bricks where interactions
occur; to perform the tracking/identification of muons and measure their charge and momentum;
to provide some rough calorimetric measurements of the hadronic energy of the events. The
detector is equipped with a robotized system (the Brick Manipulator System, BMS) that allows
removing the bricks with neutrino interactions from the target.
A detailed description of the detector and of the data acquisiton system can be find in
ref. 5 . Events induced by CNGS neutrinos are selected on a delayed time coincidence between
the proton extraction from SPS and the neutrino interaction in OPERA. The syncronization
is based on a GPS system, with a precision of ≈ 100 ns. In picture 2 the time distribution of
CNGS neutrino events is shown.
2.4

Event analysis chain

When a CNGS neutrino interacts in OPERA, the event is recorded and reconstructed by the
electronic detectors. If there is a muon in the event, its trajectory is traced back through the
scintillator planes down to the brick where the track originates. When no muons are observed
the scintillator signals produced by electromagnetic or hadronic showers are used to predict the
brick containing the neutrino interaction primary vertex. The selected brick is then extracted
from the target by the BMS. The overall procedure minimizes the target mass losses, allowing at
the same time a semi-online analysis. The two CS films (cf. section 2.2) glued on the downstream
face of the brick are analysed in order to validate the prediction and measure with micrometric

Figure 2: Time distribution of the events recorded during the CNGS beam run. On the left plot the time structure
of the two protons extractions made from the SPS is clearly visible, the events timing is referred to the start of
the first extraction. On the right plot a zoom of the time distribution of a single extraction is shown.

Figure 3: Schematic view of two bricks with their Changeable Sheets and target tracker planes.

precision the direction of the tracks belonging to the event. They act as an interface between
the electronic detector characterized by centimetric resolution and the ECC where positions are
measured with micrometric accuracy. The global layout of bricks, CS and TT is schematically
shown in fig. 3.
If the presence of the event in the predicted brick is confirmed, the brick will be exposed to
X-rays beams and to cosmic rays for the alignement of the emulsions films. The brick is then
disassembled, the films developed and sent to the different scanning laboratories to perform the
complete analysis: there are 10 scanning laboratories in Europe and 2 in Japan. The LNGS
and Nagoya laboratories are also CS scanning centers. Emulsion scanning is performed with
two different types of automatic microscopes: the European Scanning System (ESS) 6 and the
Japanese S-UTS 7 . The confirmed tracks are followed back in the brick until their stopping points
(a track is considered as stopping if not found in 5 consecutive films along its extrapolation).
This operation is called ”scanback”. A volume of ≈ 1 cm 2 is then defined around the stopping
point, on 5 plates up-stream and 10 down-stream. Track segments are reconstructed in each film
within an angular acceptance of 0.6 rad. This region is fully scanned to confirm the presence of
the interaction (”volume scan”). Then tracks attached to the vertex can be followed in the forth
direction (scan-forth) for kinematical measurements. All the data are centralized and stored in
a Central Database (based on Oracle) existing in two identical master copies at LNGS (Italy)
and in the IN2P3 Computing Center in Lyon. The OPERA principle has been fully proved and
validated as reported in 8 .

Figure 4: Muon momentum distribution (left), product of the muon track lenght times the density of crossed
materials (right).
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Figure 5: Track multiplicity distribution for νµ CC event (left) and muon slopes measured at primary vertex
(right).

3

Physics results

In this section some distributions for ν µ charged current events obtained with the electronic
detector, are compared to Monte Carlo simulations. These results show a reasonable data/MC
agreement. In the left part of fig. 4 the muon momentum distribution is shown, in the right part
there is a comparison for the distributions of the product of the muon track length times the
density of crossed materials, i.e. the measured range of the particle. This is the main variable
used for muon identification. A continous line is used for Monte Carlo distributions in both
cases.
The visible ratio between neutral current and charged current interactions has also been
measured after the removal of the background due to beam neutrino interactions occurring
outside the target region and projecting neutral particles which reinteract with the OPERA
target faking NC-like events. The values N C/CC obtained for 2008 and 2009 data, respectively
equal to 0.23±0.014(stat.) and 0.23±0.009(stat.), are in good agreement with the predicted
Monte Carlo value N C/CC=0.236±0.005(stat.). The event track multiplicity distribution and
the muon slopes measured at the primary vertex (in the bricks), compared to Monte Carlo
predictions, are shown in fig. 5. Particles momenta can be measured in the bricks using the
Coulombian multiple scattering (MCS). In order to crosscheck this method, the momenta of
a sample of soft muons (p < 6 GeV ) are also measured using the electronic detector. The
comparison among the results obtained with the two methods is shown in fig. 6. The correlation
is good.

Soft muon measured in OPERA

Momentum from MCS (GeV/c)

= (22±4)%

p
p

Pmcs-Pspectro
Pspectro
Momentum from electronic detector
(GeV/c)
1

Figure 6: Correlation between muon momentum measurements in the brick (usingMCS) and by the electronic
detector.
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Figure 7: Impact Parameter distribution.

3.1

Decay search and charm candidates

All the scanning activities till fall 2009 were focused on vertex location. At the end of 2009 a
systematic decay search (DS) was started on 2008 and 2009 data in order to detect all possible
decay topologies. This procedure includes three main steps: to improve the vertex definition
and the impact parameter (IP) distribution; to detect all possible kink topologies on tracks
attached to the primary vertex; to search for extra tracks from decays not attached to primary
vertex. This procedure implies also some new scanning efforts since it requires an extension
of the volume scan from 6 to 10 plates downstream the primary vertex. The DS has already
been applied on a large part of 2008 data, and allowed to identify 20 charm candidates, in
part already found with the scanback and vertex location procedures. The charm sample and
its comparison to expectations will be evaluated after the completion of this systematic search
procedure on the full 2008+2009 statistics. In order to get an idea of the accuracy of the decay
topologies reconstruction, the IP distribution obtained from real data with the application of
the DS is shown in picture 7, it is well contained within 10 microns. For comparison also the
IP distribution for τ s obtained with Monte Carlo data is shown, typical τ s IP values are well
beyond the region dominated by the experimental resolution.
An example of neutral charm candidate decaying in 4 prongs is shown in fig. 8: 3 tracks
have been reconstructed at the primary vertex. All the measured impact parameters at the two
vertices are of the order of the micron. The minimum value of the invariant mass was estimated
to be 1.74 GeV. Topological details of the event are summarized in the table in fig. 8: the φ
angle is found to be close to 180◦ which corresponds to a back to back emission of the decaying
particle with respect to the muon, strengthening the charm hypothesis.

All units are in microns

Primary
vertex

Decay
vertex

Figure 8: Charm candidate: the primary and secondary vertices are clearly reconstructed. Impact parameters
are listed in the tables, and kinematical analysis results are also shown.
Table 2: Run Statistics

CNGS performances
On-time events
Candidates in the target
4

1.782 ×1019 p.o.t
10122
1698

3.522 ×1019 p.o.t
21428
3693

Beam and analysis performances

OPERA has already been taking data for two physics run in 2008 and 2009. The CNGS beam
performances are summarized in table 2.
The advancement of the scanning activities on the collected data samples is reported below.
Till now (March 2010) almost 1500 events have been located, 943 for 2008 data and 438 for
2009. The analysis for 2008 data is completed. A detailed summary of events locations can be
found in table 3 and table 4 for 2008 and 2009 runs respectively.
5

Conclusions

OPERA has been taking data in 2008 and 2009 corresponding to a total luminosity of 5.3×10 19
p.o.t., proving the full chain of events handling and analysis. The performances of the electronic
detector are reliable and well understood. A systematic decay search was started on 2008 and
2009 events in order to find all possible decay topologies. Several charm events were found, as
expected. A new run will start by the end of April 2010 aiming to get closer to the performance
of a nominal year. The global analysis is well in progress with many ongoing studies on the
event kinematics and hadronic interactions background.

Table 3: Events location summary for 2008 run (March 2010).

Events predicted ny the electronic detector
Found in CS
Vertices located in bricks
Vertices located in dead materials
Interactions in the upstream brick

0mu
406
271
151
6
6

1mu
1292
1045
792
38
33

All
1698
1316
943
44
39

Table 4: Events location summary for 2009 run (March 2010).

Events predicted ny the electronic detector
Extracted CS
CS Scanned
Found in CS
Vertices located in bricks
Vertices located in dead materials
Interactions in the upstream brick

0mu
865
829
666
376
67
2
3

1mu
2297
2211
1802
1139
371
11
36

All
3162
3040
2468
1515
438
13
39

No tau signal has been seen yet, stay tuned!
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RECENT RESULTS FROM MINOS
Gwenaëlle LEFEUVRE for the MINOS Collaboration
Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, England
The MINOS experiment (Main Injector Neutrino Oscillation Search) uses two detectors separated from 735 km to measure the oscillation parameters of the beam of muon neutrinos
produced by the NuMI facility. Neutrino oscillations are observed by comparing the observed
energy spectrum at the Far Detector, in Northern Minnesota, with the expectation extrapolated from the measured spectrum at the Near Detector at Fermilab. This paper describes
four results from the first three years of operation. Firstly, the observation of muon neutrino
disappearance that gives the best measurement of ∆m223 to date. Secondly, the result from the
7% component of muon antineutrinos in the beam that allows us to study, for the first time
in a long-baseline accelerator experiment, antineutrino oscillations and set a limit on their
oscillation parameters. Thirdly, the search for electron neutrino appearance that sets a limit
on the mixing angle sin2 (2θ13 ). Finally, the analysis of the neutral current energy spectrum
that produces an upper limit on the fraction of sterile neutrinos mixing with muon neutrinos.

1

The MINOS Experiment

MINOS (Main Injector Neutrino Oscillation Search) is a long-baseline experiment running at
Fermilab since 2005 in the intense NuMI (Neutrinos at the Main Injector) beam. The beam
is produced from 120 GeV protons and is composed of 98.7% ν µ + ν̄µ and 1.3% νe + ν̄e . Both
detectors are magnetized (1.3 T) calorimeters made of alternated layers of 2.54-cm thick steel
and solid-scintillator planes. The latter are composed of scintillator strips with a rectangular
cross-section of 4.1 × 1 cm2 1 . The neutrino energy spectra are measured at the Near Detector,
1 km from the source, before oscillations have had time to occur. They are then measured again
at the Far Detector, 735 km from the source at the Soudan Underground Laboratory in northern
Minnesota. Comparing the energy spectra at the two detectors allows the relevant oscillation
parameters to be measured. Their similar design permits to reduce systematic uncertainties
due to neutrino interaction physics, beam flux and detector response. The integrated exposure
of the dataset analysed and presented here is over 3 × 10 20 protons on target (”pot”), with a
neutrino yield of about one neutrino per proton. The intrinsic divergence of the beam reduces
the neutrino flux at the Far Detector by a factor 10 6 compared to the Near Detector. All results
reported here were obtained using the methodology of blind analysis.
2

νµ Disappearance Oscillations

The design goal of the MINOS experiment is to use quasi-elastic ν µ interactions to make a
precision measurement of the atmospheric oscillations parameters sin 2 (2θ) and ∆m2 . In the
two-flavour approximation, the survival probability of a ν µ of energy Eν [GeV ] observed after

traveling some distance L [km] is given by
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where ∆m2 [eV 2 ] is the square mass difference between ν 2 and ν3 and sin2 (2θ) is the mixing
amplitude between these two mass eigenstates.
The events are characterised by a long muon track and a hadronic shower. The analysis
selected 848 events as νµ with good purity2 . The observed, unoscillated near detector signal is
used to calculate an expectation of 1065 ± 60 events at the far detector. The best fit oscillation
parameters are ∆m2 = (2.43 ± 0.13) × 10−3 eV 2 (68% C.L.) and sin2 (2θ) > 0.90 (90% C.L.).
The data set is now double and an updated and refined analysis will allow to improve this
measurement.
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Figure 1: The reconstructed energy spectrum of
charged current νµ events at the Far Detector, along
with the best fit to oscillations and the prediction in
case of no oscillations.

3

Figure 2: Region of oscillation parameter space allowed by MINOS, compared with the results from
Super-Kamiokande and K2K.

ν̄µ Appearance Oscillations

The magnetized nature of the MINOS detectors allows the event-by-event determination of the
charge sign of muons, and thus the identication of the nature of the parent (neutrino or antineutrino). Selection of wrong-sign muons in the ν µ beam tests if ν̄µ oscillate in the same fashion
as νµ and tests CPT conservation.
In the neutrino beam, only 6.4% of the events are due to anti-neutrinos, hence the backgrounds are relatively higher and the statistics considerably lower. In addition, the peak of the
ν̄µ energy spectrum is around 8 GeV, away from the expected signal region (around 2 GeV).
The ν̄µ result from the νµ beam will have a lower precision.
64.6 ± 8.0stat ± 3.9syst ν̄µ events were expected in the case of no oscillation, 58.3 ± 7.6 stat ±
3.6syst in the case of CPT conserving oscillations, and 42 observed. This excludes the no oscillation hypothesis at 99% C.L. The MINOS data also rules out a region of previously allowed
oscillation parameter space: at maximal mixing, MINOS disfavours ∆m̄ 2 < 2.0 × 10−3 eV 2 and
5.0 × 10−3 < ∆m̄2 < 80 × 10−3 eV 2 at 90% C.L..The anti-neutrino oscillation parameters are
consistent with the neutrino ones given the low statistics. A dedicated run of the NuMI beam
optimized to produce anti-neutrinos has been taken between September 2009 and March 2010,
that will allow to improve this measurement and understand better anti-neutrino oscillations.
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Figure 3: The reconstructed energy spectrum of
charged current ν̄µ events at the Far Detector along
with the no oscillation and CPT conserving predictions. The blue band encompasses the total systematic uncertainty on the prediction. Also shown is the
estimated background.

Figure 4: Region of oscillation parameter space allowed by MINOS for ν̄µ oscillations. The MINOS νµ
contour and global fit are also shown.

νe Appearance

If θ13 is non-zero4 , this will cause oscillations through the subdominant channel ν µ → νe . MINOS
was optimised to be a good muon calorimeter and does not have a good resolution of GeV
electromagnetic showers, but it retains sensitivity to a ν e appearance signal close to the CHOOZ
limit (sin2 (2θ13 ) < 0.15). These CC-νe events are selected by looking for events with compact
electromagnetic showers with a signal efficiency of 41%. Near Detector data with the NuMI
focusing horn switched off is used to correct the simulated backgrounds (CC-ν µ and Neutral
Current). The final uncertainty on the predicted Far Detector event rate is 7.3% and a statistical
uncertainty of 19%. 35 events were observed at the Far Detector, for a prediction of 27 ± 5 stat ±
2syst , representing a 1.5σ excess. The fit is consistent with no ν e appearance and just below the
CHOOZ limit 5 .
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Figure 5: The MINOS allowed regions for sin2 (2θ13 ) for the normal and inverted hierarchies. Also shown are the
MINOS best fit for each hierarchy and the CHOOZ limit.
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Neutral Current Analysis

Another possible explanation for ν µ disappearance is the oscillation into a sterile neutrino flavour.
If this channel exists, it would suppress the Neutral Current (NC) event rate. NC events are
characterised by a hadronic shower without a muon track. The analysis is made under the
hypothesis of a single sterile flavour mixing with ν µ and ντ at the same ∆m2 . No deficit is seen
in the Far Detector data when compared to the prediction from the Near Detector: the fraction
of active neutrino that oscillate into a sterile species is constrained to be below 0.55 3 .
6

The Future

The analyses presented above have used a dataset of over 3 × 10 20 protons on target (POT).
As of the June 2009 shutdown, MINOS has accumulated 7 × 10 20 POT. Updated results using
this doubled dataset will be presented in the summer 2010. In September 2009, the current in
the NuMI focusing horns was reversed, producing a ν̄ µ beam. This allowed MINOS to obtain a
greatly enhanced ν̄µ sample concentrated around the expected oscillation maximum. With this,
MINOS is making the first precision measurement of the neutrino oscillation parameters in the
atmospheric regime, being able to precisely test CPT conservation in the neutrino sector.
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Physics and Astrophysics Opportunities with Supernova Neutrinos
BASUDEB DASGUPTA
CCAPP, Ohio State University, 191 W. Woodruff Avenue, Columbus 43210 U.S.A
Abstract
Neutrinos emitted from a supernova encode information about neutrino physics and astrophysics. Interpreting the neutrino signal depends crucially on understanding neutrino
production, flavor mixing during propagation, and detection. In this talk, we review the
physics potential of a SN neutrino observation.

1

Introduction

Neutrinos from a core-collapse supernova (SN) a provide a rare and valuable physics opportunity 1 . The gargantuan fluxes and low interaction rates of SN neutrinos, makes them ideal
candidates to probe neutrino mixing properties and study the extreme conditions deep in the
star. Observation of the SN 1987A in neutrinos opened the field of neutrino astronomy 2 , and
confirmed our overall understanding of SN neutrino physics 3 . With present and planned detectors 4 , a galactic SN is expected to result in a high-statistics detection. This would to lead to
significant advances in neutrino physics and SN astrophysics, if we can disentangle the relevant
information.
Decoding the neutrino signal requires a detailed understanding of neutrino production, mixing during propagation, and detection. On the neutrino side, the mixing scenario is reasonably
well-determined, except the value of θ13 , the sign of ∆m2atm , and the CP-violating phase 5 ,
and the main detection channels are well-calibrated. However on the SN side, initial neutrino
fluxes and spectra predicted from SN theory have a significant variance 6 . Similarly, the stellar
conditions are poorly constrained. The signal interpretation is therefore plagued by these uncertainties, and the strategy for disentangling information from a SN neutrino signal must rely
on generic features that are insensitive to model assumptions.
Some information is obtained directly, e.g. the direction and time structure of the event. Lot
more information, e.g. flavor dependent energy spectra of the neutrinos, clues to the unknown
neutrino parameters, and some signatures of stellar dynamics, is encoded in a flavor dependent
way. A detailed treatment of neutrino mixing is required to extract that information. Traditional analyses of neutrino mixing for SN took into account interactions with matter, through
the Mikheev-Smirnov-Wolfenstein (MSW) effect. This MSW-based paradigm was believed to
be complete, and numerous results followed. See the review 7 for the traditional expectations.
However, that picture was incomplete. Deep in the SN, neutrino densities are large enough to
make their collective interactions extremely important. The mixing angles are highly matter
suppressed, and one may expect no flavor conversion in that region. However, this naive expectation is incorrect. Neutrino-neutrino interactions entangle the flavor evolution of all neutrinos
and create an instability in the flavor composition. Thus flavor conversions take place even for
extremely small mixing angles, with a rich phenomenology. See the recent review 8 on these
so-called “Collective effects”. In this talk, we summarize the main aspects of SN neutrinos,
focussing on the collective effects and their impact on the physics potential of SN neutrino
observations.
a

Neutrinos refer to both neutrinos and antineutrinos. Only neutrinos will be written as ν. Similarly, antineutrinos will be written as ν̄. Also, SN refers to core-collapse supernovae only.

2

Neutrino production and primary fluxes

Neutrinos are produced in the core of the star, and remain trapped inside their respective energy
and flavor dependent “neutrinospheres” at density of ∼ 1010 g/cc. As the star gravitationally
collapses, the core reaches nuclear density and becomes incompressible. A hydrodynamic shock
travels outwards, and as it passes through the neutrinospheres, a νe “neutronization burst”,
lasting ∼ 10 ms, is emitted due to rapid electron capture on dissociated nuclei. Material continues to fall onto the star for the following ∼ 100 ms in the “accretion” phase, gets heated
and emits neutrinos of all species. The object below the shock wave, the protoneutron star,
then cools down with the emission of neutrinos, over a time period of approximately 10 s in the
Kelvin-Helmholtz “cooling” phase. The eventual explosion of the star involves damping of the
original shock wave, its rejuvenation by neutrino heating, and a “delayed” explosion. See the
review 9 for a more detailed account.
Almost all of the gravitational binding energy of the star ∼ 1053 erg is converted to neutrinos. The proto-neutron star acts almost like a thermal neutrino source with flavor dependent
fluxes. The “primary fluxes” Fν0α are parametrized by total number fluxes Φνα , average energies hEνα i, and spectral parameters that characterize deviation from thermal spectra. Values
of the parameters are model dependent 10 . However, νe are expected to have hEνe i ≈ 10 − 12
MeV, while ν̄e are expected to have slightly higher average energy hEν̄e i ≈ 12 − 15 MeV, owing to its fewer interactions with the neutron rich matter. Interactions are almost identical
for νµ , ντ , and their antiparticles, so it is convenient to work in terms of the three “flavors”:
νe , νx ≡ cos θ23 νµ − sin θ23 ντ and νy ≡ cos θ23 νµ + sin θ23 ντ . Clearly, νx and νy have identical
primary fluxes Fν0x and average energies hEνx i ≈ 15 − 25 MeV. The luminosities Lνα are quasiequipartitioned, with Lνα ∼ 1052 erg/s, depending somewhat on the phase of the explosion.
3

Neutrino flavor conversion

The nature of neutrino flavor conversions depends on
√ an interplay of neutrino oscillation fre2GF ne due to background electrons, and
quency ω = ∆m2 /(2E) with the matter potential
λ
=
√
with the collective neutrino potential µ = 2GF (1 − cos θ)nν+ν̄ generated by other neutrinos.
Thus enhanced conversion can happen either due to matter effects, or due to the neutrino potential, or an interplay of the two. In typical supernovae, the matter potential falls as ne ∝ 1/r 3
with radius, whereas the collective potential falls as nν+ν̄ h1 − cos θi ∝ 1/r 4 . So, when the neutrinos travel outward from the SN core, they first experience collective effects and then matter
effects, which may be modified by shock wave effects. After they leave the SN, the mass eigenstates travel independently and are detected on Earth as an incoherent superposition. There
can be distinctive effects due to additional conversions during propagation inside the Earth.
The final outcome for the νe and ν̄e fluxes can be written down simply in terms of their overall
survival probability pνe and pν̄e respectively, i.e. Fνe = pνe Fν0e + (1 − pνe )Fν0x , and similarly for
ν̄e . The values of pνe and pν̄e are given in Table 1. In the remainder of this section, we discuss
the main aspects of these flavor conversions.
3.1

Collective oscillations due to neutrino-neutrino interactions

The neutrino density creates a potential that is not flavor diagonal 11 ; nν , nν̄ are density matrices
in flavor space and depend on the flavor composition of the entire neutrino ensemble! Flavor
evolution of such dense relativistic neutrino gases 12 can be understood to good accuracy without
considering many-particle effects 13 . Recent simulations in spherical symmetry showed that the
collective oscillations affect neutrino flavor conversions substantially 14 15 . The main features
observed were large flavor conversions for inverted hierarchy, and a surprisingly mild dependence
on the mixing angle and the matter density.

These features can be understood analytically. A dense gas of neutrinos displays collective
flavor conversion 16 , i.e. neutrinos of all energies oscillate almost in phase, through synchronized 17 /parametrically resonant 18 /bipolar oscillations 19 20 . The effect of the bipolar oscillations with a decreasing µ is a partial or complete swapping of the energy spectra of two neutrino
flavors 21 22 . The “1 − cos θ” structure of weak interactions can give rise to a dependence of
flavor evolution on the neutrino emission angle 15 or even decoherence 23 . For a realistic asymmetry between ν and ν̄ fluxes, such angle-dependent effects are likely to be small 24 25 . Even
non-spherical source geometries can often be captured by an effective single-angle approximation 26 in the coherent regime. Three-flavor effects can be factorized into oscillations driven by
the atmospheric parameters on one hand and solar parameters on another 27 . Effects of CP
violation are suppressed when µ and τ are almost equivalent 28 . However, any departure from
µ − τ equivalence triggers collective effects even for a vanishing mixing angle 29 30 .
Though the inherent nonlinearity and the presence of multi-angle effects make the analysis
rather complicated, the final outcome for the neutrino fluxes turns out to be rather straightforward, at least in the spherically symmetric scenario. Synchronized oscillations with a frequency
hωi take place just outside the neutrinosphere at r ∼ 10 − 40 km. These cause no significant
flavor conversions since the mixing angle is highly suppressed by the large matter density. A
known exception occurs for the burst phase of low-mass supernovae, when the matter density is
low 31 . In such a situation, neutrinos of all energies undergo MSW resonances together with the
same adiabaticity, before collective effects become negligible 32 33 . At larger radii r ∼ 40 − 100
√
km, bipolar or pendular oscillations νe ↔ νx,y with a higher frequency 2ωµ follow. These
oscillations are instability driven and thus depend logarithmically 19 on the the mixing angle
or initial misalignment, occurring where the fluxes for the two flavors cross each other 22 . As
µ decreases so that hωi ∼ µ, neutrinos may relax to the lower energy state, similar to what
happens for an damped inverted pendulum. As a result, one finds one or more spectral swaps
demarcated by sharp discontinuities or “spectral splits” in the oscillated flux.
The final outcome depends on the ordering of initial fluxes. The situation is relatively simple
if Lνe ≈ Lν̄e >
∼ Lνx , as is usually expected in the accretion phase. Spectral swaps happen in a
simple way, as summarized in 27 . For inverted hierarchy (∆m2atm < 0), a swap νe ↔ νy above a
critical energy Elow ≈ 10 MeV is seen. In the normal hierarchy (∆m2atm > 0), collective effects
do not cause any swapping of neutrino spectra. On the other hand, if Lνx /Lνe > 1, as is often
predicted for the cooling phase, one finds multiple spectral swaps 22 . For inverted hierarchy, a
swap νe ↔ νy takes place at intermediate energies (Elow <
∼E <
∼ Ehigh ), where Ehigh ≈ 25 MeV.
Furthermore, collective oscillations driven by solar parameters produce a swap νe ↔ νx in the
high energy spectra 34 35 , unless the fluxes are say, within 10 − 30% of equipartition 36 . For
normal hierarchy, a νe ↔ νy swap happens at E >
∼ Ehigh . The antineutrino fluxes also swap in
a similar way as the neutrino fluxes, except that the split energies in are lower by ∼ 5 MeV.
The ν̄e ↔ ν̄y swap at intermediate energies fails 36 if hEνx i <
∼ 18 MeV, because the adiabaticity
34
is often lower, leading to incomplete swaps .
3.2

Enhanced conversions at MSW resonances and shock waves

After the collective oscillations, the rest of the flavor evolution is essentially unchanged from the
MSW-based paradigm 37 . In the outer layers of the star at r ∼ 1000 km from the center, the
neutrinos encounter the MSW resonances. A resonance at matter densities 103 −105 g/cc, which
correspond to ∆m2atm , is called an H resonance. When the density is 30 − 300 g/corresponding
to ∆m2sol , it is called an L resonance. The H resonance takes place in ν for the normal hierarchy,
and in ν̄ for the inverted hierarchy. The L resonance is always in neutrinos. At the resonance,
the neutrinos have a tendency to swap their flavor. The conversion efficiency depends on the
gradient of ne at the MSW resonance, which if large can cause further non-adiabatic flavor

conversion. In the static limit of the matter density profile, the H resonance is adiabatic for a
large mixing angle (sin2 θ13 > 10−3 ) and non-adiabatic for small mixing angle (sin2 θ13 < 10−5 ).
The L resonance is always adiabatic.
When the shock wave passes through the resonance region, it makes the previously adiabatic
resonances temporarily non-adiabatic thus changing the survival probability 38 . These shock
wave effects on observable neutrino fluxes leave model independent signatures in the energytime spectra 39 40 41 42 . Multiple shock fronts give rise to multiple resonances and result in
possible interference effects 43 . Stochasticity 44 or turbulence 45 behind the shock wave may
depolarize the neutrino ensemble, and partially wash out shock wave effects. Whenever the
survival probability pνe or pν̄e changes between the large θ13 and small θ13 scenarios for a given
∆m2atm , one finds shock induced non-adiabaticity and the large mixing case behaves temporarily
like the small mixing case. In Table 1 we note that shock effects can arise for a number of cases.
3.3

Flavor regeneration in Earth matter

As the neutrinos leave the star, they travel as independent mass eigenstates and are detected
at Earth. Earth matter effects modify on the neutrino fluxes as they pass through the Earth
before being detected 46 . Usually, we detect the electron flavor flux. In the presence of Earth
effects, whenever the survival probability pνe or pν̄e are not zero or one, they depend on the solar
mixing angle θ12 . For a path-length L inside the Earth this mixing angle becomes an oscillatory
function of L/E and one finds wiggles in the energy spectra for a shadowed detector 47 48 49 . In
Table 1 we observe that Earth effects can arise for a number of cases.
4

SN neutrino detection and interpretation

The rate of SN in our Galaxy is estimated to about 1−3 per century from a variety of methods 50 .
The mean distance is ∼ 10 kpc, with a fairly large variance of ∼ 5 kpc 51 . Thus existing and
planned detectors can expect to observe ∼ 102 − 106 neutrinos for a Galactic event. With
larger detectors, neutrinos from beyond the immediate neighborhood in the galaxy may also
be detected, albeit with low statistics 52 . Finally, neutrinos from all the supernovae that have
exploded in our past form a diffuse background. See the recent review for an overview 53 .
4.1

Pointing, timing, and distance

Detectors like SK can expect to point within a few degrees of an impending SN, in advance of
the actual explosion 54 55 . It would be possible to determine the bounce time of the SN within
∼ 1 ms using present detectors 56 57 . Although a core collapse SN is not a standard candle,
the neutronization burst comes close 58 , and can be used to determine the distance 59 to within
5− 10%. All of this information becomes increasingly useful for a dust-obscured SN. In addition,
because the neutrino burst precedes the actual optical display by a few hours to a day, it can
used to provide an early warning signal to astronomers 60 .
4.2

Neutrino masses and θ13

Neutrino physics stands to gain immensely from a SN observation. The neutronization phase is
thought to be robustly known and the flux is almost purely νe . The observation of νe burst can
rule out some mixing scenarios. Collective effects do not affect this signal, since the absence of
ν̄e implies that bipolar oscillations do not develop. An exception is, the O-Ne-Mg SN, where
MSW resonances may lie deep inside the collective regions. If the resonances are semi-adiabatic,
one gets “MSW-prepared spectral splits”, two for normal hierarchy and one for inverted. Such

Table 1: Survival probability of νe and ν̄e in different phases of a SN explosion and neutrino mass and mixing
scenarios. The caveats [a] or [b] refer to cases of low hEνx i (< 18 MeV) or only weakly broken equipartition
(Lνx /Lνe ≈ 1.0 − 1.3) respectively, in which case pνe and pν̄e are the same as that at E <
∼ Elow ; the ν̄e ↔ ν̄y and
e ↔ x swaps fail to take place in an efficient way for those cases respectively. See the text for more details.

Burst
Mass and Mixing
∆m2atm > 0 with
sin2 θ13 > 10−3
∆m2atm > 0 with
sin2 θ13 < 10−5
∆m2atm < 0 with
sin2 θ13 > 10−3
∆m2atm < 0 with
sin2 θ13 > 10−5

Energy
E<
∼ Ehigh
E>
∼ Ehigh
E<
∼ Ehigh
E>
∼ Ehigh
E<
∼ Elow
<
Elow ∼ E <
∼ Ehigh
E>
E
∼ high
E<
∼ Elow
Elow <
∼E <
∼ Ehigh
E>
E
∼ high

pνe

Accretion
(Lνx <
∼ Lν e )
pνe
pν̄e

0

0

cos2 θ12

sin2 θ12

sin2 θ12

cos2 θ12

sin2 θ12

0

0

cos2 θ12

sin2 θ12

cos2 θ12

0

0

2

sin θ12

2

sin θ12

Cooling
(Lνx >
∼ Lν e )
pνe
pν̄e
0
cos2 θ12
sin2 θ12
0
sin2 θ12
cos2 θ12
0
0
sin2 θ12
0
0
cos2 θ12 [a]
2
cos θ12 [b] sin2 θ12 [b]
sin2 θ12
cos2 θ12
0
0 [a]
cos2 θ12 [b] sin2 θ12 [b]

Note: When survival probability is not zero, one we can get Earth effects. Also, if the survival probabilities differ
for large and small θ13 , shock effects are seen for corresponding large mixing scenario.

a signature may be used to the neutrino mass hierarchy 33 . Additionally, the prompt signal can
be used to bound the absolute neutrino mass.
In the later phases of the SN, explosion neutrinos and antineutrinos of all flavors are emitted.
However, only νe and ν̄e can be detected with significant statistics. A combination of collective
effects and the well known MSW effects produces distinctive signatures in the energy spectra
of νe and ν̄e , for various mass and mixing scenarios. A detailed observation has the power to
confirm/rule out a number of mixing scenarios 36 , as shown in Table 1. The ones that can in
principle be distinguished are, i.e. whether θ13 is large or small, and if the hierarchy is normal
or inverted. For intermediate values of θ13 , the survival probabilities depend on energy as well
as the details of SN density profile.
A spectral split in νe spectrum in the accretion phase would identify the inverted hierarchy 61 .
Earth matter effects can be identified at a single detector by measuring the wiggles introduced
in the spectra due to Earth effects 62 , or by comparison of signals at two detectors 63 . Either of
these observables could lead to identifying different mass and mixing scenarios. One important
point is that the sensitivity of SN neutrino observations to the mass hierarchy gets extended to
−5
63
sin2 θ13 <
∼ 10 due to the presence of collective effects .
4.3

Testing our theories of SN explosion mechanism

The energy spectrum of the νe burst is modified by collective effects for an O-Ne-Mg SN, and
this may be used to identify the SN progenitor 33 . Even for iron-core SN, a spectacular signal
may be seen if there is an early phase transition in the core, leading to a large ν̄e burst, telling
us something exciting about stellar astrophysics and hadronic physics 64 .
The high-statistics light-curve of the SN can tell us about the different phases of the explosion 65 . The presence of stochastic oscillations in the luminosity will be a signal for the predicted
SASI modes 66 . Detailed studies of the flavor spectrum can point out shock wave effects 67 and
spectral swaps that distinguish the accretion and the cooling phases 36 . Unexpected features
such as an abrupt termination of the flux will indicate black-hole formation 68 .

5

Conclusions

The main hurdle in interpreting SN neutrino data, besides the absence of it at present, is the
lack of knowledge of initial conditions, i.e. the initial fluxes and densities. This is likely to lead
to degeneracies. However, one may expect various aspects of the time and flavor dependent SN
signal to be used in synergy. Future developments in SN theory/simulations could be expected to
reduce or eliminate some of these degeneracies. Another area of improvement would be a better
understanding of the flavor conversion. In particular, the effect of anisotropy and inhomogeneity
on collective effects and MSW conversions.
A future galactic SN can be expected to provide a wealth of scientific information for neutrino
oscillation physics and SN astrophysics. This is a rare opportunity, occurring once-in-a-lifetime,
and we must be ready with suitable detectors and the required theoretical understanding to
interpret the data. A significant step towards this, would be a detailed understanding of the
rich phenomenology of neutrinos from supernovae.
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Results from Super-K
Satoru Yamada for the Super-Kamiokande collaboration
Kamioka Observatory, ICRR, University of Tokyo,
Higashi-Mozumi, Kamioka town, Hida city, Gifu, 506-1205, Japan
Super-Kamiokande (Super-K, SK) is an underground water Cherenkov detector which consists
of 50,000 tons of pure water equipped with about 13,000 photo-multipliers (PMTs). The frontend electronics and data acquisition (DAQ) system were upgraded in September 2008 and
data-taking as a SK-IV phase was started. While it is a far detector of the T2K experiment,
various other physics analyses are ongoing for such as atmospheric neutrino physics, solar
neutrino physics, the relic supernova neutrino search, and the indirect WIMP search, etc. In
this paper, the current status and results from Super-K will be presented.

1

Introduction

Super-Kamiokande is a water Cherenkov detector located in the 1000m-deep underground. Neutrinos from several different sources such as atmospheric 1 , solar 2 , accelerator 3 and supernova
burst neutrino 4 have been observed and also searches for relic supernova neutrinos 5 and protondecay 6 7 8 are in operation. The detector contains 50,000 tons of pure water equipped with
about 11,000 of 20-inch PMTs for an inner detector and about 2,000 of 8-inch PMTs for an
outer veto detector. Timing and charge information of a signal from each PMT is recorded and
ring images of Cherenkov light are reconstructed from that information.
The measurement periods of SK are divided into four phases, so called SK-I, SK-II, SK-III,
and SK-IV. The first phase of SK-I started in 1996 and continued until an accident destroyed
half of PMTs in November 2001. After relocating the rest of the PMTs uniformly on the wall,
the SK-II phase started in 2003 and lasted by October 2005. The half of PMTs were then newly
installed, and the SK-III phase stated in July 2006 with the full photocathode coverage. The
SK-III phase ended in August, 2008 and new electronics and online DAQ system were installed
to improve the sensitivity and performance of the detector 9 10 . Since September 2008, the new
phase of SK-IV has been collecting data with the new DAQ system. In this paper, we will
describe the current results of the SK data analyses, and R & D work for a future project will
also be explained.
2

Atmospheric Neutrino Oscillation Analysis

Since the first result of the two-flavor atmospheric neutrino oscillation was published in 1998 11 ,
much effort has been devoted to reduce systematic errors by the improvement of the Monte
Carlo (MC) simulation and the event reconstruction tools for the sake of obtaining more precise
values and better upper limits of the neutrino oscillation parameters. Recently we have analyzed

Figure 1: (a) Allowed regions of oscillation parameters for two-flavor zenith angle analysis (red) and L/E analysis
(blue) using SK I+II+III data. Allowed regions by other experiments are also displayed. (b,c) Allowed regions
for three-flavor zenith angle analyses using SK I+II+III data when assuming normal hierarchy (b) and inverted
hierarchy (c). The shaded region shows the Chooz 90% exclusion region.

SK-III data and the result of the combined analysis for the SK-I, II, and III data is now available.
The total livetime is 2,806 days.
In the atmospheric neutrino oscillation analysis, neutrino candidates are categorized into
three types. They are fully contained (FC) events, partially contained (PC) events and upwardgoing muon (UPµ) events. The FC events have their interaction points inside the inner detector
and the produced particles deposit all their energy within it. The PC events also have the
interaction vertices in the inner detector, but some of the produced particles go out of the
inner detector. For UPµ events, neutrinos interact in the outer surrounding rock and produced
muons are detected in the SK detector. In this case, downward-going muons cannot be used
for analysis because the cosmic ray muons are dominant for the downward direction. Typical
neutrino energy of FC, PC and UPµ samples are 1 GeV, 10 GeV and 100 GeV, respectively.
To obtain the oscillation parameters from the SK atmospheric neutrino data, there are two
types of analyses, which are zenith-angle and L/E analyses. In the zenith-angle analysis, zenithangle distributions are prepared for many sub-samples divided by conditions of the event types
(FC, PC and UPµ events) and energy, the number and types of Cherenkov rings. The least
chi-square method is used with MC samples to obtain oscillation parameters. On the other
hand, the L/E analysis, where L is a neutrino path length and E is neutrino energy, is sensitive
to a dip in the L/E spectrum characteristic of the neutrino oscillation. The least chi-square
method is also used to fit the L/E spectrum with free oscillation parameters.
Fig. 1(a) shows the results of the two-flavor oscillation analyses with both zenith-angle and
L/E methods for SK-I, II and III data, together with the results from accelerator neutrino
experiments 3 12 . The allowed regions of the two methods coincide well. The SK result currently
gives the most stringent limit for sin2 2θ23 and a comparable limit for |∆m223 | to the other
experiments. In addition to the two-flavor analysis, we have done a three-flavor analysis with
an assumption of |∆m212 | ≪ |∆m223 |. Then the oscillation function can be described with three
parameters sin2 θ13 , sin2 θ23 , |∆m223 | and sign of ∆m223 . We went through basically the same
method as the 2 flavor zenith-angle analysis. The obtained results are shown in Fig. 1(b) and
(c). Zero consistent sin2 θ13 value was obtained 13 .
3

Proton Decay Search

In the grand unification theory (GUT), there is a unique prediction that the baryon number is
not conserved, which leads that a proton could decay into a lepton and a meson via an exchange

Figure 2: Total momentum versus total invariant proton mass distributions of proton decay MC (left), atmospheric
neutrino MC (middle) and SK-III data (right).

Figure 3: solar angle distributions for stopping (left), non-showeing (middle) and showering(right) muons. A red
line in each figure indicates the atmospheric neutrino MC.

of a heavy gauge boson between two quarks. Among possible decay modes, p → e+ + π0 is
favored by many GUT models including the minimal SU(5) theory, while GUT models including
supersymmetry favor the mode of p → ν̄ + K + . In the e+ + π0 mode, the proton decays into
two bodies and then the produced pion immediately decays into two gammas. From the SK
data, we may reconstruct two or three Cherenkov rings with an electromagnetic shower (e-like
rings). The event selection for the e+ + π0 mode is as follows. Firstly, FC events are selected,
and two or three e-like Cherenkov rings not followed by Michel electrons are required for the
events. Then we require that the reconstructed π0 invariant mass should be between 85 and 185
MeV for events with three Cherenkov rings. For all events, we require that the total invariant
mass and total momentum should be between 800 and 1050 MeV and less than 250 MeV/c,
respectively.
Fig. 2 shows plots of the total momentum versus total invariant mass distributions for protondecay MC, atmospheric MC which is a main background of the proton-decay search and the
data of the SK-III phase. The exposure of SK-III data is 31.9 kton year. We have not found
any events in the region of interest. From the combined results in SK-I, II and III, we set a new
lower limit for the e+ + π0 mode, which is 1.0 × 1034 year with the exposure of 172.8 kton year.
We have also obtained a new lower limit of 3.3 × 1033 years for the ν̄ + K + mode from SK-I, II
and III data.
4

Indirect WIMP Search

From several astrophysical and cosmological stuffs, a large amount of the matter in the universe
should consist of invisible ”dark matter”. One of the main candidates for the cold dark matter

Figure 4: Limits of spin-dependent cross section of WIMPs for SK(red) and other experiments. The SK limits
are calculated for both a soft channel (dotted line) and a hard channel (solid line).

is a weakly interacting massive particle (WIMP) and a number of experiments to discover it
are ongoing. Since WIMPs have low kinetic energy, they are expected to accumulate near
gravitational sources such as the sun and the galactic center. The density of WIMPs becomes
high around the center of a gravitational source and a higher annihilation rate of WIMPs is
expected. In the SK experiment, we are doing an indirect WIMP search by detecting high
energy neutrinos from annihilation of WIMPs at the central region of the sun. To detect high
energy neutrinos ( GeV range ), we measure upward-going muons which are produced from
interactions between neutrinos and surrounding rock. By using these UPµ events, a larger
effective volume can be used to detect neutrinos.
Fig. 3 shows solar angle distributions of the UPµ events observed by the SK detector together
with the background atmospheric MC. The livetime for this analysis is 3149.2 days. Three
figures correspond to three different types of UPµ events; muons which stop inside the detector
(stopping muons), muons which go through the detector with (showering muons) and without
(non-showering muons) an electromagnetic shower inside the tank. Each category covers a
different energy region. There is no significant difference between the data and atomospheric
MC and we have set a limit for the cross section of WIMPs from this result, which is shown in
Fig. 4. When comparing with other experiments, the SK result gives a better limit in the lower
energy region.
5

Solar Neutrino Analysis

In the solar neutrino measurement by the SK detector, the main contribution is 8 B neutrino
whose energy ranges up to near 20 MeV. As neutrino energy becomes smaller than around 6 MeV,
the background from radioactivity of materials around PMTs and water becomes dominant and
increases steeply. The one of this low energy background sources is Rn in the water. Although
we make a pre-treatment for the inlet water to remove Rn, the inlet water still includes remnants
of Rn. In the SK-III period, we succeeded to lower the background level from Rn in the water by
controlling a water flow inside the tank to keep the water with rich radioactivity from entering
the fiducial volume in the tank. In Fig.5, a solar angle distribution for 5.0-5.5 MeV events
is shown. A peak around cosθsun = 1 is due to solar neutrinos and a flat baseline is due to
background events. It shows that a background rate of SK-III data is clearly reduced from SK-I
inside the fiducial volume.
We have also improved detector simulation and event reconstruction tools, which give lower

Figure 5: Solar angle distribution of 5.0-5.5 MeV solar neutrino candidates for SK-I (blue) and SK-III (red).

systematic errors. In the improvements of the detector simulation, the position dependence of
the water transparency inside the tank was measured and newly implemented. The reflectivity of
a sheet which optically separates between the inner and outer detectors was precisely measured
and updated for the simulation. As for the event reconstruction tools, a fitter for determining
a direction of a charged particle was modified and the angular resolution is improved by 10 %.
With those improvements, solar neutrino data in the SK-III phase was analyzed, whose livetime
is 548 days. We obtained a consistent value of the 8 B neutrino flux with the SK-I and SK-II
value.
6

R & D Work for Future Relic Supernova Neutrino Search

Since the star formation started in the universe, neutrinos emitted from supernova bursts have
suffused and formed a diffused neutrino background, which is so called a relic supernova neutrino.
This neutrino flux has not yet been observed but the SK data analysis 5 set an upper limit for
the flux of 1.2ν¯e cm−2 s−1 , which is now approaching to the theoretical predictions.
However, there is an inevitable and dominant background in the current SK analysis. That
is a charged-current reaction of atmospheric νµ , where produced muon energy is below the
threshold of the Cherenkov light production. In this case, the muon stops inside the tank and
only decayed electron is observed by the detector. That event cannot be separated with an
electron scattered event by an electron neutrino. To reduce this background, we are considering
the addition of Gd compound into the SK water tank to tag neutrons which are produced from
ν¯e + p → e+ + n reaction 14 . Neutrons from the reaction are thermalized and then absorbed
by Gd, which has a large absorption cross section for low energy neutons. After Gd absorbs a
neutron, it emits gamma rays immediately. The total amount of the energy of the gamma rays
is about 8 MeV, which can be detectable in the SK detector. By using this method, this decay-e
background is expected to be largely reduced.
Although adding Gd to the pure water in the SK tank is effective for the relic supernova
neutrino search, there are several technical problems to solve beforehand. Therefore, we are
now constructing a prototype detector, which is called as Evaluating Gadolinium’s Action on
Detector Systems ( EGADS ). The R & D menu of EGADS is as follows;
• Water transparency in the case of 0.2% Gd loaded
• Development of the water purification system to remove all the ions except for Gd compound
• To establish methods to add and remove Gd compound

Figure 6: The total system of EGADs including a water system, a water tank with PMTs and a water transparency
measurement system.

• To study the effect of adding Gd on SK material
• Measurement of neutron background rate
• Study of the effect on the trigger rate of SK
For this detector, a new site near the SK tank in the Kamioka mine was excavated. The
water tank has already been constructed and several tests and preparation for other facilities
such as a Gd purification system and a water transparency measurement system are on-going.
In the current plan, a test of water circulation and the measurement of the water transparency
will be taken place in the 2nd half of 2010 and main results will arrive in 2011.
7

Summary

There are several physics measurement and analyses ongoing in the SK experiment. We are
trying to improve a data quality by reducing systematic errors and increasing statistics. Currently we have almost finished the SK-III data analysis, and move onto SK-IV data with new
electronics and online system. In addition to that, to check the feasibility of the future project,
a prototype detector is under construction and the test will be started next year.
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NEUTRINO PROPERTIES FROM LARGE NEUTRINO TELESCOPES
I. Mocioiu
Department of Physics, Pennsylvania State University, 104 Davey Lab #122
University Park, PA 16801, USA

We discuss new analysis for neutrinos from neutrino telescopes and the new physics that
could be extracted from them. We show that high statistics atmospheric neutrino measurements
in the IceCube Deep Core Array can provide useful information about neutrino oscillation parameters and other neutrino properties.
1

Introduction

Over the last decade, neutrino oscillations have provided the first confirmed particle physics
experimental evidence for physics beyond the Standard Model. We are now at the point where
we have learned enough about neutrinos to be able to use them as a tool for learning about other
new phenomena. A large number of neutrino telescopes have recently started taking data or are
presently under construction, looking for extraterestrial sources of neutrinos. Several different
techniques are presently used in order to look for high energy neutrinos: Cerenkov light in ice
(AMANDA/IceCube), in water (ANTARES, NEMO, NESTOR); radio Cerenkov emission in
ice (RICE, ANITA) and air shower experiments (Pierre Auger observatory). These experiments
are looking for high energy neutrinos from astrophysical objects, cosmic ray interactions, dark
matter annihilation, etc.. Both diffuse fluxes and point sources are expected to be observable in
the next few years and this data could possibly correlate with other observations of cosmic rays,
gamma rays, etc. For most of these searches, atmospheric neutrinos constitute a background.
The atmospheric neutrino flux is decreasing very fast with energy, but is very large at the lowest
energies accessible in neutrino telescopes. We explore the possibility of using this high statistics
atmospheric neutrino data for neutrino oscillation studies.
2

Neutrino Oscillations from the IceCube Deep Core Detector

Recently, a low energy extension of the IceCube detector, the IceCube Deep Core array (ICDC),
has been built 1 . It consists of 6 densely instrumented strings (7m DOM spacing) in the deep
center region of the IceCube detector and the 7 nearest standard IceCube strings. Its goal is
to significantly improve the atmospheric muon rejection and to extend the IceCube neutrino
detection capabilities in the low energy domain, possibly to muon energies as low as 5 GeV.
The instrumented volume is of about 15 Mton. Such a low threshold array buried deep inside
IceCube opens up a new energy window on the universe. It searches for neutrinos from sources
in the Southern hemisphere, in particular from the galactic center region, as well as for neutrinos
from WIMP annihilation, as originally motivated.

Figure 1: From left to right, number of contained µ-like events in a 5000 kton detector after 10 years exposure,
within the (−0.9, −0.8) and (−0.8, −0.7) cν bin, assuming sin2 2θ13 = 0.1, δ = 0 and an energy bin size of 5 GeV,
with a muon energy threshold for detection of 5 GeV. We show the 1σ statistical errors. The blue crosses (red
circles) denote positive (negative) hierarchy.

2.1

Mass hierarchy

We have provided an additional and independent motivation for building such an array ? , namely
to explore neutrino oscillation physics. In particular, we have shown that it is possible to
use atmospheric neutrinos detected by the Deep Core Array to determine the neutrino mass
hierarchy. This is extremely important given that long baseline experiments with comparable
sensitivity might take a very long time to build and collect data, while the IceCube Deep Core
will accumulate high statistics relatively fast. Our study indicates that for a total mass of the
instrumented volume times exposure of 100 Mt yr (roughly equivalent to a 10 year running of the
Deep Core Detector), neutrino mass hierarchy can be determined at least with 90% confidence
level assuming the current best-fit values of the oscillation parameters, and for θ13 close to the
present bounds.
We have considered µ-like contained events produced by the interactions of atmospheric
upward going neutrinos in deep ice. Formally, the expected number of muon neutrino-induced
contained events in the i- and j-th energy and cosine of the nadir angle (cν ) bins is:
Ni,j,µ =

2πNT t
Vdet

Z Ei +∆i
Ei

dEν

Z cν,j +∆j
cν,j

dcν Vµ ×
+

³ dφ

νµ (νe )

σ CC P
dEν dΩ νµ (νe ) νµ (νe )→νµ
´
dφν̄µ (ν̄e ) CC
σν̄µ (ν̄e ) Pν̄µ (ν̄e )→ν̄µ ,
dEν dΩ

(1)

where ∆i and ∆j are respectively the energy and cν bin widths, NT is the number of available
targets, Vdet is the total volume of the detector, t is the exposure time, dφν ’s are the atmospheric
(anti)neutrino differential spectra, σ CC is the CC (anti)neutrino cross section and Vµ is the
effective detector volume.
Figure 1 shows the number of contained µ-like events within three different angular bins:
cν ∈ (−0.9, −0.8) and (−0.8, −0.7) for sin2 2θ13 = 0.1 and best fit values for the other oscillation
parameters. We have assumed an energy bin size of 5 GeV, with a muon energy threshold for
detection of 5 GeV.
A finer angular bin than ∆cν ∼ 0.1 is not possible because the reconstruction of primary
neutrino direction is expected to be poor in this energy range due to the intrinsic spread in
charged lepton-neutrino scattering angle. The resonance is expected to be located at low energies and the maximum difference between normal and inverted hierarchies is observed in the
(5, 10) GeV energy bin. In higher energy bins, the effect is negligible.
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Figure 2: Rejection regions of the “wrong” hierarchy model in the (sin2 θ13 , δcp ) plane Different lines correspond
to rejection regions of the “wrong” hierarchy at 68%, 90%, 95% and 99% CL (2 d.o.f.) using the muon-like
contained events in a detector of mass times exposure of 100 Mt yr.

We performed a minimum χ2 analysis in the (sin2 2θ13 ; δ) parameter space. For a particular
hierarchy (h) and (sin2 2θ13 ; δ) parameters chosen by nature, we consider the number of µ-like
ex (sin2 2θ ; δ) measured by an experiment in the i- and j-th muon energy and c bins
events Nij,h
13
ν
(see Eq. (1)). These events include the νµ and ν̄µ signal, as well as the background secondary
muons from ντ and ν̄τ ’s.
0 ; δ0)
The χ2 statistics, for a “theoretical” model of hierarchy (h0 ) and parameters (sin2 2θ13
is then defined as
0
χ2h0 (sin2 2θ13
; δ0)

=

X X

"

ex (sin2 2θ ; δ) − N th (sin2 2θ 0 ; δ 0 )
Nij,h
13
13
ij,h0
ex (sin2 2θ ; δ)
σij,h
13

i=1,2 j=1,3

#2

.

(2)

th (sin2 2θ 0 ; δ 0 ) is the expected event number from both signal ν ’s and background
Here Nij,h
0
µ
13
ex (sin2 2θ ; δ) is calculated from experimental
ντ ’s given a “theoretical” model. The variance σij,h
13
0 ; δ0)
events with or without systematic uncertainties. We minimize χ2 in Eq. (2) for (sin2 2θ13
parameters (i.e. 2 d.o.f). When nature’s choice or “true” hierarchy is h (normal for example),
then the “wrong” theoretical model of hierarchy h0 6= h (inverted in this case) is rejected if

³

´

³

´

min χ2h0 6=h − min χ2h0 =h ≥ α

(3)

in the (sin2 2θ13 ; δ) parameter space. The 68%, 90%, 95% and 99% confidence levels (CL) are
defined for α = 2.3, 4.61, 5.99 and 9.21 respectively, for 2 d.o.f statistics 3 . Note that our choice
of 2 d.o.f statistics is rather conservative as explained in the Appendix of Ref. 4 . Our 90% CL
translate into the 97% CL for 1 d.o.f statistics.
Figure 2 shows the regions of parameter space where the correct hierarchy can be distinguished from the wrong one if the normal hierarchy is the one present in nature, also takes into
account a 10% systematic error in addition to the statistical ones.
2.2

Tau neutrinos

The IceCube detector and its Deep Core extension are optimized for detecting muon tracks from
the charged current interactions of νµ . It is, however, possible to also detect cascades. While
these type of events provide poor directional information, their energy can be measured quite
precisely. We analyzed 5 the cascade rate in the ICDC array. There are many contributions
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Figure 3: νµ survival probability and νµ → ντ oscillation probability for cν = −1, sin2 2θ13 = 0.1

to this signal: charged current interactions of νe , neutral current interactions of all neutrino
flavors and electromagnetic and hadronic decays of tau leptons produced in charged current
interactions of ντ . There are several important observations which suggest that the ντ signal
can be significant and can provide evidence for ντ appearance from oscillations of νµ . First, the
atmospheric electron neutrino flux at the relevant energies is significantly lower than the muon
neutrino flux, such that the νe charged current interactions provide only a small contribution
to the event rates. In addition, the energy range covered by ICDC corresponds to a maximum
of νµ → ντ oscillations (minimum of νµ survival), as can be seen in Figure 3. The large flux
of atmospheric muon neutrinos can thus lead to a large flux of tau neutrinos. This has already
been noted 2 , when we showed that νµ → ντ → τ → µ provides a non-neglibile contribution
to the muon track rate. It is also important to note that, unlike for Super-Kamiokande, which
is sensitive at much lower energies, tau threshold production effects are relatively small, only
affecting the lowest energy events detected by ICDC.
We investigate the neutrino energy range between 10 GeV and 100 GeV. Cascades have very
little directional information, especially at these low energy, so we integrate over all upgoing
directions. The downgoing neutrinos are largely unaffected by oscillations, so they can be used
for determining the atmospheric neutrino flux and thus the contribution of the νe charged current
interactions to the overall cascade rate. In our numerical calculations we have taken into account
full three flavor oscillations. It is however straightforward to see that solar parameters do not
play an important role in the analysis due to the rather high energy threshold of ICDC. Also,
θ13 effects, while in principle obaservable for values of θ13 close to the present bound, do not
affect any conclusions regarding ντ rates, which are determined by the (maximal) atmospheric
mixing angle θ23 . Fig. 4 shows the number of tau-neutrino induced cascades for one year of data
from the ICDC detector. While the background is still large, a statistically significant detection
of tau-neutrino appearence from neutrino oscillations is clearly possible.
3

Outlook

The IceCube detector and its Deep Core extention provide a great opportunity for studies of
atmospheric neutrinos. Being the largest existing neutrino detector, it will accumulate a huge
number of atmospheric neutrino events over an enormous energy range, thus allowing for detailed
studies of oscillation physics, Earth density, atmospheric neutrino fluxes and new physics. In
order to extract all this information it is necessary to use energy and angular distribution
information, as well as flavour composition, all possible to obtain with the IceCube detector.
In the “low” energy region, below about 40 GeV, neutrino oscillation effects can be significant. Matter effects inside the Earth are very important in this energy range and for non-zero
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Figure 4: ντ event rate in the ICDC

values of θ13 resonance effects can strongly enhance/reduce oscillation probabilities. Straightup-going neutrinos (cθ ≤ −0.7) pass through the core of the Earth and are most sensitive to
resonant matter oscillations and thus to all sub-dominant neutrino oscillation effects (θ13 , mass
hierarchy, CP violation). Up-going neutrinos at shallower angles are still sensitive to the “main”
oscillation effects (∆m231 , θ23 ), while the other, sub-dominant contributions become smaller, due
to the lower matter densities and shorter pathlengths.
The IceCube Deep Core array, with muon energy detection thresholds of ∼ 5 − 7 GeV, could
provide the first measurement of the neutrino mass hierarchy if sin2 2θ13 is not very small. It
also has the unique capability of detecting large numbers of tau neutrinos.
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8.
Dark Matter

NEUTRALINO DARK MATTER DETECTION BEYOND THE MSSM
NICOLÁS BERNAL
Centro de Fı́sica Teórica de Partı́culas (CFTP)
Instituto Superior Técnico, Avenida Rovisco Pais, 1049-001 Lisboa, Portugal
The addition of non-renormalizable terms involving the Higgs fields to the MSSM ameliorates the little
hierarchy problem of the MSSM. For neutralino dark matter, new regions for which the relic abundance
of the LSP is consistent with WMAP (as the bulk region and the stop coannihilation region) are now
permitted. In this framework, we analyze in detail first the direct dark matter detection prospects
in a XENON-like experiment; then we study the capability of detecting gamma-rays produced in the
annihilation of neutralino LSPs in the FERMI satellite.

1

Introduction

The smallness of the quartic Higgs coupling in the framework of the minimal supersymmetric standard
model (MSSM) poses a problem. The tree level bound on the Higgs mass is violated, and large enough
loop corrections to satisfy the lower bound on the Higgs mass suggest that the stop sector has rather
peculiar features: at least one of the stop mass eigenstates should be rather heavy and/or left-right-stop
mixing should be substantial 1 .
The situation is different if the quartic Higgs couplings are affected by New Physics. If the New
Physics appears at an energy scale that is somewhat higher than the electroweak breaking scale, then its
effects can be parametrized by non-renormalizable (NR) terms. The leading NR terms that modify the
quartic couplings are 2 :
λ1
λ2
WBMSSM =
(Hu Hd )2 +
Z(Hu Hd )2 ,
(1)
M
M
where Z = θ2 msusy is a SUSY-breaking spurion. The first term in equation 1 is supersymmetric, while
the second breaks supersymmetry. In the scalar potential, the following quartic terms are generated:
2ǫ1 Hu Hd (Hu† Hu + Hd† Hd ) + ǫ2 (Hu Hd )2 ,
where

(2)

µ∗ λ1
msusy λ2
,
ǫ2 ≡ −
.
(3)
M
M
Let us note that, in some regions of the parameter space, these operators Beyond the MSSM (BMSSM)
may destabilize the scalar potential 3 .
One of the attractive features of the MSSM is the fact that the lightest SUSY particle (LSP), usually
the lightest neutralino, is a natural candidate for being the dark matter (DM) particle. The effects of the
NR operators are potentially important in the determination of regions fulfilling the WMAP DM relic
density constraint 4 . On the one hand, these operators give rise to a new interaction Lagrangian which
contributes to the vertex of two higgsinos and one or two Higgs bosons. This effect is relevant when the
neutralino LSP has a significant component of higgsinos. On the other hand, the uplift of the lightest
Higgs mass could reopen regions giving rise to a relic density in agreement wit the WMAP results, but
which were ruled out by the bounds over the Higgs mass. The effect of these operators on the relic density
was studied in detail in references 5,6,7. In addition, the consequences for baryogenesis and electric dipole
moments in the BMSSM has been studied in references 8,6 . We shall evaluate the detection perspectives
for two different detection modes, namely direct detection in a XENON-like experiment and gamma- ray
detection from DM annihilations in the galactic center for the FERMI mission.
ǫ1 ≡

2

The model

The BMSSM framework, if relevant to the little hierarchy problem that arises from the lower bound on
the Higgs mass, assumes a New Physics scale at a few TeV. Since the new degrees of freedom at this
scale are not specified, the effect of the new threshold on the running of parameters from a much higher
scale cannot be rigorously taken into account. It therefore only makes sense to study the BMSSM effects
in a framework specified at low energy. Within this framework, we calculate the DM relic density, and
the direct and indirect detection prospects in the presence of the new ǫi couplings. We used a modified
version of the code micrOMEGAs 9 , where we implemented the BMSSM couplings, in order to calculate
the relic density as well as the cross-sections and decay channels relevant for DM detection. The leading
ǫi -induced corrections to the spectrum, were implemented using the code SuSpect 10 .
The first scenario considered contains correlated stop and slepton masses, as the mSUGRA framework. In this case, the neutralino LSP is an almost pure bino-like state; the ‘bulk region’ is highly
constrained due to the experimental lower bound on the Higgs mass. In general, in order to fulfill such a
constraint either heavy or mixed stops are required. Additionally to the ordinary mSUGRA parameters
we have two extra BMSSM parameters: ǫ1 and ǫ2 . Let us emphasize again that one should not think
about this scenario as coming from an extended mSUGRA model, since the effects of the BMSSM physics
at the few TeV scale on the running cannot be taken into account. The upper panels of figure 1 show the
regions in the [m0 , m1/2 ] plane in which the WMAP constraint is fulfilled (red lines). We fixed A0 = 0
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Figure 1: Regions in the [m0, m1/2 ] plane (upper panels) or [M1 , µ] plane (lower panels) in which the WMAP constraint
is fulfilled (red lines). The blue region is excluded by the null searches for charginos at LEP. The orange areas in the upper
(lower) panels are excluded because the stau (stop) is the LSP. The dash-dotted black curves in the up panel are contour
lines for the Higgs mass with values in GeV as indicated. Above the dotted purple line of the left of this line, the electroweak
vacuum is metastable.

GeV, µ > 0, tan β = 3, ǫ2 = 0 and ǫ1 = 0, −0.1. The blue region is excluded by the null searches
for charginos at LEP. The orange area is excluded because the stau is the LSP. The dash-dotted black
curves are contour lines for the Higgs mass. Concerning the upper panels, a generic point in the former
parameter space usually gives rise to a too large relic density, in conflict with the WMAP measurements.
However, for moderate m1/2 and low m0 values, there is a region where the LSP is almost degenerate in
mass with the lightest stau, enhancing the co-annihilation cross-section χ01 − τ̃ . Another region giving
rise to relic density in agreement with the WMAP measurements appears for m1/2 ∼ 120 GeV (top left
panel). This is the ‘h-pole’ and the ‘Z-pole’ region in which mh ∼ mZ ∼ 2 mχ01 , and the s-channel Higgs
and Z boson exchange is nearly resonant, allowing the neutralinos to annihilate efficiently. Let us note

that this region is already excluded by LEP measurements. For negative enough ǫ1 values (upper right
panel), the uplift of the Higgs mass generates a splitting among the ‘h-pole’ and the ‘Z-pole’ regions,
with the former now evading LEP constraints.
The second model correspond to a pure low energy scenario giving rise to light unmixed stops. In
addition to the BMSSM ǫi parameters, we consider the following set of parameters:
M1 , µ, tan β, Xt , mU , mQ , mf˜, mA ,

(4)

where mf˜ is a common mass for the sleptons, the first and second generation squarks, and b̃R . We further
use M1 = 53 tan2 θW M2 . To demonstrate our main points, we fix the values of all but two parameters as
follows: ǫ1 = 0 or −0.1, ǫ2 = 0, tan β = 3, Xt = 0, mU = 210 GeV, mQ = 400 GeV, mf˜ = mA = 500
GeV. This scenario gives rise to relatively light stops, namely mt˜1 . 150 GeV and 370 GeV . mt˜2 . 400
GeV. We scan over the remaining two parameters, M1 and µ.
The lower panels of figure 1 show the regions in the [M1 , µ] plane in which the WMAP constraint
is fulfilled (red lines). The first region is the Z- and h-poles in which the LSP is rather light, and the
s-channel Z or h exchange is nearly resonant, allowing the neutralinos to annihilate efficiently. There is
also a ‘mixed region’ in which the LSP is a higgsino–bino mixture, M1 ∼ µ, which enhances (but not too
much) its annihilation cross-sections into final states containing gauge and/or Higgs bosons. Finally the
‘stop co-annihilation’ region, in which the LSP is almost degenerate in mass with the lightest stop. Such
a scenario leads to an enhanced annihilation of sparticles since the χ01 − t̃1 co-annihilation cross-section
is much larger than that of the LSP.
Let us first consider the case where ǫ1 = ǫ2 = 0 (left lower panel). In any case, for the Higgs mass
values obtained here, mh ∼ 85 GeV, this region is already excluded by the negative searches for chargino
pairs at LEP. The main difference when considering the ǫ1 = −0.1 case (lower right panel) comes from
the important enhancement of the Higgs mass due to the presence of the BMSSM operators. In this
case it is possible to disentangle the Z and the h peaks, since the Higgs-related peak moves to higher
M1 values, due to the increase of the Higgs mass: mh = 122 GeV. Let us note that the latter peak is no
longer excluded by chargino searches.
3

Direct detection of dark matter

DM direct detection experiments measure the number N of elastic collisions between WIMPs and target
nuclei in a detector, per unit detector mass and per unit of time, as a function of the nuclear recoil energy
Er . The differential event rate per unit detector mass and per unit of time can be written as:
Z ∞
dN
σ0 ρ⊙
f (vχ )
2
=
F
(E
)
dvχ ,
(5)
r
dEr
2 m2r mχ
vmin (Er ) vχ
where σ0 is related to the WIMP-nucleon cross-section, σχ−p , by σ0 = σχ−p · (A mr /Mr )2 , with Mr =
mχ mN
mχ mp
mχ +mp the WIMP-nucleon reduced mass, mr = mχ +mN the WIMP-nucleus reduced mass, mχ the WIMP
mass, mN the nucleus mass, and A the atomic weight. F is the nuclear form factor; in the following
analysis the Woods-Saxon form factor will be used. ρ⊙ ≃ 0.385 GeV cm−3 and f (vχ ) are the density and
the velocity distribution of WIMPs near the Earth. Let us note that we are assuming identical WIMPproton and WIMP-neutron cross-sections, and that we are ignoring the spin-dependent interactions. In
our study we will consider a XENON detector with 7 energy bins between 4 and 30 keV. We also consider
a negligible background. Furthermore, we examine three ‘benchmark’ experimental setups, assuming
exposures ε = 30, 300 and 3000 kg·year, which could correspond e.g. to a detector with 1 ton of xenon
and 11 days, 4 months or 3 years of data acquisition respectively.
Figure 2 shows the exclusion lines (black lines) for exposures ε = 30, 300 and 3000 kg·year, on
the [m0 , m1/2 ] (upper panels) or the [M1 , µ] (lower panels) parameter space for the two models defined
previously. The left plots correspond to plain MSSM scenarios whereas the right to the BMSSM, with
the ǫ1 parameter turned on. These curves reflect the XENON sensitivity and represent its ability to
test and exclude different regions of the parameter space at 95% CL: all points lying below the lines are
detectable. We note that when some line is absent, this means that the whole parameter space can be
probed for the corresponding exposure
As a general rule, the detection prospects are maximised for low values of the pairs m0 and m1/2 or
M1 and µ because they give rise to a light LSP. On the other hand, the regions of low m1/2 or M1 ∼ µ
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Figure 2: Regions in the [m0, m1/2 ] plane (upper panels) or [M1 , µ] plane (lower panels) in which the WMAP constraint
is fulfilled (red lines). The blue region is excluded by the null searches for charginos at LEP. The orange areas in the upper
(lower) panels are excluded because the stau (stop) is the LSP. The dash-dotted black curves in the up panel are contour
lines for the Higgs mass with values in GeV as indicated. Above the dotted purple line of the left of this line, the electroweak
vacuum is metastable.

are also preferred because in that case the lightest neutralino is a mixed bino-higgsino state, favouring
the χ01 − χ01 − h and χ01 − χ01 − H couplings, and therefore the scattering cross-section. The detection
prospects are also maximised for low values of tan β. The introduction of the NR operators gives rise to an
important deterioration of the detection prospects. The main effect enters via the important increase in
the lightest CP-even Higgs mass. Nevertheless, let us emphasize again that this deterioration is relative,
since we are comparing with a plain MSSM, which is already excluded because of the light Higgs mass.
Concerning the plots in figure 2, a further remark that can be made is that, even for low exposures, a
sizable amount of the parameter space can be probed. Larger exposures could be able to explore almost
the whole parameter space taken into account.
4

Indirect detection of dark matter with gamma-rays

The differential flux of gamma–rays generated from DM annihilations and coming from a direction forming
an angle ψ with respect to the galactic center (GC) is
Z
dΦγ
hσvi X dNγi
(Eγ , ψ) =
Bri
ρ(r)2 dl ,
(6)
dEγ
8π m2χ i dEγ
l.o.s.
where the discrete sum is over all DM annihilation channels, dNγi /dEγ is the differential gamma–ray yield
of SM particles into photons, hσvi is the total self–annihilation cross-section averaged over its velocity
distribution, ρ is the DM density profile, r is the distance from the GC and Bri is the branching ratio
of annihilation into the i-th final state. The integration is performed along the line of sight from the
observation point towards the GC. In the following study we take into account three DM density profiles:
NFW with and without adiabatic compression and the Einasto profile. In our study we will consider the
FERMI satellite, taking into account a five-year mission run, and an energy range extending from 1 up to
300 GeV, with 20 logarithmically evenly spaced bins. We focus ourselves to an solid angle ∆Ω = 3 · 10−5
sr around the GC. We will consider two sources for the high-energy gamma-ray background corresponding
to the galactic emissions coming from resolved and diffuse sources. Both measurements has been done
by the HESS collaboration.

In figure 3 we present the detectability regions for the two models described previously, in the
[m0 , m1/2 ] (upper panels) and [M1 , µ] (lower panels) parameter space. FERMI will be sensitive to the
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Figure 3: Regions in the [m0, m1/2 ] plane (upper panels) or [M1 , µ] plane (lower panels) in which the WMAP constraint
is fulfilled (red lines). The blue region is excluded by the null searches for charginos at LEP. The oranges area in the upper
(lower) panels are excluded because the stau (stop) is the LSP. The dash-dotted black curves in the up panel are contour
lines for the Higgs mass with values in GeV as indicated. Above the dotted purple line of the left of this line, the electroweak
vacuum is metastable.

regions below the contours and to the areas inside the blobs. The detection prospects are maximised
for low values of the pairs m0 and m1/2 or M1 and µ. For the mSUGRA-like model (upper panels),
the growth of m1/2 gives rise to the opening of some relevant production channels, after passing some
thresholds, increasing significantly hσvi. The first one corresponds to a light neutralino, with mass
mχ ∼ mZ /2 (m1/2 ∼ 130 GeV). In that case the annihilation is done via the s-channel exchange of a real
Z boson. The second threshold appears for mχ ∼ mW (m1/2 ∼ 220 GeV). The annihilation cross-section
is enhanced by the opening of the production channel of two real W ± bosons in the final state. The last
threshold corresponds to the opening of the channel χ01 χ01 → tt̄ (m1/2 ∼ 400 GeV). The aforementioned
threshold appears as a particular feature on the upper plots: an isolated detectable region for m1/2 ∼ 400500 GeV and m0 . 300 GeV. Furthermore, larger values for the annihilation cross-section can be reached
for higher values of tan β. For the second benchmark (lower panels), the region where M1 ≫ µ is highly
favored for indirect detection due to the fact that the LSP is higgsino-like, maximising its coupling to
the Z boson. Let us recall that the Z boson does not couple to a pure gaugino-like neutralino. The
introduction of the NR operators gives rise to a mild signature when the neutralino is almost a bino-like
state. However, when µ < M1 there is an important increase of the χ01 − χ01 − A coupling, and therefore
to a boost in the annihilation into fermion pairs. On the other hand, as the Higgs boson h becomes
heavier, the processes giving rise to the final state h Z get kinematically closed. Concerning figure 3, let
us note that the only astrophysical setup in which some useful information can be extracted is the NFWc
one. This means that in this scenario, in order to have some positive detection in the γ-ray channel,
there should exist some important enhancement of the signal by some astrophysical mechanism (as the
adiabatic contraction mechanism invoked in this case).
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WIMP Search With the Final Year of CDMS II Data
L. HSU for the CDMS collaboration
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
The Cryogenic Dark Matter Search (CDMS) has pioneered the use of ionization and athermal
phonon signals to discriminate between candidate (nuclear recoil) and background (electron
recoil) events in Ge crystals cooled to ∼50 mK. The yield and timing information allows for the
maximization of discovery potential by adjusting the expected background in the signal region
to less than one event. A blind analysis on 612 kg-days of raw exposure from the CDMS II
experiment was performed. Two events with an expected background of ∼0.9 events were
observed. No statistically significant evidence for WIMP interactions is reported. Combining
this data with previously analyzed CDMS II data sets an upper limit on the WIMP-nucleon
spin-independent cross-section of 3.8 × 10−44 cm2 for a WIMP of mass 70 GeV/c2 .

1

Overview

A host of astrophysical observations have established a modern concordance model of the universe known as ΛCDM cosmology. This model prescribes that less than 4% of today’s universe
is made of baryonic matter. Of the remaining mass-energy budget, 23% can be attributed to
cold dark matter and the other 73% to dark energy 1 . Although it is most of the matter in the
universe, much of what we know about dark matter is inferred soley from its gravitational interactions. Weakly interacting massive particles (WIMPs) are a theoretically favored candidate to
explain the identity of dark matter. Such particles are strongly motivated by the observation that
particles with mass and annihilation cross-section at the weak interaction scale naturally yield
the correct relic abundance of dark matter 2 . These particles are also independently postulated
through proposed extensions to the Standard Model of particle physics 3 4 .
WIMPs, distributed in a halo surrounding our galaxy, are expected to coherently-scatter off
nuclei in terrestrial detectors 5 6 7 with a mean recoil energy of several tens of keV 8 . Experimental
data limit the cross section for WIMP-nucleon interactions to be less than one WIMP interaction
per year per kg of interacting material. Direct detection experiments like CDMS search for
nuclear recoils from such dark matter interactions.
CDMS operates an array of 19 Ge (∼230 g) and 11 Si (∼100 g) particle detectors at cryogenic
temperatures (< 50 mK) in the Soudan Underground Laboratory. CDMS derives its sensitivity
to WIMPs by maintaining ultra-low background levels. The depth of the experimental facility
(713 meters below the surface) greatly reduces the probability of mistaking an isolated neutron scatter from cosmic ray spallation as a WIMP scatter. Nearly all remaining events from
cosmic ray activity are identified using a layer of plastic scintillator surrounding the detector
volume. Inner layers of lead and polyethylene further shield the detectors against environmental
radioactivity.
Particle interactions in the detectors deposit energy in the form of phonons and ionization. Nuclear recoils generate less ionization than electron recoils of the same deposited energy,

allowing event-by-event rejection of electron-recoils, which are the primary source of intrinsic
background. Phonon sensors on the top of each detector are connected to four readout channels
to allow measurement of the recoil energy and position of an event. The electric field for the
ionization measurement is formed by applying a voltage bias to the bottom detector surface,
which is segmented into two concentric electrodes. The phonon sensors serve as the ground reference for the ionization measurement. Events having an ionization signal in the outer ionization
channel of the detector are excluded, defining an ionization fiducial volume. The detectors are
grouped into five towers, each tower containing six detectors. Detectors are identified by their
tower number (T1-T5) and their position within that tower (Z1-Z6). Intervening material between detectors within a tower are minimized to increase the probability of events scattering
between detectors 9 .
The ratio of the ionization to recoil energy (“ionization yield”) provides event-by-event
rejection of electron-recoils to better than 1 in 104 . All of the remaining misidentified electron
recoils are “surface events” occurring within the first few microns of the detector surface. These
events suffer from sufficiently reduced ionization collection to be misclassified as nuclear recoils.
Due to interactions of phonons in the surface metal layers, surface events have faster-rising
phonon pulses than events occurring within the bulk of the detectors. We use phonon pulse
timing parameters to improve rejection of surface events. This results in an overall (yield plus
timing) misidentification probability of better than 1 in 106 for electron recoils 9 10 11 .
2

Analysis of CDMS II Data

Data taken during four periods of stable operation between July 2007 and September 2008 were
analyzed. A subset of events were analyzed to monitor detector stability and identify periods
of poor detector performance. After data quality selections, the total exposure to WIMPs
considered for this work was 612 kg-days 9 .
A blind analysis was performed, in which cuts were developed without looking at events that
might appear in the signal region. Candidate WIMP-scatters were required to be within 2σ of
the mean ionization yield of nuclear recoils and at least 3σ away from the mean ionization yield
of electron recoils, have recoil energy between 10 and 100 keV, and have ionization energy at least
4.5σ above the noise. The signal region in the primary background discrimination parameters,
yield and timing, were defined using gamma (133 Ba) and neutron (252 Cf) calibration data as
shown in Figure 1. Candidate events were required to occur within the detector fiducial volume,
satisfy data quality criteria and pass the surface-event rejection cut. Since WIMPs are expected
to interact only once in the experimental apparatus, a candidate event was required to have
energy deposition consistent with noise in the other 29 detectors. To reject cosmic-ray induced
events, we required the absence of significant activity in the surrounding scintillator veto shield
during a 200-µs window around the trigger. The efficiency of the analysis cuts for nuclear recoils
was measured as a function of energy using both neutron-calibration and WIMP-search data.
After all selection criteria are applied, the spectrum-averaged equivalent exposure for a WIMP
of mass 60 GeV/c2 is 194.1 kg-days.
3

Results

After all selection criteria, the primary remaining background is from surface events. We estimated the surface event contribution in this exposure to be 0.8 ± 0.1(stat)±0.2(syst) events.
There is an additional, small, but non-negligible background contribution from cosmogenic neutrons of 0.04+0.04
−0.03 (stat) events and from radiogenic neutrons of 0.03 to 0.06 events. Details of
the background estimates may be found in the supporting on-line material of the peer-reviewed
report that this proceedings is based on 9 .
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Figure 1: In situ calibration data were used to define the WIMP signal region in the primary discrimination
parameters, yield and timing. Shown are bulk electron recoils (red points), surface electron events (black crosses)
and nuclear recoils (blue circles) with recoil energy between 10 and 100 keV, for a typical detector. Top: Ionization
yield versus recoil energy. The solid black lines define bands that are 2σ from the mean nuclear-recoil yield. The
sloping magenta line indicates the ionization energy threshold while the vertical dashed line is the recoil energy
analysis threshold. The region enclosed by the black dash–dotted lines defines the sample of events that were
used to develop surface-event cuts. Bottom: Normalized ionization yield (number of standard deviations from
mean of nuclear recoil band) versus normalized timing parameter (timing relative to acceptance region) is shown
for the same data. Events to the right of the vertical red dashed line pass the surface-event rejection cut for this
detector. The red box is the WIMP signal region.

After unblinding, we observed two events in the WIMP acceptance region at recoil energies
of 12.3 keV and 15.5 keV. The candidate events, along with data from each of the analyzed
detectors, are shown in Figure 2. Based on the expected background, the probability to have
observed two or more surface events in this exposure is 20%; inclusion of the neutron background
estimate increases this probability to 23%. These expectations indicate that the results of this
analysis cannot be interpreted as significant evidence for WIMP interactions.
We calculated an upper limit on the WIMP-nucleon elastic scattering cross-section based on
standard galactic halo assumptions 8 and in the presence of two events at the observed energies.
We used the Optimum Interval Method 16 with no background subtraction. The resulting limit,
shown on the LHS of Figure 3, has a minimum cross section of 7.0 × 10−44 cm2 for a WIMP of
mass 70 GeV/c2 . This limit is strengthened to 3.8 × 10−44 cm2 when combined with previous
CDMS II results. We have also analyzed this data under the hypothesis of WIMP inelastic
scattering 17 , which has been invoked to explain the DAMA/LIBRA data 18 . We computed
90% C. L. DAMA/LIBRA allowed regions following a χ2 goodness-of-fit technique 19 , without
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Figure 2: Normalized ionization yield (number of standard deviations from mean of nuclear recoil band) versus
normalized timing parameter (timing relative to acceptance region) for all events that pass all cuts except for
yield and timing. Each panel shows the data taken with the indicated detector. All detectors that were used
in this reported WIMP search are shown. The events that pass the phonon timing cut are shown with round
markers. The red boxes indicate the signal region for that detector. The candidate events occur on detectors
T1Z5 and T3Z4. The blue histograms shows the expected distributions for nuclear recoils in each detector, as
measured by the calibration data.

including channeling effects 20 . Limits from our data and that of XENON10 21 were computed
using the Optimum Interval Method 16 . Regions excluded by CDMS and XENON10 were defined
by demanding the 90% C. L. upper limit to exclude the DAMA/LIBRA allowed cross section
intervals for allowed WIMP masses and mass splittings. The results are shown on the RHS of
Figure 3. The CDMS data disfavor all but a narrow region of the parameter space allowed by
DAMA/LIBRA. This region resides at a WIMP mass of ∼100 GeV/c2 and mass splittings of
80–140 keV.
The data presented in this paper constitute the final data runs of the CDMS II experiment.
They double the analyzed exposure of CDMS II. The observation of two events leaves the
combined limit, shown in Figure 3, nearly unchanged below 60 GeV/c2 . It allows for a modest
strengthening in the limit above this mass and rules out new parameter space.
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spin-independent cross section as a function of WIMP mass 9 . The red (upper) solid line shows the limit obtained
for the 612 kg-day raw exposure. The solid black line shows the combined limit for the full data set recorded at
Soudan. The dotted line indicates the expected sensitivity for this exposure based on our estimated background
combined with the observed sensitivity of past Soudan data. Prior results from CDMS 10 , XENON10 12 , and
ZEPLIN III 13 are shown for comparison. The shaded regions indicate allowed parameter space calculated from
certain Minimal Supersymmetric Models 14 15 .
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EDELWEISS-II DARK MATTER SEARCH: STATUS AND FIRST RESULTS
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The EDELWEISS II experiment is devoted to the search for the Weakly Interactive Massive
Particles (WIMP) that would constitute the Dark Matter halo of our Galaxy. For this purpose,
the experiment uses cryogenic germanium detectors, cooled down at 20 mK, in which the
collision of a WIMP with an atom produces characteristic signals in terms of ionization and
elevation of temperature. We will present the preliminary results of the first operation of
the detectors installed in the underground laboratory of the Frejus Tunnel (LSM), attesting
to the very low radioactive background conditions achieved so far. Novel detectors, with a
special electrode design for active rejection of surface events, have been shown to be suited for
searches of WIMPs with scattering cross-sections on nucleon well below 10−8 pb. Preliminary
results of WIMP search performed with a first set of these detectors will be shown as well..

1

Introduction

First indications for the existence of Dark Matter were already found in the 1930s 1 . By now there
is strong evidence 2 to believe that a large fraction (more than 80%) of all matter in the Universe
is Dark (interacts very weakly with electromagnetic radiation, if at all (no photon coupling))
and that this Dark Matter is predominantly non-baryonic. Weakly Interacting Massive Particles
(WIMPs) are one of the leading candidates for Dark Matter. WIMPs are stable particles for
which possible candidates arise in several extensions of the Standard Model of electroweak
interactions 3 . Typically they are presumed to have masses between few tens and few hundreds
of GeV/c2 and a scattering cross section with a nucleon below 10−6 pb.
2

The EDELWEISS experiment

The EDELWEISS experiment (Expérience pour Détecter les WIMPs en Site Souterrain) is
dedicated to the direct detection of WIMPs. The direct detection principle consists in the
measurement of the energy released by nuclear recoils produced in an ordinary matter target by
the elastic collision of a WIMP from the Galactic halo. The main challenge in the discrimination

(a)

(b)

Figure 1: (a) ID detectors calibration with γ-rays from 133 Ba sources, no event is present in the region with a
quenching factor lower than 0.5 where the WIMP signal is expected. (b) Ionization yield as a function of recoil
energy recorded in ID detector during a 210 Pb source calibration. The comparison between panel (a) and (b)
shows the high efficiency of surface event rejection on the population of α, β particles and near-surface γ rays
from the source.

of these rare events from natural radioactivity is the expected extremely low event rate (≤
1evt/kg/year) due to the very small interaction cross section of WIMP with the ordinary matter.
An other constraint is the relatively small deposited energy (≤ 100keV). In order to measure
low energy recoils, EDELWEISS employs cryogenic detectors (high purity Ge crystal) working
at temperature of about 20 mK, with simultaneous measurements of phonon and ionization
signal. The ionization signal, corresponding to the collection on electrodes of electron-hole pairs
created by the energy loss process, depends on the particle type whereas the heat signal reflects
the total energy deposit. This simultaneous measurements of two signals allows an event by event
discrimination between the electronic recoils, tracers of electromagnetic background (induced by
photons and electrons) and the nuclear one originated by neutrons and WIMPs.
The first protection against background is provided by the choice of the location: the experiment is situated in the Modane Underground Laboratory (LSM) in the Fréjus highway tunnel,
where an overburden corresponding to ∼4850 mwe (meter water equivalent) reduces the cosmic
muon flux down to 4.5 µ/m2 /day, that is about 106 times less than at the surface.
The main limiting background of the experiment comes from interactions occurring just
underneath the collecting electrodes: essentially low energy β-rays due to 210 Pb contamination
of the detector surface and/or in the vicinity of the detectors 5 . The incomplete charge collection
of these events can mimic nuclear recoils.
Specific improvements are aimed at the active rejection of surface events: the electrodes
on the flat surfaces of the detectors are replaced by concentric, annular interleaved electrodes
(Ge-InterDigit detector). With this ID detectors, 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. 2. It shows the ionization yield as a function
energy of events recorded for calibration performed with a 133 Ba source (1a) and a 210 Pb source
(1b). For the beta calibration, one event is present after the fiducial selection in the nuclear
recoil region where the WIMP signal is expected (1b) and none for the gamma calibration (1a).
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Figure 2: (a) Ionization yield vs recoil energy of fiducial events recorded in an exposure of 160 kg·d. The WIMP
search region is defined by recoil energies above 20 keV ( vertical dashed line). The 90% acceptance nuclear and
electron recoils band (full red and blue lines, respectively) and the 99.98% acceptance band for γ are also plotted.
The dashed green line represents a 3 keV ionization threshold. (b) Limits on the cross-section for spin-independent
scattering of WIMPs on nucleons as a function of WIMP mass, from other direct WIMP searches and from the
data presented here.

These measurements give rejection factors of about 1 in 105 for beta rays and better than 1 in
105 for gamma rays below 60 keV. Such performances, detailed in 12 , are required to achieve
spin-independent WIMP sensitivities below 10−8 pb.
In the six-month run, nine of ten ID detectors have taken into account for a WIMP search
analysis 13 . After all quality cuts, they result in a total exposure of 876.7 detector-days. The 2008
data with two of these nine ID detectors provides an additional exposure of 122.3 detector-days.
With the average fiducial mass of 160 g, this corresponds to a total of 160 kg·d. Finally,
taking into account the 90% C.L. region for nuclear recoils, this data set is equivalent to 144 kg·d
with an acceptance of 92% at 20 keV. Fig. 2a shows the distribution of Q as a function of recoil
energy for the entire exposure. One event is observed in the nuclear recoil band at 21.1 keV.
This represents a factor ∼50 reduction relative to the event rate above 20 keV measured in
EDELWEISS-I. The upper limits on the WIMP-nucleon spin-independent cross-section correspond to a value of 1.0×10−7 pb at 90%CL for a WIMP mass of 80 GeV/c2 .
The presented analysis results in more than one order of magnitude improvement in sensitivity compared with the previous EDELWEISS results 6 based on detectors without surface event
identification. The sensitivity can be further improved by an increase of exposure, additional
detectors installed in the EDELWEISS-II cryostat, and of fiducial mass, R&D project for bigger
ID detectors (FID).
3

Conclusions and perspectives

The EDELWEISS II collaboration has performed a direct search for WIMP dark matter using
nine 400 g heat-and-ionization cryogenic detectors equipped with interleaved electrodes for the
rejection of near-surface events. A total effective exposure of 144 kg·d has been obtained after
six months of operation in 2009 and additional data from earlier runs with two detectors in 2008.
The observation of one nuclear recoil candidate above 20 keV is interpreted in terms of limits

on the cross-section of spin-independent interactions of WIMPs and nucleons. Cross-sections of
1.0×10−7 pb are excluded at 90%CL for WIMP masses of 80 GeV/c2 . Further analysis are going
on in order to reduce the effective threshold of the detectors to better address the case of lowermass WIMPs. This result demonstrates for the first time the very high rejection capabilities
of these simple and robust detectors in an actual WIMP search experiment. It also establishes
the ability of the EDELWEISS-II experiment for long and stable low-radioactivity data taking
and for the rejection of neutron-induced nuclear recoils. Provided the surface event rejection is
efficient enough, the combination of fiducial mass to be installed and neutron screning/rejection
should enable to reach sensitivities at the level ∼ few 10−9 pb in the coming years.
4
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EXTRACTING INFORMATION ABOUT WIMP PROPERTIES FROM
DIRECT DETECTION EXPERIMENTS: ASTROPHYSICAL
UNCERTAINTIES
ANNE M. GREEN
School of Physics and Astronomy, University of Nottingham, University Park, Nottingham, NG7 2RD,
UK
WIMP direct detection experiments probe the ultra-local dark matter density and velocity
distribution. We review how uncertainties in these quantities affect the accuracy with which
the WIMP mass and cross-section can be constrained or determined.

1

Introduction

If Weakly Interacting Massive Particles (WIMPs) are detected then measuring the WIMP mass
and cross-section will shed light on the particle nature of the WIMP. It will allow us to constrain
models of particle physics beyond the standard model, for instance supersymmetry and universal
extra dimensions. Furthermore a convincing WIMP discovery may require consistent signals (i.e.
same inferred mass) in multiple experiments in multiple channels (direct, indirect, collider). We
discuss the effect of astrophysical uncertainties on the accuracy with which the WIMP mass and
cross-section could be measured from direct detection experiments.
Direct detection experiments aim to detect WIMPs in the Milky Way halo via the energy deposited when they elastically scatter off detector nuclei 1,2 . Assuming spin-independent coupling
the differential event rate (number of events per unit energy, per unit time, per unit detector
mass) is given by 3,4
Z ∞
dR
σp ρχ
f (v)
= 2
A2 F 2 (E)
dv ,
(1)
dE
2µpχ mχ
vmin v
where ρχ is the ultra-local WIMP density, f (v) the ultra-local WIMP speed distribution in
the rest frame of the detector, σp the WIMP scattering cross section on the proton, µpχ =
(mp mχ )/(mp + mχ ) the WIMP-proton reduced mass, A and F (E) the mass number and form
factor of the target nuclei respectively and E is the recoil energy. The lower limit of the integral,
vmin , is the minimum WIMP speed that can cause a recoil of energy E:
vmin =

EmA
2µ2Aχ

!1/2

,

(2)

where mA is the atomic mass of the detector nuclei and µAχ the WIMP-nucleon reduced mass.
The energy, time and direction dependence of the event rate provide potential signals for
discriminating WIMP events from backgrounds. If we assume, as a starting point, the standard

halo model with an isotropic Gaussian speed distribution
v2
f (v) ∝ exp − 2
vc

!

,

(3)

where vc is the local circular speed (the speed with which stars in the solar neighbourhood orbit
the Galactic centre), then the differential event rate has a characteristic energy 4
ER =

2µ2Aχ vc2
.
mA

(4)

If mχ  mA then ER ∝ m2χ , while if mχ  mA then ER ∼ const. Therefore, provided the
WIMP mass is not too large or not small a , a measurement of the WIMP mass can be extracted
from the energy spectrum of events.
The motion of the Earth with respect to the Galactic rest frame provides two potential
WIMP ‘smoking guns’. Due to the Earth’s orbit about the Sun the net velocity of the lab with
respect to the Galactic rest frame varies over the course of a year. The net speed is largest in
the Summer and hence there are more high speed WIMPs, and less low speed WIMPs, in the
lab frame. This produces an energy dependent, O(5%), annual modulation in the differential
event rate 5 . To detect this a large exposure (detector mass times time) is required.
Our motion with respect to the Galactic rest frame also produces a directional signal 6 . The
WIMP flux in the lab frame is sharply peaked in the direction of motion of the Sun (towards the
constellation CYGNUS). The recoil spectrum is then peaked in the direction opposite to this.
This is a large signal; with an ideal detector only 10 events would be needed to demonstrate that
the recoil rate was isotropic 7 and ∼ 30 to confirm that the median recoil direction is opposite to
the direction of solar motion 8,9 . A detector which can measure the recoil directions is required
though (e.g. DMTPC, DRIFT, MIMAC, NEWAGE). See Ref. 10 for a review of the current
status of directional detection experiments.
2

Astrophysical input

Direct detection experiments probe the ultra-local dark matter velocity and density distribution
on sub milli-pc scales. They are in fact the only probe of the dark matter distribution on such
scales. Numerical simulations and astronomical simulations can only resolve ∼ 100 pc scales,
many orders of magnitude larger.
The standard halo model usually used in the analysis of data from direct detection experiments is an isothermal sphere with an isotropic Maxwellian velocity distribution, as given in
eq. (3), and a local density ρ0 = 0.3 GeV cm−3 . The dark matter halos formed in numerical
simulations are far more complicated than this, however. They are anisotropic, not perfectly
spherical and contain substructure. The standard halo model is therefore likely to be a poor
approximation to the Milky Way halo.
Numerical simulations
In the past few years several groups have carried out high resolution simulations of the formation of Milky Way like halos, in a cosmological context 11,12,13,14 . They typically find speed
distributions which deviate systematically from a multivariate Gaussian (the simplest anisotropic
generalisation of the Maxwellian distribution). There are more low speed particles, and the peak
in the distribution is lower. There are also broad stochastic features at high speeds. The detailed properties of these features vary from halo to halo and are thought to reflect the formation
history of the halo 13 .
a

If the WIMP mass is too small the event rate above the detector energy threshold becomes small.

Simulations can’t tell us the value of the ultra-local dark matter density, however they do
provide insight into how the local (on ∼ kpc scales) density at the Solar radius varies. While
simulated halos contain large amounts of substructure, the inner regions are fairly smooth and
the variation in density at the Solar radius b is fairly small, < 15% 13 .
There are two caveats to these results. Firstly, as mentioned above, the scales resolved
by simulations are many orders of magnitude larger than those probed by direct detection
experiments. Kamionkowski and Koushiappas have used simulation inspired models to calculate
the probability distribution of the ultra-local dark matter density 15 . The find distributions which
are skew positive and peak at densities lower then the mean density (due to substructure).
The detailed properties of the probability distributions (e.g. the most likely ultra-local density)
depend on the assumptions/extrapolations made. Vogelsberger and White have developed a new
technique to study the ultra-local dark matter distribution 16 . They find that the ultra-local
dark matter consists of a huge number of streams and is essentially smooth. This suggests that
the ultra-local dark matter density and velocity distribution should not be drastically different
to those on the scales resolved by simulations.
Secondly the simulations discussed above contain dark matter only, while baryons dominate
in the inner regions of the Milky Way. Simulating baryonic physics is extremely difficult, and
producing galaxies whose detailed properties match those of real galaxies is an outstanding
challenge. Some recent simulations have found that late merging sub-halos are preferentially
dragged towards the disc, where they are destroyed leading to the formation of a rotating dark
disc 17,18,19 .
Observations
Dark matter halos can not be observed directly, however their structure can be probed using
visible tracers.
The local dark matter density has traditionally 20,21 been thought to lie in the range ρ0 ∼
0.2 − 0.8 GeV cm−3 , i.e. with a factor of a few uncertainty. Recent determinations have significantly smaller statistical errors. Widrow et al. 22 , using spherical halo models with a cusp
(ρ(r) ∝ r−α as r → 0), find ρ0 ∼ (0.3 ± 0.05) GeV cm−3 . Catena and Ullio 23 , using NFW and
Einasto profiles, find ρ0 ∼ (0.39 ± 0.03) GeV cm−3 . On the other hand Weber and de Boer 24 ,
using a wider range of models for the dark matter density profile, have found values in the range
ρ0 ∼ 0.2−0.8 GeV cm−3 , and Salucci et al. 25 find ρ0 ∼ 0.42±0.15 GeV cm−3 using a DM density
profile independent method. In summary, while the statistical errors are now at the O(10%)
level, the systematic errors that arise from uncertainties in modeling the Milky Way are clearly
still larger than this.
The local velocity dispersion is related to the local circular speed c , which is traditionally taken to be vc = (220 ± 20) km s−1 27 . Recent determinations span a wide range ((254 ±
16) km s−1 28 , (200 − 280) km s−1 29 , (236 ± 11) km s−1 30 ), which suggests that modeling uncertainties are significant here too.
3

Implications

Constraints on measurements of σp
The normalization of the event rate is proportional to the product of the cross-section, σp ,
and the local density, ρ, therefore the uncertainties in ρ translate directly into uncertainties in
b

Halos are not perfectly spherical, so the averaging is in fact done p
over an ellipsoidal shell.
For the standard halo model the 3-d velocity dispersion is σ =
3/2 vc , in general there is a relationship
between the radial velocity dispersion, σr , and vc which depends on the density profile and the velocity anisotropy,
e.g. Ref. 26 .
c

σp . In this case the uncertainty is the same for exclusion limits (or in the case of a detection,
measurements) from different experiments.
Time averaged differential event rate
For most current experiments, which measure the time averaged differential event rate, the most
important uncertainty is that in the circular velocity, vc . The characteristic energy, ER , depends
on both the WIMP mass and vc . By differentiating eq. (4) one can see that the uncertainty in
vc leads to an uncertainty in the WIMP mass:
∆mχ
= 1+
mχ




mχ
mA



∆vc
.
vc

(5)

The effect of uncertainties in the shape of the speed distribution is typically relatively small.
This is because the energy spectrum is proportional to an integral over the speed distribution,
and hence changes in the shape are effectively smoothed out. An exception to this is if the
experiment is only sensitive to the high speed tail of the speed distribution, which is the case
if the WIMP is light or the threshold energy is high. This is because the uncertainties in the
tail of the speed distribution are larger, and the smoothing effect is smaller. Changing the
shape of the speed distribution leads to a, typically small, change in the shape of exclusion
limits. The change depends on the experiment, as different experiments probe different WIMP
speed ranges (depending on the energy threshold and the mass of the target nuclei) 31 . In
the case of a detection, the shape of the speed distribution leads to a few per-cent systematic
uncertainty in the accuracy with which mχ could be measured from the energy spectrum 32 . With
multiple detectors (with different target nuclei) mχ could in principle be measured without any
assumptions about the speed distribution 33 .
Annual modulation
As the annual modulation arises from the small shift in the lab speed distribution between
Summer and Winter it is far more sensitive to the detailed velocity distribution. This has
been studied by numerous authors. The amplitude, phase and even shape of the modulation
can change, and the region of WIMP mass-cross-section parameter space corresponding to the
DAMA annual modulation signal changes significantly (e.g. Ref. 34 ).
Direction dependence
The main directional signal, the rear-front asymmetry of the event rate, is robust to the uncertainties in the speed distribution 7 . However the detailed direction dependence can vary, for
instance the peak recoil direction of high energy recoils may deviate somewhat from the direction
of solar motion 14 . In fact with sufficient directional data it would be possible to reconstruct the
WIMP velocity distribution 35 .
4

Summary and future directions

The energy, time and direction dependence of the direct detection event rate all depend on
the ultra-local dark matter distribution. Deviations from the standard halo model which affect
these signals are expected. The uncertainty in the ultra-local dark matter density translates
directly into an uncertainty in the event rate and hence measurements of (or constraints on)
the WIMP cross-section. The uncertainty in the circular speed (which is related to the WIMP
velocity dispersion) leads to an uncertainty in characteristic scale of energy spectrum and hence
measurements of the WIMP mass. The uncertainty in the shape of WIMP velocity dispersion

produces an uncertainty in the amplitude and phase of the annual modulation signal and hence
the WIMP parameters.
Several approaches to dealing with the impact of astrophysical uncertainties have recently
been proposed. Strigari and Trotta 36 have suggested using data (such as measurements of the
kinematics of Milky Way halo stars and the local escape speed) and a model for the Milky Way
mass distribution in a Monte Carlo Markov Chain analysis of direct detection data. Peter 37
has presented an approach which involves combining data sets from different direct detection
experiments and jointly constraining a parametrisation of the WIMP speed distribution and
the WIMP parameters (mass and cross-section). Both of these approaches are contingent on
formulating a reliable, robust model of the Milky Way.
In the long term the dependence of the direct detection event rate on the ultra-local dark
matter distribution is an opportunity rather than an inconvenience. With sufficient data direct
detection experiments (in particular directional ones) could measure the ultra-local dark matter
distribution and shed light on the formation of the Milky Way.
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Dark Matter and Electroweak Symmetry Breaking from SO(10)
K. KANNIKE
National Institute of Chemical Physics and Biophysics, Ravala pst 10, 10143 Tallinn, Estonia
We consider a minimal model of GUT scalar dark matter (DM) stabilized by the discrete gauge
matter parity PX that arises from breaking of SO(10). The dark sector comprises the complex
singlet S and the inert doublet H2 . GUT scale parameters are evaluated to the electroweak
scale via Renormalization Group Equations (RGEs). Experimental and theoretical constraints
limit the DM mass to the 80 GeV to 2 TeV range. The EW symmetry breaking is radiative
and can occur via RGE running and 1-loop matching corrections from integrating out DM.
Because the next-to-lightest scalar is almost degenerate with DM, it gives a background free
displaced decay vertex at the LHC.

The Standard Model (SM) is a good theory of ordinary matter. Yet the WMAP measurements of the cosmic microwave background1 show that 4/5 of the matter in the Universe is an
unknown form of matter – dark matter (DM) – usually thought to be a thermal relic whose
density is determined by freezeout.
Heavy cold dark matter must be made stable by some symmetry. The simplest such symmetry is a new mirror symmetry or parity Z(2). The usual way to stabilize DM is to impose a
global parity by hand. In MSSM, the R-parity – added by hand to prevent fast proton decay
2,3,4 – in addition stabilizes neutralino DM. Such Z(2)-symmetry is also imposed in low energy phenomenological models of DM with a new scalar singlet 5,6,7,8 , doublet 9,10,11,12 or higher
multiplets 13 .
However, global discrete symmetries are violated by Planck scale operators14 . The solution
is to get the Z2 from breaking a gauged U (1) embedded in some Grand Uniﬁed Theory. One of
the most plausible candidates is the SO(10) group that contains the SM symmetry group and
an extra U (1)X subgroup. Therefore, SO(10) can broken down to the symmetry group of the
Standard Model and the gauged Z2 parity
PX ≡ PM = (−1)3(B−L)

(1)

that is equivalent to the R-parity in supersymmetric theories.
Each generation of SM fermions and the heavy singlet neutrinos needed for the seesaw
mechanism of neutrino mass15,16,17,18,19 reside in the representation 16 of SO(10). They are odd
under the PM parity Eq. (1). The Standard Model Higgs in 10 is even. To be stable, scalar
dark matter has to be odd20 under PM . Because the only small representation that is odd under
PM is the 16, the minimal model of scalar SO(10) DM adds one scalar 16 to the theory.
The SO(10) symmetric scalar potential of one 16 and one 10 is
V

= µ21 10 10 + λ1 (10 10)2 + µ22 16 16 + λ2 (16 16)2
+ λ3((10 10)(16 16)
+ λ4 (16 10)(16 10)
)
+ 21 λ′S 164 + h.c. + 21 (µ′SH 16 10 16 + h.c.) .

(2)

All the parameters are real with the exception of λ′S and µ′SH . We assume that SO(10) breaks
down to SU (3)c × SU (2)L × U (1)Y × PM in such a way that only one SM Higgs boson H1 ∈ 10
and the DM candidates complex singlet S ∈ 16 and the Inert Doublet H2 ∈ 16 are light, but
all other particles have masses of order MG .
Below MG , the most general CP-invariant scalar potential invariant under the PM parity
H1 → H1 , H2 → −H2 , S → −S is
V

= µ21 H1† H1 + λ1 (H1† H1 )2 + µ22 H2† H2 + λ2 (H2† H2 )2 + µ2S S † S
+
+
+
+
+

′′
λ′S
λS
4
† 4
†
2
† 2
2 S + (S ) + 2 (S S) S + (S )
λS1 (S † S)(H[1† H1 ) + λS2](S † S)(H2† H2 ) [
]
λ′S2
λ′S1
†
†
2
† 2
2
† 2
2 (H1 H1 ) S + (S ) + 2 (H2 H2 ) S +[(S )
]
λ3 (H1† H1 )(H2† H2 ) + λ4 (H1† H2 )(H2† H1 ) + λ25 (H1† H2 )2 + (H2† H1 )2
[
]
[
]
′
µSH
† H † H + H † H S + µSH SH † H + H † H S † ,
S
2
1
2
1
1
2
1
2
2
2

µ′2
S
2

[

]

[

S 2 + (S † )2 + λS (S † S)2 +

]

[

]

(3)

together with the GUT scale boundary conditions
µ21 (MG ) > 0, µ22 (MG ) = µ2S (MG ) > 0,
λ2 (MG ) = λS (MG ) = λS2 (MG ), λ3 (MG ) = λS1 (MG ),

(4)

and
2
µ′2
S , µSH

λ5 , λ′S1 , λ′S2 , λ′′S

MG n 2
µ ,
MP 1,2
MG n
λ1,2,3,4 .
≤ O
MP

≤ O

(5)

The parameters in Eq. (5) can only be generated by operators suppressed by n powers of the
Planck scale MP .
We see that the dimensionful coupling µ′SH , not suppressed by SO(10), can be large and
form a “soft portal” to the dark sector 21 . It can induce electroweak symmetry breaking23 via the
diagrams in Fig. 1. (EWSB via eﬀective potential for the Inert Doublet Model was considered
in 22 .)
t
H1

S
H1

t

H1

H1
H2

Figure 1: Dominant diagrams contributing to the Higgs boson mass.

In the mass spectrum of the dark sector we have the charged Higgs from H2 and four
neutral mass eigenstates from the mixing of the singlet and doublet neutral components. The
mass matrices of real and imaginary neutral scalars, respectively, are
(
)
√
2 /2
′ v/(2 2)
+ λS1
v
±µ
µ2S ± µ′2
2
SH
S
√
MH,A =
,
(6)
±µ′SH v/(2 2)
µ22 + (λ3 + λ4 )v 2 /2
where we have neglected all SO(10)-suppressed parameters save µ′2
S . The mass spectrum is
MDM ≤ MNL ≪ MNL2 ≤ MNL3 , where the next-to-lightest (NL) particle is almost degenerate

with DM. There is another, heavier, pair of states SNL2 and SNL3 . The mass gaps between
′2
MDM , MNL and likewise between MNL2 , MNL3 are proportional to µ′2
S . We give µS a small
positive value to avoid total degeneracy of real and imaginary mass eigenstates.
Because we have a lot of unknown parameters, we do a Monte Carlo scan over them at the
GUT scale and run them down to the electroweak scale by renormalization group equations. We
integrate out the dark sector particles at their average mass and the top quark at its mass scale.
At the GUT scale we impose SO(10) boundary conditions (4) and (5). In addition we
demand that the electroweak symmetry breaking must arise from dark matter. We require
perturbativity of dimensionless interactions (λi < 4π) and vacuum stability in the whole range
from MZ to MGUT . LEP2 data says that H + must be heavier than about 80 GeV, and we have
a lower bound of MZ /2 on dark matter mass from Z invisible width24 . Last not least, dark
matter must have correct cosmic density within 3σ, that is 0.94 < ΩDM < 0.1291 .
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Figure 2: An example of running interaction couplings.

Fig. 2 shows an example of running of the dimensionless interaction couplings from GUT
scale to the electroweak scale.
Fig. 3 displays running of mass parameters. Note that we have two distinct possibilities to
induce electroweak symmetry breaking: (i) via the Higgs mass parameter µ21 evolving to negative
values via RGE running, and (ii) by integrating out dark matter in the eﬀective potential25,26 ,
equivalent to calculating the 1-loop diagrams shown in Fig. 1. The ﬁrst possibility is demonstrated on the left panel and the second one on the right panel of Fig. 3. The loop mechanism
is embedded in the SO(10) GUT context here, but it is a general mechanism that can as well
originate in some low energy eﬀective theory.
The Monte Carlo points that satisfy all constraints are plotted on Fig. 4 as DM mass vs. its
spin-independent direct detection cross section per nucleon. The solid lines show sensitivities of
current experiments like CDMS 27 and Xenon28,29 , the dashed lines are the expected sensitivities
of future experiments. In the low mass region, the cross section can vary a lot, because there are
several diﬀerent annihilation reactions, and accidental cancellations can occur in the eﬀective
Higgs-DM-DM coupling
1 √
λeﬀ v = (− 2s c µ′SH + 2s2 (λ3 + λ4 )v + 2c2 λS1 v).
2

(7)

If dark matter has a relatively high mass, both the annihilation and direct detection cross
sections are dominated by the dimensionful Higgs-DM-DM coupling µ′SH . The high mass region
in which electroweak symmetry breaking can occur by integrating out dark matter is circled in
red.
If the dark sector particles are relatively light (with masses up to about 700 GeV), they can
be produced in the LHC30 . The Fig. 5 shows LHC production cross sections for the processes
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Figure 3: Examples of running mass parameters. On the left panel, EWSB is achieved via RGE running, on the
right panel, via 1-loop corrections from DM, as shown on the inset.
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Figure 5: Dark sector particle production cross sections for LHC with centre of mass energy s = 14 TeV. Red
dots mean the process pp → SNL SNL , green lozenges pp → SNL SNL3 , blue squares pp → SDM SNL , and black
triangles pp → SNL H ± .

pp → SNL SNL , pp → SNL SNL3 , pp → SDM SNL , and pp → SNL H ± . The ﬁrst three reactions
generate dark sector particles from quark-quark interactions (via Z ∗ ) or gluon fusion (via h∗ ),
the last one from quarks via W ±∗ . The cross sections are correlated with direct detection cross
sections, so if dark matter is discovered in CDMS II or Xenon100, we can hope it can be detected
at the LHC as well.
Because the mass splitting between dark matter and the next-to-lightest particle is suppressed by SO(10), the next-to-lightest particle can have a long lifetime and give a vertex
displaced from the collision point by millimetres to metres, decaying into dark matter and a
pair of leptons. This is a highly distinct signature that is easy to discover.
In conclusion, we consider breaking non-SUSY SO(10) GUT into the SM symmetry group
and the matter parity PM . The new parity is not a global symmetry imposed by hand but
a discrete gauge symmetry. The dark matter resides in a scalar representation 16 of SO(10).
Because it is odd under PM , it is the scalar analogue of Standard Model fermions. We require
DM to induce electroweak symmetry breaking. This and other constraints predict a DM mass
range between 80 GeV and 2 TeV. The collider signature of the dark sector is a displaced vertex
of two leptons with almost no background.
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DARK MATTER SEARCHES WITH THE ICECUBE NEUTRINO TELESCOPE
S. LAFEBRE for the ICECUBE COLLABORATIONa
Center for Particle Astrophysics, Pennsylvania State University, University Park, PA 16802, United
States
IceCube is a cubic kilometer neutrino telescope under construction at the South Pole, a
successor to the AMANDA neutrino telescope designed to search for astrophysical neutrino
sources. When completed, it will consist of over 5000 optical modules buried in the Antarctic
ice. The detector, which is currently 90% complete, includes an infill array known as DeepCore,
improving sensitivity to neutrinos at energies below 100 GeV. IceCube can be used to indirectly
probe the spin-dependent dark matter scattering and annihilation cross-section. This work
presents the current status of the world-leading IceCube dark matter analysis, as well as
estimates for future IceCube sensitivity.

1

Introduction

IceCube is a cubic kilometer scale neutrino telescope currently under construction at the South
Pole. When completed, it will be able to detect neutrinos of all flavors over an energy range from
10 GeV to beyond 109 GeV, making the detector capable of addressing questions in both high
energy astrophysics and neutrino physics.
One of IceCube’s main goals is the search for cosmic sources of high-energy neutrinos. Besides
high-energy sources such as supernova remnants and gamma ray bursts, these also include signals
from dark matter particles such as wimps in the Sun or the Galactic halo. IceCube can be
used to test the dark matter particles’ scattering cross section with nucleons by looking for
neutrino signals from self-annihilating dark matter captured in the Sun 1,2 or from decaying or
self-annihilating dark matter in the Galactic halo 10 . This paper presents recent results from
various searches for dark matter with the IceCube telescope.
2

Detector design

IceCube’s design is aimed at detecting both muons and cascades, by detecting Cherenkov light
from particles travelling through the ice. The optical properties of the South Pole Ice have been
measured with various calibration devices and are used for modeling the detector response to
charged particles. Light-absorption lengths are typically 50–100 m, while scattering lengths are
10–30 m. The actual values are highly depth-dependent and are dictated mostly by dust and
bubble content 3 . Reconstruction algorithms allow measuring the direction and energy of tracks
and cascades from all directions 4 . The pointing resolution for the finished detector is expected
to be < 1o at Eν > 10 TeV and < 10o at Eν > 50 GeV. Calibration of the detector is done by
flashing leds on the optical modules and by atmospheric muons.
a

See http://www.icecube.wisc.edu for full author list

IceCube Lab
’07–’08

’06–’07

’09–’10
50 m

’05–’06
’04–’05

(’10–’11)
’08–’09

1450 m

2450 m

Deep Core

2820 m
Eiffel Tower
324 m

Figure 1: Overview of the IceCube detector. The full planned detector constitutes 86 strings of 60 sensors each to
be deployed in the South Pole ice at depths of 1450–2450 m. Of these strings, 79 have been installed. The green
volume represents the infill array DeepCore. The color coding on the top of the detector represents the installation
year for each string.

In its final configuration, the detector will consist of 86 strings (see Figure 1). The string
spacing was chosen in order to reliably detect and reconstruct muons in the TeV energy range.
There are 60 optical sensors mounted on each string, equally spaced between 1450 m and 2450 m.
Each sensor consists of a 25 cm photomultiplier tube, 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. In addition, there will be 320 sensors deployed in
160 tanks on the surface of the ice directly above the strings. These sensors are used for cosmic
ray studies, to act as a veto for cosmic muons, and to calibrate the detector in the ice.
Out of 86 planned strings, six have a different configuration. On these strings, comprising an
infill array known as DeepCore, the sensors are more closely spaced between 1760 m and 2450 m,
where the ice is clearest. The optical modules on these strings are also more sensitive. DeepCore
provides enhanced sensitivity to weakly interacting massive particle (wimp) annihilations in the
solar core, extending IceCube’s sensitivity down to neutralino masses of . 250 GeV. Using the
surrounding IceCube detector as an active veto, DeepCore allows us to explore the southern
sky for diffuse and point source neutrino emission from the galactic plane and center. It also
gives improved acceptance for low-energy atmospheric neutrinos at Eν & 10 GeV, allowing
measurements of neutrino oscillations including νµ disappearance, ντ appearance and possibly
even signs of neutrino hierarchy 9 .
3

Construction status

The detector is built by drilling holes in the ice using a hot water drill. Boring a hole to a depth
of 2.5 km takes about 30 hours. Once the drill is hoisted back up to the surface, a detector
string is lowered into the hole, which now contains liquid water. This deployment takes less than
10 hours on average. The holes typically freeze back within one to three weeks.
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Figure 2: Upper limits on the Solar muon flux (left) and the derived spin-dependent neutralino-proton cross-section
(right) for soft (bb) and hard (W+ W− ) annihilation channels, adjusted for systematic effects, as a function of
neutralino mass. The shaded area represents mssm models not disfavoured by direct searches. (From 1 )

Due to the harsh winter conditions at the South Pole, deployment is limited to the summer
months of the Southern hemisphere. The first string was deployed in the ’04–’05 season, as shown
in Figure 1. Eight more were placed in ’05–’06, followed by 13, 18 and 19 strings in subsequent
years. The ’09–’10 deployment season saw the installation of 20 more strings, including the
completion of DeepCore. This brings the total number of strings deployed so far up to 79, plus
158 IceTop tanks. Approximately 99% of the deployed optical modules have been successfully
commissioned. Studies using 40-string data are currently being finalized, and 59-string data is
being unblinded. The 79-string detector configuration is actively taking data as of May 2010.
4

Solar dark matter

One of the most promising solutions to the dark matter problem is non-baryonic cold dark matter
in the form of wimps 11 . The lightest neutralino in the minimal supersymmetric extension of
the standard model (mssm) provides a wimp candidate that is weakly interacting and stable,

and can therefore survive today as a relic from the big bang. A range of neutralino masses
between 46 GeV and a few tens of TeV is compatible with observations and accelerator-based
measurements 5,6 . Relic neutralinos from the Galactic halo may accumulate in the Sun, where
they can annihilate into standard model particles. The decay products of these particles may
include neutrinos, which in turn may reach Earth. By looking for an excess of high-energy
neutrinos from the direction of the Sun, IceCube may set a limit on the amount of neutralinos in
the Sun, given the mssm assumption.
The most important background in the search for neutrinos from the Sun comes from air
showers created by cosmic ray interactions in the atmosphere. These showers produce down-going
atmospheric muon events in the detector. When the Sun is below the horizon, however (i.e.
during Polar winter), the neutrino signal can easily be distinguished from the atmospheric muon
background by selecting events with up-going muon tracks. The data set used here consists
of 4.8 · 109 events, with an integrated live time of 104.3 days using 22 strings of the IceCube
detector. The analysis was performed in a blind manner such that the azimuth of the Sun was
not looked at until the selection cuts were finalized. The full study can be found in 1 .
From the upper limits on the observed number of signal events, a maximum for the neutralino
annihilation rate in the Sun can be derived, which in turn can be translated into limits on the
spin-dependent and spin-independent neutralino-proton cross-sections, allowing a comparison
with the results of direct search experiments. Since capture in the Sun is dominated by the
spin-dependent cross-section, indirect searches are expected to be competitive in setting limits
on this quantity. Assuming equilibrium between the capture and annihilation rates in the Sun,
the annihilation rate is directly proportional to this cross-section.
No excess of events from the Sun above the background expectation was found in the search 1 .
However, Figure 2 shows the limits set by this IceCube study for the spin-dependent neutralinoproton cross-section. Two scenarios are shown: hard (W+ W− ) and soft (bb) annihilation channels.
Already, these limits are very competitive compared with direct measurements. Also shown is the
expected sensitivity limit for one year of data with the full IceCube detector including DeepCore,
cutting deep into the region of allowed mssm models.
There is an alternative dark matter candidate, Kaluza-Klein particles, arising from theories
with extra spacetime dimensions 8 . The first excitation of the hypercharge gauge boson in minimal
versions of these theories is generally the lightest Kaluza-Klein particle (lkp), often denoted as
the Kaluza-Klein ‘photon’, and a dark matter candidate.
In a study to look for this particle 2 , the same data and a similar methodology as above
were used. Again, no excess was found in the direction of the Sun, so an upper limit on the
lkp-proton spin-dependent cross-section was set; see Figure 3. This figure shows the IceCube
limit cutting into the shaded area which represents the theoretically allowed parameter range
within the Kaluza-Klein model. The dark band within this region is the parameter space that is
preferred from wmap data. The completed IceCube configuration with DeepCore is expected to
lower this curve by a little under an order of magnitude in one year of data.
5

Galactic dark matter

Neutrino telescopes can also probe the dark matter self-annihilation cross-section by looking at
the halo of dark matter surrounding our galaxy. The expected dark matter density distribution
in the Milky Way can approximately be described by spherically symmetric functions, which are
motivated by fits to large-scale N -body cold dark matter simulations as well as observational
evidence. Several different distribution functions and parameterizations exist. These halo models
generally show very similar behavior for large distances from the Galactic center, but differ
significantly in their predictions close to it. They do have in common that the density peaks at
the galactic center and is ∼ 0.3 GeV/cm−3 in the neighborhood of Earth.
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Figure 3: Upper limits on the spin-dependent lkp-proton scattering cross-section, adjusted for systematic effects,
as a function of lkp mass. The green area represents theoretical predictions. The darker blue region corresponds
to the preferred 1σ wmap relic density. (From 2 )

Using the same principle as for Solar wimps, IceCube can be used to probe an excess of
events from the galactic center region compared to a region away from it. At the South Pole
the galactic center itself is always above the horizon, making observations of muon fluxes from
this region susceptible to contamination from atmospheric muons. The decrease in background
noise by looking at a region just below the horizon, 30o away from the galactic center, just
about outweighs the loss of signal due to decreased wimp density in that region. It is therefore
worthwhile to attempt both methods.
A study of the galactic halo below the South Pole horizon was carried out using 22-string
IceCube data 10 . The muon flux from a region close to the galactic center (on-source) was
compared to a region at the same declination away from the galactic center (off-source). No
anisotropy between the two regions was found, but upper limits for the product of spin-dependent
annihilation cross-section and average dark matter velocity hσA vi were calculated. These are
represented by the blue bands in Figure 4. Four different annihilation channels are shown: soft
(bb), hard (W+ W− , µµ), and direct annihilation (νν), the latter representing a limit on the
cross-section independent of wimp model. The widths of the bands represent variations in the
limits caused by assuming different halo dark matter density models.
For the second study, we look straight at the galactic center. One way to discern incoming,
down-going neutrinos from atmospheric muons produced in air showers is to look for starting
muon tracks only, since those would have to be produced by neutrinos. This is accomplished
by using the upper and outer sensor layers of the detector as an active veto. With this event
selection, we again searched for an excess from the galactic center over an off-source region
spanning a large part of the rest of the sky. No such excess was found, but Figure 4 shows the
(preliminary) upper limits set by these measurements as the red lines. The same four annihilation
channels are shown.
The limits set by these two studies are competitive when compared to limits of the spindependent self-annihilation cross-section by other experiments such as SUper-Kamiokande 7 .
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6

Conclusion

After six successful years of deployment IceCube is now the largest neutrino detector in existence,
nearing its design volume of a cubic kilometer. Out of 86 planned strings 79 have been deployed,
including an infill detector lowering the detection threshold to Eν & 10 GeV.
Using data from less than half of the planned IceCube detector strings, we have set competitive
limits on the spin-independent self-annihilation cross-section of dark matter candidate particles,
both from the Sun and the galactic halo. It is expected that a year of full IceCube data will shift
these limits down by an order of magnitude in the next few years.
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Results from the Search for Ultra-High Energy Neutrinos with ANITA-II
Abigail G. Vieregg for the ANITA Collaboration
Department of Physics and Astronomy, University of California Los Angeles,
475 Portola Plaza, Los Angeles, CA, USA 90095-1547
The ANITA (ANtarctic Impulsive Transient Antenna) experiment is an innovative balloonborne radio telescope, designed to detect coherent Cherenkov emission from cosmogenic ultrahigh energy neutrinos with energy greater than 1018 eV. The second flight of the ANITA
experiment launched on December 21st , 2008, and collected data for 31 days. This new data
set allows for the most sensitive search to date for GZK neutrinos, which offer the exciting
possibility of independently revealing the sources of the highest energy cosmic rays. We
discuss the results from the second flight of ANITA, calibration techniques, analysis methods,
and background rejection. In a blind analysis, we find two candidate neutrino events on a
background (thermal and man-made noise) of 0.97 ± 0.42.

1

Introduction

Ultra-high energy (UHE) neutrino astronomy (above 1018 eV) is a new frontier in particle
astronomy which promises to open up a window to the distant universe where classical photon
and cosmic-ray astronomy is limited. UHE neutrinos may also help reveal the origin of UHE
cosmic rays (UHECRs), a longstanding mystery in astrophysics.
UHE neutrinos are ideal messenger particles for astrophysical sources for two reasons. First,
neutrinos point directly back to their source, whereas protons and ions suffer from curvature induced by cosmic magnetic fields. Second, neutrinos, unlike high-energy photons (E > 100 TeV),
propagate through the universe virtually unattenuated, yielding information about very distant
sources that would otherwise be unavailable.
A population of neutrinos above 1018 eV is a “guaranteed” bi-product of the Greisen Zatsepin Kuzmin (GZK) process, whereby cosmic rays above 1019.5 eV interact with the CMB
within tens of Megaparsecs of the source 1,2 . Via a Delta resonance, the interaction yields a pion
and a proton or neutron, and the charged pion decay chain produces UHE neutrinos. A cutoff
in the cosmic-ray spectrum at 1019.5 eV has been observed by both HiRes and Auger, and is
consistent with being from the GZK process 3,4 . Observation of neutrinos produced from this
cutoff mechanism would reveal important information about the nature and location of cosmic
sources.
The Antarctic Impulsive Transient Antenna (ANITA) experiment is a Long Duration Balloon
experiment that searches for coherent radio Cherenkov emission from electromagnetic cascades
induced by UHE neutrinos interacting with the Antarctic ice. Strong, coherent radio emission
from UHE electromagnetic showers within a dielectric was first predicted by Askaryan in the
1960’s 5 , and later confirmed in the lab 6,7 . ANITA views the top of the radially-polarized
Cherenkov cone for neutrinos which skim across the ice (up-going neutrinos are absorbed in

Figure 1: Left: A picture of the ANITA-II payload before launch. Right: The flight path of ANITA-II. Pink is
the 1st orbit, red is the 2nd orbit, and black is the 3rd orbit. The map of Antarctica is colored by ice depth.

the Earth). Combined with Fresnel effects at the surface of the ice, this predicts a largely
vertically-polarized radio-frequency (RF) signal at the payload from neutrino interactions 5,8,6 .
ANITA is also sensitive to radio geosynchrotron emission which reflects off of the Antarctic ice surface from extended air showers of UHECRs. Geosynchrotron emission detected by
ANITA is predominantly horizontally polarized because the Earth’s magnetic field in Antarctica is mostly vertically polarized, causing the electrons and positrons in the shower to split
horizontally, and Fresnel effects at the reflection surface favor the horizontal polarization.
The first flight of ANITA saw no neutrino candidates 9 , and set the most constraining limit
at the time on the cosmogenic UHE neutrino flux between 1018 eV and 1021 eV. Further analysis
of ANITA-I data revealed 16 observed UHE cosmic rays 10 , with energy of order 1019 eV.
2

The Second Flight of ANITA

The second flight of ANITA (ANITA-II) launched from Williams Field, Antarctica on December
21, 2008 and landed near Siple Dome after a 31-day flight with 28.5 live days. ANITA-II has
40 quad-ridged horn antennas, is sensitive from 200-1200 MHz, and triggers on fast, broadband
signals in the vertical polarization. ANITA-II recorded over ∼ 26.7 M events, over 98.5% of
which are thermal-noise triggers. Figure 1 shows a picture of the ANITA-II payload and the
flight path of ANITA-II.
ANITA-II’s sensitivity to cosmogenic neutrinos was improved by about a factor of 4 compared to ANITA-I. Major improvements to the payload included a reduction in front-end system
noise temperature, the addition of 8 antennas to the previous total of 32, and the optimization
of the trigger for vertically-polarized, broadband impulses. ANITA-II achieved a significant improvement in live time with a flight over deeper ice and the ability to exclude man-made noise
from the trigger when in view of strong sources of noise.
3

Data Analysis

The analysis described here is reported in Reference 11 and described in detail in Reference 12 .
We performed a blind analysis on the data using two independent methods of blinding. We

implemented the “hidden signal box” method, setting all analysis cuts and estimating the background based on sidebands before opening the hidden signal box. The hidden signal region is
single, isolated plane-wave events. We also inserted an unknown number of neutrino-like groundto-payload calibration events randomly throughout the flight and identified inserted events only
after the hidden signal box was opened.
For each event, we create an interferometric image in each polarization by cross-correlating
waveforms from neighboring antennas and summing the total normalized cross-correlation value
for each elevation and azimuth. We construct a “coherently summed” waveform given the
direction of the largest peak in either map using the antennas that are closest to that peak.
The analysis pointing resolution, determined using ground-to-payload calibration impulses, is
0.2◦ − 0.4◦ in elevation and 0.5◦ − 1.1◦ in azimuth, depending on the signal-to-noise ratio (SNR)
of the event.
Table 1: Event totals vs. analysis cuts and estimated signal efficiencies for ESS spectral shape 13 .

Cut requirement

Passed
Vpol

Hardware-Triggered Events
(1) Quality Events
(2) Reconstructed Events
(3) Not Traverses and Aircraft
(4) Isolated Singles
(5) Not Misreconstructions
(6) Not of Payload Origin
Total Efficiency

Efficiency
HPol

∼ 26.7M
∼ 21.2M
320,722
314,358
7
5
2

4
3
3

1.00
0.96
1.00
0.64
1.00
1.00
0.61

Table 1 shows the number of events cut and the efficiency of each set of cuts in the analysis.
There are two sources of background that must be separated from the signal region. The left
panel of Figure 2 shows the reconstructed direction of all 21.2 M Quality Events, and the color of
each bin is the average value of the peak of the interferometric map for events which fall in that
bin. The blue background is consistent with thermal-noise triggers, and can easily be rejected to
a level of 2.5 × 10−8 with a set of cuts on the peak value of the interferometric map and the peak
envelope of the coherently summed waveform. An expected background of 0.50 ± 0.23 thermal
events passes these reconstruction cuts.
The bright spots in the left panel of Figure 2 are consistent with clusters of man-made noise,
which remain after reconstruction cuts are implemented. The right panel of Figure 2 shows all
of the 314,358 Reconstructed Events which also are not associated with Traverses and Aircraft
tracks and are not in the hidden signal box. Events which remain at this stage are clustered
with other events which remain, known places of human activity (camps), and bright spots on
the left panel of Figure 2 (Hot Spots). The right panel of Figure 2 shows the clusters of events
with different marker colors and styles; camps are shown in red and Hot Spots are black.
Any remaining unclustered events are deemed Isolated Events, and remain in the hidden box.
The isolation requirement lowers acceptance since each event, camp, and Hot Spot excludes a
region around it from the analysis. We used seven largely independent methods to estimate
that the anthropogenic background remaining after our clustering cuts is 0.65 ± 0.39 vertically
polarized (VPol) events and 0.25 ± 0.19 horizontally polarized (HPol) events.
The polarization angle of remaining events is then calculated using Stokes parameters, and
the event is assigned to be HPol (< 40◦ ), VPol (> 50◦ ), or sideband (40◦ − 50◦ ). There were
no events remaining in the sideband. Two final cuts are applied by hand. Any event that has
a high probability of being a Misreconstruction is removed by hand, e.g. we remove any event
that clearly peaked at a sidelobe of the pattern in the interferometric image. Also, any event

Figure 2: Left: An RF image of Antarctica, seen with ANITA-II. The best direction for all 21.2 M quality events is
shown, with one entry per event weighted by the peak value of the interferometric image and each bin normalized
by the total number of events which fall in that bin. Right: All 320,722 ANITA-II events which pass thermal-noise
(reconstruction) cuts and are not in the hidden signal region shown with locations of known camps (red points)
and locations of Hot Spots (black points).

which is clearly of Payload Origin and leaked through the initial quality cuts is also removed by
hand; these are also easy to identify.
Upon opening the blind box, we first examine what happened to the 12 inserted neutrinolike events. Of the 12 inserted events, 11 were unique events with one duplicate event. Of the
11 unique events, 8 were Reconstructed Events, consistent with the calculated reconstruction
analysis efficiency for such low-SNR events.
4

Results

After all cuts are applied, two events remain in the VPol channel, and three in the HPol channel.
After clustering cuts, the thermal noise background reduces to 0.32 ± 0.15 in each channel. The
total background is 0.97 ± 0.42 events in the VPol channel, and 0.67 ± 0.24 events in the HPol
channel. The left panel of Figure 3 shows the reconstructed locations of the remaining events on
the Antarctic continent (blue squares), along with camps (red points), locations of low-level RF
noise (black points), and the payload position at the time of detection (black squares), connected
to the event location with a line.
All three HPol events show characteristics which identify them as geo-synchrotron radio
emission from UHECR air showers, reflecting from the ice surface (including sea ice), as described
in the ANITA-I results 10 . While ANITA-I saw 16 such events, the much smaller number of HPol
events seen in ANITA-II is due to the change of the trigger to favor VPol events to maximize
neutrino sensitivity.
In Figure 3 we show some of the characteristics of the two VPol neutrino candidates, including the waveforms, frequency spectra, and interferometric maps. Event 8381355 has been
filtered using the adaptive filter developed for the analysis and is highly impulsive, with a nearly
flat radio spectrum. Event 16014510 shows a central impulse with some additional distributed
signal within 10-15 ns of the peak, and a frequency spectrum peaking near 400 MHz. The event
still passes all cuts if the 400 MHz region is filtered by hand. The reconstructed directions are
robust, supporting identification as isolated events. The waveforms and frequency spectra are
within the range of simulated neutrino events.
We set a limit including systematic errors 14,15 , shown in Figure 4, using the 28.5 day livetime,
the energy-dependent analysis efficiency, and the average acceptance from the two independent

Figure 3: Left: The three cosmic-ray events (HPol) and the two neutrino candidate events (VPol) that remain
after opening the hidden signal box. The location of each event (blue squares) and the location of the ANITA
payload (black squares) are shown with a connecting line. The locations of known camps (red points) and locations
of Hot Spots (black points) are also shown. Top: Waveforms of incident field strength for the two surviving VPol
events. Event 8381355 is shown filtered between 235-287 MHz to remove weak CW noise from above the horizon.
Middle: Corresponding frequency power spectra. Bottom: Corresponding interferometric maps showing the pulse
direction. The dashed line is the horizon.

simulations 16 . The largest systematic error is on the acceptance, which is calculated using
two largely-independent Monte Carlo simulations 16 . We take the difference between the two
simulations, typically 20%, as a systematic error. The inclusion of systematic errors only worsens
the limit by 10%.
5

Discussion

The expected limit from this data in the absence of signal, is about a factor of four more sensitive
than ANITA-I 9 . The actual limit, shown in Figure 4, includes our two observed candidates.
Because ANITA-II saw more than the expected background, the actual limit is only a factor of
two better than ANITA-I even though the discovery potential is four times higher for ANITA-II.
ANITA-II’s constraint on cosmogenic neutrino models strongly excludes models with maximally energetic UHECR source spectra which saturate other available bounds 28,23,25 . ANITA-II
is now probing several models with strong source evolution spectra that are plausible within
current GZK source expectations 23,25,29,27,30 , some at > 90% confidence level. These are the
strongest constraints to date on the cosmogenic UHE neutrino flux.
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RESULTS OF THE PIERRE AUGER OBSERVATORY ON ASTROPARTICLE
PHYSICS
S. ANDRINGA
LIP, Av. Elias Garcia, 14, 1,
1000-149 Lisboa, Portugal
for the PIERRE AUGER COLLABORATION
The Pierre Auger Observatory has already collected more ultra high energy cosmic ray data
than all the previous experiments. With an hybrid detection technique, it can provide coherent
results on the flux, energy spectrum and arrival directions of the highest energy cosmic rays,
and characterize the extensive air showers in order to probe the primary particle characteristics
and its interactions. These results will be presented from the point of view of particle physics.

1

Introduction

High energy cosmic rays may give important information on different areas of Physics. The
sources where they are produced, the corresponding acceleration mechanisms, and even their
precise composition in terms of primary nuclei remain unknown and are important questions from
the astrophysical point of view. When they arrive at Earth, they collide with the atmosphere
nuclei at center-of-mass energies which are orders of magnitude above the ones available in
man-made particle accelerators, allowing the probe of particle physics at a new energy scale. In
between, they propagate through the interstellar and intergalactic media, subjected to magnetic
fields and to interactions with cosmic matter and radiation, having the possibility to give indirect
indication about phenomena which arise only at large distances and energies.
The Earth atmosphere acts as an efficient calorimeter for the high energy cosmic rays. The
initial particle interacts with the atmospheric nuclei creating large numbers of lower energy particles in a showering process. Nuclei will produce charged pions which can interact or decay,
producing both the atmospheric neutrino flux and high energy muons that can be efficiently
sampled at ground. Neutral pions will decay immediately into gammas feeding an electromagnetic shower which will carry most of the initial energy. The electromagnetic shower will produce
isotropic fluorescence light by exciting the nitrogen molecules in the air which allows the imaging
of the showers passing in front of a telescope regardless of their direction. The intensity of this
light is directly proportional to the deposited energy.
2

The Pierre Auger Observatory

The Pierre Auger Observatory 1 is the largest operating project to measure cosmic rays of
energies above 1017.5 eV. Data has been collected from the start of construction, in 2004, and
amounts now to the equivalent data that will be collected in two years of the full Observatory.
The Observatory is a hybrid detector, where cosmic ray induced air-showers are detected both

Figure 1: The same event seen by the Surface Detector (on the left) and the Fluorescence Detector (on the right).
The colors indicate timing of arrival of particles to the SD tanks, or of light to the FD camera. The two lower
plots show the SD lateral profile, measured as number of particles as a function of distance to the core, and the
FD longitudinal profile of energy deposition as a function of atmospheric depth.

by particle sampling on the ground and fluorescence light imaging. The Surface Detector covers
3000 km2 , by means of 1600 pure water Cherenkov tanks, covering around 10 m2 each and
separated by 1.5 km. Each individual surface detector station has its own solar panel and
battery and GPS for time synchronization. 3 photomultiplier tubes record the passage of charged
particles in the tank with 25 ns sampling, and the results are transmitted by radio to the closest
Fluorescence Detector site. There are four sites with 6 telescopes each, observing the atmosphere
above the array. The information is read in 100 ns time bins by 440 pixels, covering elevations
from 2 to 32 degrees. Cosmic rays arriving in moonless clear nights are seen both by the Surface
Detector (SD) and the Fluorescence Detector (FD), and even by several of the FD eyes in some
cases. The possibility of simultaneous measurements of the different components of the same
cosmic ray air shower is one of the most important characteristics of the Observatory. These
events are used for calibration of the surface detector energy estimator, for correlation of indirect
measurements of the depth of maximum shower development and for estimating the resolution
of the reconstructed variables. An example event is shown in fig.1.
The relative timing between SD stations allows the precise reconstruction of the incident
cosmic ray direction. The particle density falls rapidly as the distance from the shower core
increases, and differently according to different shower models. The density at 1 km, corrected
for different attenuation as a function of zenith angle, was found to be a stable energy estimator.
The signal in each tank contains both a relatively smooth electromagnetic contributions and more
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peaked signals due to the arrival of muons - far from the core, the muon component dominates
and can be estimated.
The direction reconstruction for the FD is based on the image and timing, and complemented
by the timing of the highest signal SD station. The shower development as a function of the
crossed atmospheric depth is measured almost directly, and can be parametrized empirically.
The integral of this function is a direct calorimetric energy measurement while the depth at
which the shower maximum is reached (Xmax ) is an important parameter to distinguish different
cosmic ray primary particles. Also a Cherenkov cone accompanies the shower and, even if it does
not point at the eye, it can be scattered and contaminate the fluorescence signal. The profile
function is extracted taking into account that both contributions are present and originate from
the same shower particle distributions.
The calibration of the SD energy estimator with FD data allows the Pierre Auger Observatory to combine the very large exposure to a small systematic uncertainty on the measured
energies. The present systematic uncertainty is of 22%, dominated by uncertainties in the fluorescence yield, absolute FD calibration and reconstruction and in the atmospheric attenuation
and scattering. The atmosphere is monitored with several redundant techniques, and its evolution in time is taken into account in event reconstruction. The angular resolution obtained for
the arrival directions reconstructed with the SD is better than 1 degree.
3

High Energy Cosmic Ray Spectra, Fluxes and Arrival Directions

The cosmic ray flux measured as a function of energy is shown in fig.2. The result 2 combines the information of the FD (extending the efficiency to energies below the log(E/eV)=18.4
SD threshold) and the SD, which dominate due to higher statistics. The flux is multiplied
by E 3 , to compensate the steep falling power law spectra and put in evidence two features at
log(E/eV)=18.6 and log(E/eV)=19.5. The first break is known as the ankle and can be interpreted as marking the transition between galactic and extra-galactic cosmic-ray origins. While
lower energy cosmic rays are trapped by the galactic magnetic fields, the high energy flux may
be dominated by particles that originated in very distant sources. As the energy increases their
trajectories will be less and less affected by magnetic fields, and they will start pointing back to
the sources. Astronomy might thus become possible. The second break could be due to the end
of accelerating power at source, but it has been predicted long ago that cosmic ray fluxes at these
high energies would have to be attenuated by collisions with the Cosmic Microwave Background
(CMB). When the center-of-mass energy of those collisions is above roughly 1 GeV/c2 , they
lead to nuclear disintegration and photo-pion emission from the excitation of proton resonances.

Most nuclei can only travel a few tens of Mpc. Even pure beams of the very stable iron nuclei or
proton primaries would be attenuated to 50% after 100 Mpc. The effect described for protons
is know as the GZK cut-off 3 .
Most of the high energy cosmic rays detected arrive isotropically, their directions modulated
only by the detector exposure. For the highest energy data, however, the arrival directions show
a correlation with the locations of the nearest extra-galactic potential sources. An excess of
events is seen close to Centaurus A, the closest Active Galaxy Nuclei (AGN): within 18◦ , 12
events are seen, while only 2.7 were expected from an isotropic distribution 4 .
The first evidence for anisotropy 5 came from a comparison of data with the Véron-Cetty and
Véron (VCV) AGN catalog. The correlation was maximised by optimizing three parameters:
a maximum angular distance of 3.1◦ , an energy threshold of 55 EeV, and a maximum source
distance of 75 Mpc. These parameter values were fixed with a small number of events. With
four times that initial exposure, 58 events are found above the energy threshold, and the data
continue to show an excess of correlation in respect to an isotropic distribution, even if lower than
in the initial data-set. The probability that the new data arises from an isotropic distribution
is 0.006 4 . Likelihood tests and cross-correlation analysis with other catalogs indicate that the
directions are partially correlated with the distribution of local matter 4 .
While correlation parameters could be interpreted as an indication of small magnetic deflection and the GZK cut-off, the exact sources or the charge of the primary particles are still not
determined.
4

Primary Particle Identification

The indirect indications on the primary particle types of the cosmic rays given by the spectrum
and direction results are, in any case, not enough if one wants to use them for particle physics.
It is their behavior at detection in the atmosphere that will show what kind of particle really
arrived - which can be the one emitted by the initial source or result of further interaction during
propagation. Particles such as neutrinos, photons, protons or nuclei will produce different signals
which may be distinguished even when the precise high energy interactions are unknown, since
the main differences arise from the total interaction cross-sections in air.
Neutrinos will very rarely interact in the atmosphere. The total vertical depth of the atmosphere over Auger is less than 1000 gcm−2 , but showers coming from horizontal directions
can have crossed 20 times larger depths. In that case, most of the electromagnetic component
will have been absorbed, and only muons will survive. Only neutrinos will cross those depths
without interacting and create young horizontal showers, with an important electromagnetic
component. Moreover, tau neutrinos can be seen as Earth skimming showers initiated by energetic taus emerging from the Earth or the Andes mountains, in an almost background free
signature. Unfortunately, none of these spectacular signatures was found up to now, and limits
were set on the allowed absolute fluxes 6 . These limits are comparable to those from dedicated
high energy neutrino experiments, with a peaked sensitivity at energies around 1 EeV, as shown
in fig.3.
Less spectacular but still distinguishable signatures are expected for primary photons, again
due to the absence of strong interactions. Showers initiated by photons can be described almost
precisely from pure Quantum Electrodynamics. The first photon will produce an electronpositron pair, which will then emit more photons, repeating the process until the energy of each
particle is too low and the cascade dies out. The maximum number of particles achieved depends
on the the initial energy. The depth at which maximum occurs can have large fluctuations. At
the energies to which the Pierre Auger Observatory is sensitive, shower maximum is reached
close to the ground. Deep profiles can be searched for in the Fluorescence Detector data, while
in the Surface Detector they will be seen as curved shower fronts with very wide time signals

Figure 3: Limits on the absolute flux of neutrinos (left) and on the fraction of photons relative to the total cosmic
ray flux (right). Results from the several Auger analysis are compared to those of other experiments, and to
predictions from proton interactions with the CMB.

in the tanks, characteristic of the electromagnetic component. In this case, the search is not
background free and the limit shown in fig.3 is set on the allowed fraction of primary photons
as a function of energy 7 .
Neutrino and photon primaries had been proposed before to explain the trans-GZK cosmic
ray fluxes, and the data allows us to constrain most of those models in which they would arise
from heavy relic particles decay. However, even if they can not be accelerated they are expected
to be produced at the sources, due to the interactions and decays of the charged particles, and
could be very useful for precision astronomy and study of the sources. On the other hand, if the
decrease of the high energy fluxes is caused by interaction with the CMB, then both neutrinos
and photons are expected from pion decays, produced during charged cosmic ray propagation.
In fig.3, these predictions are also shown: in ten years, those signals should be seen by the Pierre
Auger Observatory, and the relation between the fluxes of different primaries could then help to
solve the puzzle of the charged flux.
Most of the highest energy cosmic rays must then be protons, iron or intermediate mass
nuclei. A sensitive observable to distinguish between them is the depth of maximum of the
electromagnetic shower 8 . This maximum depth increases with energy but will occur earlier for
protons than for photons, both due to the higher cross-sections and to the simultaneous creation
of many secondary photons already at the first interactions; in the same way also iron initiated
showers will in general penetrate less than proton ones. For events seen by the FD, the precise
energy and Xmax of each event are both obtained by a fit to the longitudinal profile, resulting
in resolutions of 22% and 20 gcm−2 , respectively.
Fig.4 shows the evolution of the mean Xmax with energy compared to the predictions of different hadronic models. While the low energy data is reasonably compatible with the expectation
for protons, at around log(e/eV)=18.25 the data deviate from the expectation, approaching the
prediction for heavy nuclei, indicating a mixed composition with average mass in between proton
and iron. An extension of these results to higher energies, and in particular to the ones where
we observe the sudden flux decrease and anisotropy, can at present only be done with the higher
statistics Surface Detector data, in indirect ways. Preliminary analyzes of different variables
show that the trend continues and the data becomes more similar to iron 9 .
This measurement alone is not enough to separate a change in composition from a change
in the hadronic interactions. The interpretation can be that the proton-air interaction crosssection or multiplicity, or both, are increased leading to a faster shower development, as would
happen in a heavy nuclei collision. The full distribution of Xmax can bring more information,

Figure 4: The mean (left) and dispersion (right) of the shower maximum distribution obtained by the FD as a
function of energy. The predictions of different hadronic models, for pure proton and iron composition, are also
shown.

and that analysis is now being performed at the Pierre Auger Observatory, for the first time.
As shown in fig.4, not only the mean of the distribution, but also the width shows the same
unexpected behavior, in an even clearer way. The last energy point available is even compatible
with a pure iron composition, that is, small fluctuations in the first interaction point, but also
in the subsequent shower development. Since there is only one clear break in the distribution,
it is possible to think of a smooth composition transition, or a cumulative effect of the energy
evolution of the cross-section s of a single primary, but it is interesting to note that the energy
at which the data becomes incompatible with pure proton composition is close to the transition
between galactic to extra-galactic dominated fluxes.
The Surface Detector allows also for an indirect count of muons in the showers, and again
several different methods were tested and agree with each other. Muons are interesting to isolate
since they can bring information directly from the first hadronic interactions. The data seems
to have too many muons compared to the expectations for proton showers, and is even slightly
above the iron expectations. Once again, however, these results can not be interpreted as an
absolute proof of the cosmic ray composition, as they can be due to changes in the high energy
hadronic interactions. In fact, to date, none of the available hadronic models can fully describe
the data, with or without a composition change 9 .
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Towards a Full Observatory for Particle Physics

Clearly, it would be desirable to fully characterize the primary beam before particle physics
results can be extracted from cosmic rays, but probably composition and interaction studies will
have to be done simultaneously. The fact that the lower energy data is compatible with a pure
proton description might allow for a more detailed study at these center-of-mass energies - at
and above the LHC - and allow for the tuning of the different model parameters in a consistent
way. Data from the LHC will also constrain the energy evolution. In particular the results from
dedicated forward physics LHC experiments will help in constraining the evolution for cosmic
ray energies up to around 1017 eV. The interplay between cosmic rays and accelerators results
will improve the studies of the next energy frontier.
The search for rare and unexpected physics has always been an important task in the history
of cosmic rays. Historically, the main aims were not merely observing the primary particles
arriving at Earth, but on seeking new, unknown particles produced in the air showers. Even
if cosmic ray detectors provide less information than typical particle physics detectors, the
detailed study of the shower evolution can give information of new physics. The luminosity

is low, and so only high cross-section processes or new properties affecting consistently the
full shower development, are expected to be observable. The detailed study of the “normal”
shower characteristics and of their fluctuations must be complemented with a detailed study
of the detector systematics, which include besides the detector instruments themselves also
the atmosphere above the Observatory, monitored regularly with a large number of redundant
techniques 10 .
The Pierre Auger Observatory in the Southern Hemisphere is being extended in order to give
a more complete view of the highest energy cosmic rays with respect to a particle physics point of
view. Lower energy extensions 11 will include infill arrays, where the spacing between the Surface
Detector tanks is reduced in order to probe part of the showers in more detail, and to be able
to detect lower energy cosmic rays, so has to be able to overlay with lower energy observatories.
The new tanks will be accompanied by buried scintillator detectors for muon identification, so
that the degeneracy with the electromagnetic component can be broken. Although the infill is
done only in a smaller area, the flux increases enormously at lower energies, so the statistics will
be comparable. In the same small area, the Fluorescence Detector will be extended to higher
elevations. At lower energies the shower reaches its maximum higher in the atmosphere, and
that maximum will be thus recorded.
At the same time, the Observatory is preparing a new site in the Northern Hemisphere 12 .
This will be dedicated to the highest end of the spectrum, covering an area roughly seven times
larger than the existing Southern Observatory, with a slightly larger distance between tanks.
This will allow full sky coverage with the same hybrid technique, for the first time.
6

Conclusions and Overview

The Pierre Auger Observatory has been working since the start of installation in 2004, and has
now collected an amount of data corresponding to just two years of the full Observatory but
larger than the predecessor detectors. Using a Hybrid technique, the Observatory profits from
the direct energy determination from the Fluorescence Detectors, and extends that precision to
the full Surface Detector statistics with virtually no dependence on simulations.
The fast decreasing high energy cosmic ray flux shows two features, which allow us to start
attempting a coherent characterization of three regions:
• below the ankle, the flux dominated by protons created in our galaxy and trapped by its
magnetic field;
• above the ankle, the flux is dominated by extra-galactic particles. These are not necessarily
protons, on the contrary, their interactions in air seem to have higher cross-section and/or
multiplicity. Neutral primaries have not been observed yet, and charged ones are deviated
by the galactic magnetic fields leading to a featureless sky.
• above 1019.5 eV, there is a rapid flux decrease. The energy is enough for the CMB to
induce photo-disintegration of heavy nuclei and proton resonances, limiting the observable
distance, but also enough for charged particles to overcame magnetic fields, allowing for
charged particle astronomy in this limited part of the Universe.
However, more data and more analyzes are necessary to fully fix this simplified picture. While
the identification of individual cosmic ray sources will mean an important breakthrough for
Astrophysics, Particle Physics will be necessary to interpret what exactly arrives to Earth.
Even if the data seem to indicate we are in the presence of heavy nuclei primary, no model can
fully explain the data today. A combination of variables will give more information in the near
future. The detailed study of these particle interactions in the atmosphere might constrain the
hadronic models evolution to energies far beyond the reach of man-made accelerators.
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Our understanding of the Universe today includes overwhelming observational evidence for
the existence of an elusive form of matter that is generally referred to as dark. Although
many theories have been developed to describe its nature, very little is actually known about
its properties. The launch of the Fermi Gamma-ray Space Telescope in 2008 opened a new
window for the indirect experimental search for dark matter through high-energy gamma-rays.
The principal instrument onboard, the Large Area Telescope (LAT), is designed to measure
gamma-rays with energies ranging from 20 MeV to more than 300 GeV. The first year of
Fermi-LAT data has allowed for a large variety of dark matter searches and we present here
a review of the results from the different analyses.

1

Introduction

The existence of dark matter (DM) was first proposed already in 1933 by Zwicky 1 , after studying
the radial velocities of eight galaxies in the Coma galaxy cluster. The observed velocity dispersion
was unexpectedly large, which suggested additional matter that was non-luminous (so-called
“dark” hereafter). A large variety of observations supporting the existence of such matter have
been performed since then and relate to the Big Bang Nucleosynthesis (BBN) 2 , gravitational
lensing 3 and the cosmic microwave background (CMB) 4 . The most visual evidence of DM
to date comes from the merging galaxy cluster 1E 0657-558 (“Bullet Cluster”), where a clear
separation of the mass (determined from gravitational lensing) and the X-ray emitting plasma
can be seen 5 .
Combined, these observations have constrained the fractions of the energy density in the
Universe in the form of matter and in the form of a cosmological constant to ΩM ∼ 0.3 and
ΩΛ ∼ 0.7, respectively, with ordinary baryonic matter only constituting about ΩB ∼ 0.05 6 .
Non-baryonic matter therefore seems to be the dominating form of matter in the Universe.
A favored model of the Universe that is in reasonable agreement with observations is the
so-called ΛCDM model, which features long-lived and collisionless Cold Dark Matter (CDM)
and a contribution from a cosmological constant (Λ).
a

Speaker

A potential candidate for the CDM, that naturally provides the correct present-day relic
abundance of DM, are Weakly Interacting Massive Particles (WIMPs). These are thought to
annihilate or decay into Standard Model particles and one of the possible resulting particles are
gamma-rays. These gamma-rays can be categorized into continuum signals and spectral line signals, which are produced mainly through the decay of neutral pions created in the hadronization
of e.g. quark-antiquark final states and via loop-suppressed channels directly into monochromatic gamma-rays, respectively.
Continuum signals represent excesses in the overall energy spectrum that can not be accounted for by the existing components, which include the diffuse galactic emission, the isotropic
diffuse emission and point sources. This type of search is limited by the precision to which the
existing components can be described.
Many viable DM candidates can also give rise to spectral lines via annihilation or decay
channels directly into monochromatic gamma-rays. The final state then constitutes one gammaray and some other particle X with a mass of MX , which can e.g. be another gamma-ray, a
Z-boson, a Higgs boson, a neutrino or a non-Standard Model particle. The photon energy
Eγ , produced in anon-relativistic annihilation process, is then given by the equation Eγ =
2 /4M 2 , where M is the mass of the DM particle. The corresponding equation for
Mχ 1 − MX
χ
χ
decays is provided by the substitution Mχ → Mχ /2.
An observation of a spectral line would be a “smoking-gun” for DM, since no other astrophysical process should be able to produce it. However, many models also predict either low
branching fractions or low cross-sections for those channels, which means that a halo with a large
central concentration, the existence of substructure that boosts the signal or the Sommerfeld
enhancement 7 might be needed to be able to observe the signal.
The distribution of DM on galactic and sub-galactic scales is currently still a matter of
debate but plays an important role in the detection of DM signals. A phenomenological halo
density profile is generally used to describe most of the observed rotation curves of galaxies and
it is based on N-body simulations. This smooth and spherically symmetric profile is given by
Eq. 1,
ρ(r) =

δ c ρc
(r/rs )γ [1 + (r/rs )α ](β−γ)/α

,

(1)

where r is the angular radius from the galactic center, rs is a scale radius, δc is a characteristic
dimensionless density, and ρc = 3H 2 /8πG is the critical density for closure. A variety of halo
profiles following this equation exist and differ in the values of the (α,β,γ) parameters. Two examples of profiles that are commonly used are the Navarro, Frenk and White (NFW) model with
(1,3,1) 8 and the isothermal profile with (2,2,0) 9 . Another halo profile, which is observationally
favored, is the Einasto profile 10,11 . The Einasto profile takes the form as given in Eq. 2,
ρEinasto (r) = ρs e−(2/a)[(r/rs )

a −1]

,

(2)

where ρs is the core density and a is a shape parameter.
For a specified halo profile, the total energy-dependent flux of gamma-rays from annihilating
DM is the sum of the fluxes from the different final states of branching fraction Bf and depends
on the mass of the DM particle, the velocity-averaged cross-section hσvi, the solid angle Ω of the
observed region-of-interest and the integral of the square of the halo profile over the line-of-sight
according to Eq. 3.
Z
Z

dΦ
1 hσvi X dNγf
′
ρ2 ~r l, φ′ , θ′ dl
dΩ
(Eγ , φ, θ) =
Bf ×
2
dEγ
4π 2Mχ f dEγ
LoS
∆Ω(φ,θ)

(3)

In the extragalactic case, the flux is the integrated flux from all redshifts. The equation above
therefore also depends on the optical depth, which governs the absorption, an assumed model
for the enhancement of the annihilation signal due to substructure and the parametrization of
the energy content in the Universe.
2

Fermi Large Area Telescope

The Fermi Gamma-ray Space Telescope (also called Fermi ), was successfully launched on a
Delta II heavy launch vehicle from Cape Canaveral in Florida, USA, on June 11, 2008. The
satellite was formerly known as the Gamma-ray Large Area Space Telescope (GLAST) but was
renamed after its launch. The satellite orbits the Earth at an altitude of about 565 km and with
an inclination angle of about 25.6◦ . One orbit takes about 90 minutes and full-sky coverage
is reached in only two orbits. The satellite consists of two detector systems, the Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM).
The LAT covers the approximate energy range from 20 MeV to more than 300 GeV. The
instrument is a pair-conversion telescope, designed to measure the electromagnetic showers of
incident gamma-rays over a wide field-of-view while rejecting incident charged particles with
an efficiency of 1 to 106 . It consists of a 4 x 4 array of 16 identical modules on a low-mass
structure. Each of the modules has a gamma-ray converter tracker for determining the direction
of the incoming gamma-ray and a calorimeter for measuring its energy. The tracker array is
surrounded by a segmented anti-coincidence detector. In addition, the whole LAT is shielded
by a thermal-blanket micro-meteoroid shield.
The performance and sensitivity of the LAT are unprecedented. The field of view is ∼2.4 sr
(at 1 GeV), the effective area > 1 GeV is ∼8000 cm2 on-axis and the energy resolution is <15%
at energies >100 MeV.
3

Dark matter searches

The Fermi -LAT instrument allows for a large variety of searches for dark matter in the gammaray region. The sensitivity of such searches, however, depends on the spatial region selected
for the search. Any region has its advantages and disadvantages. Although the galactic center
region has fairly large photon statistics, it is affected by source confusion and a strong diffuse
photon background. Alternative locations, which may give a better signal-to-noise ratio include
for example dark matter satellites (substructures containing only dark matter), dwarf spheroidal
galaxies (substructures with optical counterparts but with high mass-to-light ratios) and galaxy
clusters at high galactic latitudes, where the photon background is lower and the source identification is better. The extragalactic background has large photon statistics, but is limited by
astrophysical uncertainties.
We present here the results from all dark matter searches performed by the Fermi -LAT
Collaboration after one year of observations.
3.1

Clusters of galaxies

Clusters of galaxies are a distant source type but they are dark matter dominated and typically
at high galactic latitudes, which make them ideal targets for DM searches.
In this analysis, six clusters were selected from the HIghest X-ray FLUx Galaxy Cluster
Sample (HIGFLUGCS) catalog and an unbinned likelihood fit with both spatial and spectral
models was performed. No significant gamma-ray emission was, however, detected from the
selected clusters for 11 months of data 12 . Assuming an NFW profile, the upper limits at 95%

confidence level, shown in Fig. 1, begin to constrain the allowed phase space, especially for models
where the results from the PAMELA experiment are interpreted in terms of DM annihilations.

Figure 1: Upper limits at 95% confidence level for cluster of galaxies and for assumed bb̄ (left) and µ+ µ− final
states (right) 12 .

3.2

Cosmological dark matter

The search for cosmological DM includes the contribution from DM from all halos at all redshifts.
The search is based on the measured isotropic diffuse gamma-ray background emission 13 and
a number of cases have been considered. These include 4 annihilation clustering enhancement
models, 3 particle physics models for dark matter, 2 absorption models and 2 upper limit
calculations (conservative and stringent). For more details, see 14 . As can be seen in Fig. 2, the
upper limits can be very constraining for some cases. However, there are large uncertainties in
the modeling of the evolution of DM structure and substructure as well as in the estimation of
the isotropic background, which make the interpretation more challenging.

Figure 2: Upper limits for cosmological dark matter for an assumed bb̄ final state in the conservative (left) and
stringent (right) case 14 .

3.3

Galactic center

The galactic center (GC) coincides with the cusped part of the theorized DM halo density profile,
which is expected to be the strongest source of gamma-rays from DM annihilations.

The literature devoted to the possible signatures from DM in the gamma-ray region at
the GC is extensive. The vicinity of the GC, however, also constitutes the most violent and
active region of our galaxy and harbors numerous objects capable of accelerating cosmic rays to
very high energies. The resulting gamma-rays are produced by inverse Compton scattering of
electrons or pion decays following from e.g. proton-proton interactions.
A bright and very high energy gamma-ray point source has been observed by several other
experiments and it is now widely considered to be a standard astrophysical source associated
either with the bright compact radio source Sgr A∗ or with the candidate pulsar wind nebula
G359.95-0.04 15 . This source is a formidable background for DM studies in this region.
In Fig. 3, a preliminary fit from the ongoing analysis of the GC region is shown 16 . The
observed region is composed of the square 7◦ × 7◦ around the GC and the modeled components
include the galactic diffuse emission, based on GALPROP, the isotropic diffuse emission and
point sources from the first Fermi -LAT catalog. As can be seen in the figure, the model mostly
reproduces the data within the uncertainties, but a residual gamma-ray emission is left, not
accounted for by the above model. However, the disentanglement of a potential DM signal
requires a detailed understanding of the conventional astrophysics.

Figure 3: A preliminary fit (top) and residuals (bottom) to the gamma-rays from the galactic center region 16 .

3.4

Dark matter subhalos

DM subhalos can be categorized into DM satellites and optically observed dwarf spheroidal
galaxies. The former represent substructures that contain only DM. These may then shine in
radiation from DM annihilations/decays. The analysis is at the time of writing still ongoing.
However, preliminary results on 10 months of Fermi -LAT data include no detection of such
structures.
The second category refer to low luminosity optically observed galaxies that are companions
to a larger host galaxy. They are characterized by high mass-to-light ratios in the range 10-1000,
which makes them dark matter dominated. Many of them are also nearby.
In the analysis, 14 dwarf spheroidal galaxies were selected, based on their proximity, galactic
latitude and dark content as inferred from recent stellar velocity measurements 17 . A binned
profile likelihood search on 11 months of Fermi -LAT data, assuming an NFW halo profile, was

then performed. No gamma-ray excesses were, however, observed and 8 limits with DM densities
inferred from stellar data were derived. As is shown in Fig. 4, the upper limits at 95% confidence
level are beginning to constrain the mSUGRA, MSSM and AMSB parameter spaces.

Figure 4: Upper limits at 95% confidence level as compared to mSUGRA, MSSM, Kaluza-Klein and AMSB
parameter spaces using data from dwarf spheroidal galaxies with the Fermi-LAT 17 .

A dedicated analysis on a specific dwarf spheroidal galaxy, Segue 1, has also been performed 18 . The analysis combines a binned likelihood analysis with CMSSM parameter scans
via DarkSUSY using a nested sampling algorithm. However, the disfavoured models are already
strongly disfavoured by relic density constraints.
3.5

Spectral lines

The search for spectral lines from dark matter consists of an unbinned fit to the data using
the profile likelihood technique and can be used for both detection and upper limits. The
likelihood model is constructed within the RooFit framework and requires an accurate modeling
of the energy dispersion of the detector. These are determined from full detector simulations at
specified energies and interpolations at intermediate energies. The data selection used for the
spectral line search differs from standard analyses, since additional cuts with respect to the public
data event class have been performed in order to reduce the charged particle contamination. In
addition, the profile energy has been used instead of the standard energy.
The region-of-interest, chosen for this search, is defined by the sum of the regions |b| > 10◦
and a square of 20◦ × 20◦ around the galactic center. Point sources inherent in a preliminary
point source catalog, corresponding to 11 months of Fermi -LAT data, were masked.
The search did not result in a detection and upper limits on the velocity-averaged crosssection and the decay lifetime at 95% confidence levels were calculated 19 as is shown in Fig. 5.
These are still about a factor of 10 from the allowed MSSM and mSUGRA parameter spaces.
However, the results disfavor, by a factor of 2–5, a model where the wino is the lightest supersymmetric particle 20 . At 170 GeV, the model predicts hσviγZ = 1.4 × 10−26 cm3 s−1 .

Figure 5: Upper limits at 95% confidence level on the cross-section (left) and the decay lifetime (right).

3.6

Electrons and positrons

The Fermi -LAT instrument can also be used to measure electrons and positrons, but the lack of
a magnet prohibits the separation of the two. This kind of study is most relevant for cosmic-ray
propagation models and the investigation of possible nearby sources, but a rejection power of
103 –104 for protons is required. This is achieved via a separate series of trigger settings and cuts
on detector variables.
The preliminary spectrum from combining a low-energy and high-energy analysis is shown in
Fig. 6 in addition to an intermediate step in the analysis that shows the separation of electrons
from hadrons for data and simulation 21 . The results indicate that any reasonable model (e.g.
GALPROP), where a simple continuous distribution of sources is assumed, is not compatible
with the measured spectrum.

Figure 6: An intermediate step in the analysis chain (left) and preliminary electron-positron spectrum (right).

Many possible interpretations of the shape of the measured spectrum, in combination with
the results from other experiments and measurements, have been suggested. These include
e.g. nearby pulsars, source stochasticity and a revision of our understanding of cosmic-ray
acceleration 22,23 . Although a DM contribution is not required to explain the measurements, it
cannot be ruled out at this point either.

4

Summary and conclusions

Fermi Gamma-ray Space Telescope has opened a new era in DM searches and a large variety
of analyses have been developed for clusters of galaxies, DM subhalos, cosmological DM and
spectral lines. No significant detections have been made, but constraints that start to probe
the available phase space have been put on the annihilation cross-section and decay lifetimes.
In addition, several ongoing analyses are now being finalized, including studies of DM satellites
and the complicated galactic center region. The Fermi mission is expected to continue for 5-10
years and the future therefore promises a plethora of interesting results.
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Atomique and the Centre National de la Recherche Scientifique / Institut National de Physique
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HIGGS IN SPACE!
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In some classes of WIMP models, the Higgs boson could be copiously produced in association
with a photon from dark matter annihilations or decays in our galaxy. The resulting photon
spectrum possesses a line whose energy reflects the mass of the Higgs and of the WIMP
and whose intensity depends on the WIMP spin and statistics. Gamma-ray telescopes such
as Fermi could provide information on the Higgs and dark matter complementary to that
obtained at the LHC.

1

Introduction

The Higgs and Dark Matter will be the two most searched for particles in the next few years.
The gigantic experimental effort towards the discovery of the Higgs boson is all taking place
at the Large Hadron Collider (LHC). Besides, there is a fervent activity in trying to identify
the nature of the Dark Matter (DM) and in contrast with the search for the Higgs boson, this
effort is spread on many different fronts, using three very different approaches. First, DM will
be searched for at the LHC as missing energy events. However, even if we were to detect events
at the LHC with large missing energy, we would not be able to conclusively say that we have
discovered dark matter. It would only mean that we have produced a particle with at least a
nanosecond lifetime. We will therefore need complementary information from direct detection
experiments. Here, the idea is to search for recoil energy events in underground detectors.
There are tens of such competing experiments all around the earth. Another flourishing activity
is to search for DM indirectly, by looking for the products of annihilation or decay of DM, like
positrons, electrons, photons, neutrinos, antiprotons...
Note that all these approaches assume that DM is a Weakly Interacting Massive Particle,
which is a very compelling (but not unique) possibility.
In contrast with DM, the Higgs is being searched solely at colliders, although the LHC and
Tevatron are not the only places in the universe where the Higgs could be produced today.
Indeed, it may be copiously produced in our galaxy in dark matter annihilations or decays.
Nevertheless, being unstable, the only way to probe it outside of colliders is if the Higgs is being
produced in association with a stable particle, which can be detected, such as a photona . We are
therefore interested in processes depicted in Fig.1. The reason why this is interesting is that DM
a
Another indirect way to probe the Higgs using cosmological observations could be to use gravitons rather
than photons. Indeed, in the early universe, the Higgs could have produced gravitational waves if the electroweak
phase transition was first-order 1 . The corresponding relic background of gravity waves would encode information
about the higgs potential. This is an interesting point since we cannot hope to probe the nature of the electroweak
phase transition at the LHC.

Figure 1: Higgs production in association with a photon from DM annihilation or DM decay.

being non-relativistic today, the photon is monochromatic and its energy gives us information
about the higgs and DM masses:
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If the WIMP hypothesis is correct and if DM is connected to the dynamics of EW symmetry
breaking, it is natural to expect the WIMP to have couplings which favor the most massive
states of the Standard Model. Here, we explore the possibility that the WIMP has important
couplings to the top quark, through which it can couple at the loop level both to photons and
to Higgs bosons as shown in Fig.2.
2

A Top quark– Dark Matter connection

We illustrate this on a very simple toy model. More details can be found in 2 , on which this
report is based. We take the WIMP to be a Dirac fermion ν which is a singlet under the SM
gauge interactions. It is charged under a (spontaneously broken) U (1)′ gauge symmetry, the
massive gauge boson of which acts as a portal to the SM by coupling to the top quark. The
effective Lagrangian contains,
χ ′ µν
1 ′ ′µν
′
F
+ MZ2 ′ Zµ′ Z ′µ + F̂µν
F̂Y + gtZ t̄γ µ PR Zµ′ t
L = LSM − Fµν
4 
2

′

+ iν̄γ µ ∂µ − igνZ PR Z ′µ ν + Mν ν̄ν

(2)
′

′ (F Y ) is the usual Abelian field strength for the Z ′ (hypercharge boson), g Z is the Z ′
where Fµν
t
µν
′
coupling to right-handed top quarks, and gνZ is the coupling to right-handed WIMPs. Mν is the
WIMP mass. One can easily include a coupling to the left-handed top (and bottom). Our choice
to ignore such a coupling fits well with typical Randall–Sundrum (RS) models 3 , balancing the
need for a large top Yukawa interaction with control over corrections to precision electroweak
observables. The parameter χ encapsulates the strength of kinetic mixing between the Z ′ and
SM hypercharge bosons.
We have included hypercharge-Z ′ kinetic mixing through the term proportional to χ. Such
a term is consistent with the gauge symmetries, and even if absent in the UV, will be generated
in the IR description by loops of top quarksb . The kinetic mixing parameter χ generates an
effective coupling of SM states to the Z ′ , and through electroweak symmetry breaking, mass
mixing of the Z ′ with the SM Z gauge boson resulting in a coupling of ν to the SM Z boson.
b

χ can be engineered to vanish in the UV, for example, by embedding U (1)′ into a larger gauge group which
breaks down at scales of order MZ ′ .

γ

ν
Z’

ν

t

h

Figure 2: One-loop annihilation of Dirac neutrino Dark Matter into γh.

Our setup arises naturally in models of “partial compositeness” in which the top quark
acquires its large mass (after EWSB) through large mixing with composite states in a new
strong sector, as in 4d duals to Randall-Sundrum Models.
In the early universe, ν annihilates dominantly into top quark pairs. For couplings of order
O(1), the correct dark matter abundance is reproduced from the standard thermal relic density
calculation if the dark matter mass is of order the top mass, typically in the 100 GeV – 170 GeV
mass range. In the limit of strong coupling, this feature is not strongly dependent on the mass
of the Z ′ . This is a perfect mass range for searches with the Fermi LAT for gamma rays from
WIMP annihilations, which we find has very good prospects for a discovery in the near future.
3

Gamma-ray lines from DM annihilations

The interesting aspect of this class of models is that gamma ray lines are particularly important
because (unlike a typical model of WIMP DM, for which the photon continuum is usually much
larger than the loop suppressed gamma ray lines), for Mν < mt (as is favored by the relic
density in the strong coupling regime), the annihilation processes at the origin of the continuum
photon emission are themselves a one loop process into bb̄ (tree level annihilations into light SM
particles are suppressed by the kinetic mixing parameter χ), enhancing the relative prominence
of annihilation into γh and γZ. Even for Mν & mt , the continuum originating from annihilation
into top quark pairs is rather soft, and the lines remain visible.
In Fig. 3, we show the predicted photon fluxes at the galactic center for different choices
of particle physics parameters which give the correct thermal relic abundance and satisfy the
constraints from direct detection. For comparison we plot the HESS observations of the same
angular region 4 and the EGRET data on the unidentified source 3EG J1746-28515,6 , corresponding instead to ∆Ω = 10−3 , appropriate for a detector with an angular resolution of ∼ 1◦ . Fermi
satellite preliminary results fill the region in energy between HESS and EGRET, providing the
most powerful probe of WIMP annihilation into gamma rays to date. The detection of gamma
ray lines per se would represent a smoking-gun evidence for dark matter, but it would not tell us
which processes are responsible for the observed lines. However, additional indirect dark matter
searches, direct detection experiments, and LHC observations can complement the information
from gamma-ray telescopes. For example, the energies of gamma-lines probe the masses of the
particles in the associated annihilation process, c.f. Eq. (1), and this could be combined with independent measurements of particle masses at colliders. This cross-check could prove extremely
useful to identify a given long-lived particle produced at colliders as a significant fraction of the
dark matter present in the galaxy.
The detection and identification of the Zγ and hγ lines could also allow one to determine the
Higgs mass. Fig. 4 shows the region in the Mν -mh plane where these two lines are potentially
separately observable. The hγ line can be distinguished from the Zγ line if the energy separation
is at least twice the energy resolution of the experiment, which for the Fermi LAT is δE ∼ 10%
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Figure 3: Photon spectra obtained for choices of mass parameters, couplings and kinetic mixing (η = 10−3 )

that lead to the correct relic density and satisfy direct detection constraints. ∆Ω = 10−5 , and a NFW
dark matter profile is assumed. Dot-dashed lines are for the adiabatically-contracted profile. EGRET
data are from 5,6 , HESS from 4 and Fermi from 8 . For a heavy Higgs (left plot), the γZ and γh lines are
well separated while they merge for low higgs mass (right).

for the energies of interest 7 . The maximum Higgs mass which can be probed in νν → hγ
annihilation is 2Mν . For 2Mν > MZ ′ , the Z ′ γ line is also present. In Fig. 4 we show, for the
representative cases of MZ ′ = 220 GeV and 500 GeV, the combination of Higgs and ν masses for
which all three of the lines are distinguishable by an experiment with ∼ 10% energy resolution.
In most DM models producing line signals, there will typically be one line from annihilation
into γγ and/or γZ (these two lines can be resolved only if the wimp mass is in the ∼ 50 − 100
GeV mass range). Measuring the energy of this line will provide useful information on the DM
mass. In addition, if another less energetic line is detected, this will allow to estimate the mass
of the new heavy particle X that DM annihilates into. Since we are considering gamma ray
energies between a few GeV to a few hundreds of GeV, this means that the DM and X particles
will be kinematically accessible at the LHC (if heavier than a TeV the corresponding gamma ray
signal will be suppressed). Therefore any line signal observed with FERMI, MAGIC or HESS
should be accompanied by a signal at the LHC.
4

Collider signatures

Since the coupling of Z ′ to light SM fermions is suppressed by the small kinetic mixing factor,
the best probe of the dark sector is through the top portal. In particular, the Z ′ can be produced
by being radiated from top quarks, which have a large QCD production cross section at hadron
colliders. Depending on the masses and couplings, the Z ′ will predominantly decay into tt, ν ν̄,
or into light fermions. Decays into top quarks lead to four-top events with a very large cross
section compared to the SM four top rate, which can be visible through a same-sign dilepton
signature 9,10 (see also 11 for studies of a ttW W final state). The right-handed nature of the Z ′
coupling to tops implies top polarization also provides an interesting observable. When the Z ′
decays into WIMPs, a tt+ missing energy final state results, which presents a more challenging
search at the LHC, but is definitely worth investigating. Work in these directions is in progress
10,12 .

Figure 4: Regions of the Mν -mh parameter space (for MZ ′ = 220 GeV/500 GeV in the left/right panels) for
which the γZ and γh lines can be distinguished by an experiment with 10% energy resolution (dark grey); in the
light grey region they are merged. The red dashed area further shows the regions where the γZ, γh, and γZ ′
lines are distinguishable. In the dashed orange region γZ and γh lines are merged but distinguishable from the
γZ ′ line.
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Axion Like Particles and the Transparency of the Universe
M. Fairbairn
Department of Physics, King’s College London, Strand, London WC2R 2LS, UK

Photons and axions can convert into each other in the presence of a magnetic field. We discuss
the various ways that this can change the effective transparency of the Universe, explaining
how TeV photons can cross cosmological distances without pair producing on the background
light. We also discuss whether or not the highest energy cosmic rays can take the form of
photons produced in blazars which cross the Universe due to the existence of photons.

Axions are pseudo-scalar particles which arise as the goldstone boson of a broken U(1)
symmetry coupled to QCD first introduced by Peccei and Quinn 1 . The vacuum expectation
value is determined when QCD effects endow the axion field a with a mass m. This mass drives
the CP violating term of QCD to zero, explaining why CP violating interactions are not observed
in the strong sector. The coupling between QCD and the axion leads to an effective coupling
between electromagnetism and the axion which leads to a Lagrangian which looks like
1 a
1
1
Fµν Feµν − Fµν F µν
L = (∂ µ a∂µ a − m2 a2 ) −
2
4M
4

(1)

where M is the inverse coupling scale of the axion which is determined by the scale at which
the PQ symmetry is broken. Fµν is the electro magnetic field strength.
This interaction between the photon and the axion leads to the possibility that axions and
photons can inter-convert into each other in the presence of a magnetic field. This can lead to
interesting effects such as the (not yet observed) phenomenon of ’shining light through walls’:
This is where a light beam is sent through a magnetic field so that some of the photons may
turn into axions, the beam then hits an opaque barrier such as a wall so that photons can no
longer propagate, but any axions produced get through the wall and emerge on the other side.
A magnetic field on the other side of the wall then converts the axions back into photons for
detection, a detection which would prove the existence of axions.
For the QCD Peccei-Quinn axion, there is a rough relationship between the axion parameters and the pion mass and decay constant mM = Cmπ fπ where C is a model dependent
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Figure 1: Attenuation length of different kinds of particles as compared to the distance to the nearest BL Lac
(blue horizontal line) and the size of the Universe (upper bound of the plot). The green line corresponds to
photons, blue to neutrons and red (shown for comparison) to protons.

dimensionless constant of order unity. It is however arguably interesting to constrain the whole
(m, M ) parameter space since axion like particles may exist with the same Lagrangian structure
which do not solve the strong CP problem.
There are strong constraints on the coupling M −1 from astrophysics and cosmology which tell
us the coupling is small 2 . For a massless axion m = 0, M must be very large i.e. M ∼ 1010 GeV
at the very least. This make the shining light through walls experiment extremely difficult
to carry out in practise, since the probability of the photon-axion mixing occurring goes like
(B/M )2 and it has to happen on both sides of the wall so the overall rate will go like (B/M )4
(these estimates are valid in the regime of maximal mixing, in a vacuum this corresponds to
photon energies ω > m2 M/B).
Therefore, what we would like to do therefore is rather than looking at tabletop experiments,
we can look for astrophysical situations where one or both of the (B/M )2 factors are taken care
of by there being either a huge number of astrophysical photons where B/M is small, or a strong
magnetic field.
An example where one of the (B/M )2 factors is provided by an astrophysical situation is
the Sun, if axions exist and their mass is less than the energy of the photons at the centre of the
sun, i.e. x-ray energies of the order of a keV. The CAST experiment is looking for axions which
are produced in the centre of the Sun by trying to reconvert them into photons in a prototype
LHC magnet which tracks the solar position 5 . A prototype x-ray telescope attached to the end
of the magnet looks for any x-ray photons that would be produced as axions travel through the
magnetic field. The experiment has placed strong constraints on a section of parameter space.
It is interesting to consider situations where both the initial magnetic field where the photons
turn into axions and the second magnetic field where the axions reconvert into photons are both
provided by astrophysics. One such example is where photons and axions inter-convert in the
intergalactic magnetic field. This situation can occur if the axion mass m is extremely small of the order of 10−10 eV or less. Then if we assume that the intergalactic magnetic field is of the
order of 10−9 G significant interconversion of higher energy photons may occur 7 .
This is interesting since there are observations of TeV gamma rays coming from very distant
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Figure 2: For M = 1010 GeV, maximal mixing is satisfied above the red lines (dotted: for m = 10−7 eV, thick
for m = 10−9 eV and thin for m = 10−11 eV). Horizontal lines indicate typical B values for various astrophysical
sources.

objects at cosmological redshifts 4 . It is slightly surprising that such high energy photons have
been observed from such distant objects, as can be seen from figure 1 normally such high energy
photons have difficulty crossing the Universe since they pair produce electrons and positrons on
the background optical and infrared radiation given off by stars. The fact therefore that we have
been able to observe such photons can be explained in two different ways. The first is that the
most conservative models of the background radiation are ruled out, the second is that this interconversion between photons and axions is actually occurring, the photons spend some of their
time on the path to earth as axions, the probability of them interacting with background light
is reduced and the effective transparency of the Universe at these higher energies is increased.
Unfortunately for these models, in a new development which has occurred since Moriond
2010, new constraints have been obtained on the intergalactic background magnetic field which
seem to suggest that it has strength at most 10−15 G. Such a small magnetic field, while perfectly
large enough to act as a seed field for the magnetic field of galaxies, is too small to allow such
models to work effectively. It also rules out models where the existence of axions dim the light
coming from type 1a supernovae and consequently explain their Hubble diagram without
Another possibility is that the photon-axion conversion happens inside the source and then
again inside our galaxy. Figure 2 shows the photon energy required in order for maximal mixing
to be achieved in various astrophysical sources. It can be seen that for both active galactic
nuclei where these photons are thought to originate and also for our own galaxy, TeV photons
can convert to and from axions is the coupling is of the order M −1 = 10−10 GeV−1 . Indeed it
has been suggested that this could be used to test whether such axions exist by seeing if more

high energy photons arrive than expected from cosmological sources 6 .
Photons of any energy above a TeV will satisfy the criterion for maximal mixing so a natural
question to ask is whether or not very high energy cosmic rays could also be explained by axions.
One of the motivations for this is the possible correlation between BL-Lac type active galaxies
and the arrival direction of the very highest energy cosmic rays observed by the Hi-Res cosmic
ray telescope 8 .
It turns out however that at very high energies another effect become important. Non linear
QED effects change the dispersion relation at very high energies and the mixing between axions
and photons become suppressed when
α2
ω
180π



B
me

2

>

B
2M

(2)

and for M = 1010 GeV and B ∼ 10−6 G this corresponds to around 1018 eV, so the very highest
energy cosmic rays may not be able to convert in the same way that TeV photons can. However numerical experiments show that while the probability for the arrival of photons having
turned into axions is very much reduced compared to lower energy photons, there is still a small
probability that 1019 eV photons will be able to get through.
The latest observations suggest that only a small fraction of the highest energy cosmic rays
which arrive could take the form of photons 9 . If this continues to be true, the mechanism
outlined above for the arrival of cosmic rays from very distant sources seems to be unlikely to be
a full explanation of the flux of cosmic rays at these very high energies. Only more observations
at different energy scales will allow us to ultimately constrain the existence of these hypothetical
axions like particles.
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The ALPS Light Shining Through a Wall Experiment - WISP Search in the
Laboratory
K. Ehret - ALPS Collaboration
Deutsches Elektronen-Synchrotron DESY, Notkestraße 85,
D-22607 Hamburg, Germany
In the last years it has been realized, that extensions of the Standard Model may manifest itself
also at meV energy scales. The low energy frontier is a rich complement to the conventional
high-energy particle physics landscape. The search for these new particles initiated experimental activities around the world. ”Light shining through a wall” (LSW) experiments search
for Weakly Interacting Sub-eV Particles (WISP). Potential WISP candidates are axion-like
particles or hidden sector photons. The ALPS (Any Light Particle Search) experiment located
at DESY in Hamburg exploits resonant laser power build-up in a large-scale optical cavity
to boost the available power for the WISP production. After some upgrades the experiment
provides now the most stringent laboratory constraints on WISP production. The concept,
challenges and status of LSW experiments as well as their future potential are presented.

1

Introduction

The Standard Model (SM) of elementary particle physics summarizes beautifully the known
constituents of matter and their forces and describes very successfully many phenomenological
observations. But it does not fully describe the world around us and it is generally believed
that it is not the ultimate theory of matter. Evidence for new physics beyond the Standard
Model arises from astrophysical and cosmological observations. There are new experiments at
the high-energy frontier searching for new particles beyond the SM, especially at the LHC,
which just recently started its operation. But there is also rising attention to the low energy
frontier in particle physics, which is often explored in high precision experiments utilizing photon
beams. Especially string theory motivated extensions of the standard model predict not only
new particles with masses above the electroweak scale (∼ 100 GeV) but also often a broad variety
of new very light and very weakly interacting particles, denoted as WISPs (Weakly Interacting
Sub-eV Particles), see [1] and references therein. WISP may interact with ordinary matter
through the exchange of very massive “mediator” particles and thus illuminates also physics at
very high energy scales. The QCD axion originally invented to explain the CP conservation of
the strong interaction is a prime example for a WISP [2, 3]. Its mass should be below about
1 eV, implying very weak interactions with ordinary Standard Model matter [4, 5]. A QCD
axion with a mass below 1 meV would a perfect cold dark matter candidate, cf. [6, 7].
Several astrophysical observations motivates the existence of very light axion-like particles
(ALPs). The modeling of white dwarfs cooling benefits if an additional energy loss due to ALPs
is taken into account or ALPs helps to explain the patterns of the luminosity relations of active
galactic nuclei (AGN). Further the oscillations of photons into axion-like particles could also help
to explain the high transparency of the Universe to TeV photons from AGNs or the heating of the

Figure 1: Constraints on axion-like-particles parameters (two photon coupling g vs. mass ma of the ALP) derived
from cosmological and astrophysical observations and laboratory experiments [8, 1].

Figure 2: Oscillation between photons and different types of WISP: axion-like particles (ALP), massive hidden
photons (HP) and mini-charged particles (MCP) via massive hidden photons [9, 10].

solar corona might be attributed to an energy flow mediated by axion-like particles. Nowadays,
the strongest constraints on ALPs come from astrophysical and cosmological arguments and from
dedicated laboratory experiments. Fig. 1 provides an overview, cf. [1, 5, 7, 8] and references
therein.
2

WISP Zoo and Indirect Search for New Physics at low Energies

One of the most exciting quests in particle physics is the search for new particles beyond the
Standard Model. Therefore it is certainly of fundamental interest, whether any of these light
particles exist. Possible candidates for WISPs are the spin-0 axion-like particles, which are
either parity odd ALP (0− ) or parity even ALP (0+ ), light spin 1 particles called “hidden sector photons” (HP) or light minicharged particles (MCP). Fig. 2 shows the Feynman diagrams
for their coupling to photons. Photon oscillations into ALPs and MCPs require the presence
of a background electromagnetic field, whereas oscillations into massive hidden photons occur
independent of any additional external field, cf. [9, 10, 11, 12, 13]. Unfortunately, the predictions for the masses and couplings of WISPs are typically not precise and extensive searches in
broad parameter spaces have to be performed. Any experimental measurement which gives new
indications or new limitations is highly welcome, cf. Fig. 1.
QED describes photon-photon interactions via coupling to virtual electron-positron pairs.
Photons from a laser beam interacting with the virtual photons of a magnetic field causes the so
called magnetic vacuum birefringence, a very tiny effect which changes the polarization of the
laser beam [14]. The corresponding QED predictions are several orders of magnitude below the
sensitivity of present day experiments. The smallness of the QED effects is related to the high
mass of the electron compared to the photon energy in the eV range. Much larger effects with

γ

γ

Figure 3: Schematic setup of a LSW experiment. Photons, typically from a laser, are shone on a light tight wall.
Some photons may be converted WISPs which traverse the wall. Behind the wall some of these WISPs reconvert
into ordinary photons, with the same properties as the initial photons, which are observed with a detector.

amplitudes well above the QCD prediction are possible, if WISPs with much smaller masses
couple to photons [15]. The later on not confirmed [16] observations of the PVLAS experiment
in the year 2005 [17] triggered the interest, exploration and setup of new low energy experiments
using laser beams with high photon fluxes or very good control of beam properties combined
with strong electromagnetic fields. Besides PVLAS in Logarno, Italy [17] indirect WISP searches
are performed by OSQAR at CERN [18], BMV in Toulouse, France [19] or Q&A in Taiwan [20].
These experiments are looking for small changes of laser light polarization, related either to
vacuum magnetic birefringence or dichroism, i.e. to dispersive or absorptive features in the
propagation of polarized light along a transverse magnetic field. Dichroism related to real WISP
production rotates the polarization, whereas birefringence related to virtual WISP production
causes an elliptical polarization [1, 15]. Recent developments in theory, triggered by PVLAS,
also creates and inspire new ideas for experimental setups.
3

Direct WISP Search - Light Shinning through a Wall experiments

A very intriguing and simple idea to detect WISPs are “light shining through a wall” (LSW)
experiments [11, 21]. Fig. 3 shows a sketch of such experiments. Photons, usually coming from
a laser are shone on an opaque absorber, where photons are stopped, but WISPs produced in
oscillations can traverse. Photons from reconverted WISPs behind the wall may be detected
in a low background environment. This simple setup provides an enormous precision, because
laser setups with a power of several hundred Watt provide more than 1021 photons per second
and low noise detectors are sensitive to photon fluxes of only a few mHz. This allows to look
for oscillation phenomena with transition probabilities below 10−24 .
The conversion of the incident photons to axions or axion-like particles φ in the presence
of a magnetic field is governed by the Primakoff effect [22]. Behind the absorber, some of
these ALPs will reconvert via the inverse-Primakoff process into photons with the initial properties. In a symmetric LSW setup the probability of the Primakoff transition Pγ→φ is the
same as for the inverse-Primakoff Pφ→γ . Therefore the LSW probability is just the square of
Pγ→φ = g 2 B 2 E 2 /(4m4φ ) · sin2 (m2φ L/(4E)) with B the magnetic field strength, L the length of
the conversion region and E the photon energy [1]. Mass (mφ ) and two photon coupling (g)
of the ALPs are assumed to be uncorrelated. With βφ denoting the velocity of the ALP and
q = pγ − pφ it writes as:

4
1
4 sin(ql/2)
Pγ→φ→γ =
(gBl)
ql/2
16βφ2
For qL << 1 the oscillation is coherent along the full length and the transition probability
1
4
reaches its maximum Pγ→φ→γ = 16β
2 (gBL) . The mass reach of the experiment is determined
φ

therefore by E through the coherence condition m2φ < 2πE/L. For a larger ALP mass mφ
the momentum pφ decreases, i.e. the wavelength rises and runs out of phase compared to the
photon wave function, causing a lower conversion probability, cf. Fig. 8. The sensitivity of LSW

LASER
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Figure 4: Photo and drawing of the ALPS experiment. PD denotes various photo detectors, CM the coupling
mirror and EM the end mirror of the resonant cavity. See the text for details.

experiments is mainly determined by the number of incident photons, B · L of the magnet and
the capability of the detector, cf. Tab. 1. The polarization of the beam allows to distinguish
between scalar and pseudo scalar ALPs. The BFRT experiment at Brookhaven [23] was the
pioneering LSW experiment, it operated in the early 1990’s. The recent worldwide interest
in WISP search triggered several other LSW experiments, as BMV in Toulouse, France [24],
GammeV at Fermilab [25], LIPSS at Jefferson Lab [26] or OSQAR at CERN [18]. In different
setups they utilize powerful laser beams and strong magnets [27]. Their results are compiled in
Fig. 6 and Fig. 7.
4

The ALPS Experiment at DESY

The ALPS experiment located at DESY in Hamburg, initially planned for “Axion Like Particle
Search”, uses a spare superconducting HERA dipole magnet and a strong laser beam. It turned
out, that the experiment has also a large sensitivity for other WISPs, so the acronym ALPS
stands now more precisely for “Any Light Particle Search” in a “light shining through a wall”
experiment. The ALPS collaboration comprises besides DESY the Albert Einstein Institute in
Hannover, the Laser Zentrum Hannover and the Hamburg observatory.
Figure 4 shows the experimental setup, which is built up around a superconducting HERA
dipole with a field B ≈ 5 T and a length of 8.42 m. The opaque wall sits in the middle of the
magnet. On the left side is the laser container, providing the incident photons. On the right one
sees the detector cabinet, which houses a CCD camera to detect reconverted photons. Inside the
magnet the beam pipe is bent with a remaining clear aperture of only 14 mm, implying serious
demands on the beam quality of the laser. The interior is insulated against the cold part of
the magnet, allowing to perform the experiment at room temperature. Inside the dipole beam

(b)

(a)

(c)

Figure 5: Left: Photo of the ALPS laser bench with the setup for the resonant cavity. On the right one sees the
LIGO-type infrared laser (a), right to middle the resonant second harmonic generation (b) and on the left the
outer end of the resonant ALPS cavity with the vacuum vessel (c) containing the coupling mirror. Right: Photo
of the ALPS end mirror setup with two Squiggle motors. See the text for details.

pipe two further tubes are placed, which bound the γ − φ conversion and reconversion regions
and are operated under vacuum conditions. Both tubes range from either side approximately
to the middle of the magnet and can be easily removed. A removable light-tight absorber wall
is mounted on the inner end of the regeneration vacuum tube while an adjustable mirror (EM)
is attached to the inner side of the production vacuum tube, cf. Fig. 4 and Fig. 5
4.1

CCD Camera as Photon Detector

The commercial CCD camera PIXIS 1024B [28] with a pixel size of 13 µm×13 µm is used as
detector. Operated at −70 o C it features a very low dark current of 0.001 e− /pixel/s as well as a
low read-out noise of 3.8 e− /pixel RMS and a very high quantum efficiency of more than 95% for
green light. The CCD camera is mounted on a precise breadboard which contains focusing optics
and a shutter for the reference beam for alignment purpose. This setup on the detector bench is
attached light-tight to the detector tube, cf. Fig. 4. The beam spot is focused onto a few pixel.
Groups of 3 × 3 pixels are binned for the readout in order to lower the readout noise. Therewith
nearly 90% of the incoming light is arriving on one definned 42 × 42 µm2 bin of 9 pixels. For
mounting or dismounting the wall, the detector bench has to be reinstated very precisely to
maintain the alignment on the pre-selected pixel. The precise and robust construction provides
an accuracy for the repositioning better than 6 µm. An easy control of the alignment stability is
provided by the reference beam which is redirected and focused into another pixel of the CCD.
For exposures longer than ≈ 12 hour the total noise of the CCD is dominated by the dark current
noise. For much longer exposures the probability of signals generated by cosmic or radioactivity
rises, such data frames can not be used any more. Hence, usually one hour frames are taken,
providing a sensitivity to a photon flux of a few mHz.
4.2

Laser System and Resonant Photon Generation

The most ambitious and crucial part of the ALPS experiment is the laser system and the resonant
photon generation, cf. Fig. 4 and Fig. 5. ALPS is the first experiment, which successfully exploit
a large-scale optical resonator for WISP searches. The main parts and their basic functionality
will be explained in the following, for more details refer to [9] and reference therein. As light

source a LIGO-type single frequency MOPAa laser system is used, producing 35 W of 1064 nm
laser light. A piezo-electric transducer installed on the generic non-planar ring oscillator (NPRO)
laser crystal allows for a frequency shift of ±100 MHz with a response bandwidth of 100 kHz. In
order to optimize the detection efficiencyb the frequency of the beam is doubled with a non-linear
PPKTPc crystal. This beam is redirected into the production vacuum tube in which photonWISP conversions could occur. An optical resonator inside this pipe is used to buildup the laser
power, enhancing proportionally the WISP flux. The difference between the laser frequency
and the actual resonance frequency of the cavity is determined via a sideband modulation
spectroscopy techniqued . This differential input is used by an electronic feedback control loop,
which adopts the frequency of the infrared MOPA laser in order to lock the cavity. Variations
of the resonator frequency are dominated by length fluctuations of the setup.
The gain of the resonator, given by the power build-up P B, which is the ratio of the laser
power inside the resonator to the incident laser power, is limited by the internal losses of the
cavity. In the first setup of an optical resonator at ALPS [9], the mirrors of the optical cavity
were placed outside the production side vacuum tube, so that the green laser beam had to
traverse two glass windows two times in one resonator round trip. Absorption and scattering
in these windows (although AR-coated) limited the achievable power build-up. By placing the
mirrors inside the vacuum, the internal losses of the production resonator in the current setup
were reduced by roughly an order of magnitude, boosting the power build-up by the same
factor to P B ≈ 300. The green laser light is directed through the entrance window of the
cylindrical vacuum vessel (cf. Fig. 5) onto the coupling mirror (CM) of the cavity. Using two
UHV Picomotors the CM mount is adjustable from the outside. For EM a special mirror holder
was designed which is non-magnetic and suitable for high vacuum. With two Squiggle motors
(cf. Fig. 5) the mirror mount in the holder can be tilted remotely around two axes perpendicular
to the beam and to each other.
Resonant Second Harmonic Generation
The efficiency of a single pass red-green conversion is even under optimized conditions just
around 2% for a continous beam. In order to increase the available 532 nm laser power, a
folded ring shaped resonator was build around the nonlinear PPKTP crystal used for the second
harmonic generation (SHG), cf. Fig. 4 and Fig. 5. The length is constantly changed by an
electronic feed-back loop in order to keep it resonant with the incident infrared laser light. This
resonant SHG scheme pushes the conversion efficiency to 50%. In the stable long-term operation
the resonant SHG emits up to 5 W of 532 nm laser light from an incident power of 10 W at
1064 nm. During the measurement period in the year 2009 the laser power feed into the cavity
was kept below 5 W to minimize potential degradation of the cavity mirrors [10], resulting in a
continuously circulating power inside the ALPS production region of around 1.2 kW.
4.3

Tuning of the Refractive Index

ALPS also exploits successfully a new method to cover the gaps in the sensitivity for higher
masses, where the ALP wave runs out of phase w.r.t. the phase of the laser beam, cf. Fig. 8.
Introducing Ar gas at a pressure of 0.18 mbar changes the photon momentum and tunes therefore
the refraction index. In the ALPS setup the γ−ALP relative phase velocity increases thereby
to have an extra half oscillation length. Even if the sensitivity is lowered compared to vacuum
conditions this helps to cover the high mass gaps, cf. Fig. 6.
a

Master-Oscillator Power Amplifier
An efficient detection of green light (532 nm) is much easier than for infrared (1064 nm).
c
Periodically Poled KTiOPO4
d
Pound-Drever-Hall scheme
b

Figure 6: Exclusion limit (95% C.L.) for pseudoscalar (left) and scalar (right) axion-like particles obtained by
the ALPS experiment from vacumm and gas runs together with the results from various other LSW experiments
[10], see the text for details. Dashed and dotted lines show the bounds derived form the PVLAS measurement on
ALP induced dichroism and birefringence [17].

4.4

ALPS Result

ALPS took around 50 data sets (1 h frames) under different experimental conditions: with
magnet on or off, laser polarization parallel or perpendicular to the magnetic field and different
gas pressures. Details on the methodology and analysis are described in [9, 10]. From the
non observation of any WISP signal a 95 % confidence level on the conversion probabilty was
obtained, ranging between Pγ→φ→γ = 1...10 × 10−25 for the different experimental setups. Fig. 6
shows the ALPS results for pseudoscalar and scalar axion-like particles together with the results
obtained from BMV [24], BFRT [23], GammeV [25], LIPSS [26] and OSQAR [18]. The gaps at
higher masses are covered by the ALPS gas runs as described above. ALPS provide now the
most stringent laboratory bounds on ALPs in the sub-eV mass range.
Also for hidden photon and minicharged particle search ALPS provides now the most stringent laboratory bounds on their existence, cf. Fig. 7. The ALPS LSW results on hidden photon
search fills the gap between lab searches for deviations from Coulomb’s law and astrophysical
bounds. Remarkable, with the achieved sensitivity ALPS almost completely rules out the hint of
WMAP and large-scale-structure probes with non-standard radiation density contribution due
to hidden photons, cf. [10] and references therein.
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Prospects of Direct WISP Search Experiments

Further upgrades and plans toward large scale LSW experiments are aiming to surpass present
astrophysics limits on the coupling of ALPs to photon. This requires a sensitivity in the photonALP coupling of g < 10−10 GeV−1 , an improvement of 3 orders of magnitude with respect to the
actual ALPS results. Table 1 summarizes the dependence of the sensitivity in g on experimental
parameters together with possible improvements.
Magnet
The sensitivity in g improves linearly with the magnetic field strength and length. Instead of half
an HERA dipole magnet with BL ≈ 23 Tm as used within the actual ALPS setup for the WISP
generation and for the reconversion to photons one may use e.g. up to six HERA dipoles on
each side providing about 280 Tm. This would improve the sensitivity by more than one order
of magnitude. Alternatively two plus two LHC magnets, which are the most powerful existing

Figure 7: ALPS exclusion limit (95% C.L.) for hidden photons (left) and minicharged particles (right) together
with the results from various other experiments [10].

Table 1: Dependence of the photon-ALP coupling on experimental parameter together with the gain in sensitivity
of future experiments with respect to the actual ALPS setup, see text for details.

Parameter
Magnetic field

ALPS

future exp.

gain

g ∝ BL−1

BL = 23 Tm

BL = 300 Tm

13

− 14

P = 1 kW

P = 100 kW

3.2

1
4

 = 2 mHz

 = 0.02 mHz

3.2

− 18

t = 10 h

t = 1000 h

1.8

PB = 1

P B = 10000 h

10

g∝P

Laser power
Detector sensitivity
Measurement

g dependence

timee

Resonant regeneration

g∝
g∝t

g ∝ PB

− 14

magnets for this purpose, could be used, providing BL ≈ 300 Tm. For ultimate experiments
one may even think of 4 or 6 LHC magnets on each side or at some point even more powerful
magnets may become available.

Laser Power and Detector
It looks feasible to increase in further experiments the incident laser power to the cavity by a
factor of 10 and to improve the power build-up in the resonant cavity by an additional factor of
10. Therefore a laser power of around 100 kW in the generation part seems to be realistic.
The detector sensitivity for the actual ALSP setup is limited by dark current and read-out
noise. Single photon counting techniques, e.g. with cryogenic transition edge sensors [29] may
provide a factor up to 100 improvement in the sensitivity. However, this is to be worked out in
a dedicated R&D programme.
This results in an additional order of magnitude improvement in the sensitivity in g, but
still not enough to surpass astrophysical limits. More statistics, i.e. longer measurement time,
will not really help, even a 100 times longer data taking period provides less than a factor of
two improvement.
e

For detectors limited in their sensitivity by background counting rates.

Figure 8: Prospects of ALPS II: expected gain in sensitivity to g, cf. text.

New Idea - Resonant Regeneration
An old idea from the 1990’s was recently rediscovered, to set up similar to the generation
part an additional optical cavity for resonant axion photon regeneration, which enhances the
small electromagnetic photon component of a potential WISP wave behind the wall [30, 31].
The technical details are rather challenging, e.g. one can obviously not use laser light of the
same wavelength for locking and for the WISP production. There are different proposals under
discussions [31, 32]. The ALPS experiment intend to use 1064 nm laser light for the WISP
production and frequency doubled laser light with 532 nm for locking of the regeneration cavity.
A power build of P B ≈ 10000 seems to be possible, which would increase the sensitivity to g
by another order of magnitude.
Fig. 8 summarizes the gain in sensitivity to the photon-ALP coupling for the various improvements described above.
6

Summary and Outlook

The low energy frontier is a promising complement in particle physics to the high-energy frontier.
Worldwide interest and activities in laboratory experiments for WISP search grew up within the
last years and complement astrophysics searches. “Light shining through a wall” experiments
are an intriguing simple idea for direct WISP search. They demonstrated successfully their
capability and open a new window to explore hidden worlds. The ALPS experiment at DESY
provides now the most stringent laboratory constraints on the existence of WISPs. This success
is based on close collaboration between particle physicist and laser physicists from the gravitational wave detector community and the infrastructure and support of a high-energy physics
laboratory. Based on this experience a detailed planing of future large scale LSW experiments
which improves the sensitivity by orders of magnitudes has started. It looks very promising
to surpass present day limits from astrophysics, but finding the QCD axion remains a very
challenging task.
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The W Boson Mass at D0
S.Yacoob a
Department of Physics and Astronomy, Northwestern University, 2145 Sheridan Road,
Evanson, IL, 60208, United states of America b
We discuss the prospects for the updated W Boson mass determination with 4.35 fb−1 of data
taken by the D0 detector at Fermilab between June 2006 and June 2009. The estimation is
based on the recently published 1 fb−1 measurement from the D0 Collaboration1 . We outline
the method used and touch upon the major challenges and advantages of the updated analysis
based on the increased data sample, as well as changes in the experimental environment.

1

Introduction

Within the Standard Model (SM) of particle physics, the interaction of fundamental particles
with the Higgs field produces non-zero masses. The stronger the interaction between a fundamental particle and the Higgs field the larger its mass will be. Amongst the open questions in
particle physics the lack of direct observation of the Higgs bosonc is currently one of the most
promising avenue for the discovery of physics beyond the standard model.
Combination of the direct search results from the four LEP experiments2 sets a direct search limit
SM
of mSM
H > 114 GeV. Where mH is the mass of the SM Higgs boson. Similarly a combination
of the direct search results from the D0 and CDF collaborations at the Tevatron3 have excluded
SM
2
the region 160 < mSM
H <170 GeV. The value of mH which minimizes the χ between precision
electroweak measurements and theoretical predictions lies in the region which has been ruled
due
out by the LEP direct search limit, and the 95 % confidence limit upper bound on mSM
H
to these constraints is 186 GeV. The large masses of the top quark and W boson require these
particles to couple most strongly to the Higgs boson, as this coupling is responsible for their
masses. The uncertainty on the theoretical prediction of mSM
H is dominated by the uncertainty
on mW (the mass of the W boson) and, to a lessor extent, mt ( the mass of the top quark).
Figure 1 shows bands of mSM
H , which have not been ruled out by direct searches, in the mW ,
mt plane. The same figure shows the current 1 σ contour of measured values of mW and mT
from the Tevatron and LEP2 in blue. The small region of overlap of the contour with the band
of allowed values of mSM
H hints at a failure of the SM. In order to further study this we need to
decrease the uncertainty on the measured values of mW and mt and expand the direct search
exclusion limits until the SM Higgs boson is discovered, or excluded.
a

for the D0 Collaboration
Currently at the University of the Witwatersrand, Johannesburg, South Africa
c
The SM Higgs boson is a scalar particle which is the quantum of the SM Higgs field

b

Figure 1: The comparison of the indirect constraints on mW and mt based on LEP-I/SLD data (dashed contour)
and the direct measurements from the LEP-II/Tevatron experiments (solid contour). In both cases the 68% CL
contours are plotted. Also shown is the SM relationship for the masses as a function of the Higgs mass in the
region favored by theory (< 1000 GeV) and allowed by direct searches (114 GeV to 160 GeV and > 170 GeV) 1 .

2

Measurements of the W Boson Mass

The indirect constraint on mSM
H is dominated by the current uncertainty on the world average
of mW (23 MeV) which needs to be reduced by a factor of 3 in order to be as tight a constraint
as that provided by the world average mt value. Figure 2 shows the world average value of
mW , along with individual contributions from LEP and the Tevatron. The most recent and
precise measurement is that of D0 RunII with 1 fb−1 of data in the electron channel W → eν.
Since then D0 has collected approximately 4 times as much data. The uncertainty on mW
is dominated by contributions which are related to the size of the data sample. Besides the
statistical uncertainty due to the yield of W boson events, the dominant systematic uncertainty
(due to the electromagnetic calorimeter response) is limited by the yield of Z boson events –
which are used for calibration.
3

Projections for the Uncertainty of the Next Measurement

The total integrated luminosity of our sample has increased by a factor of approximately 4.4.
Table 1 shows the contributions to the uncertainty for the published measurement, and current projections obtained by assuming that the uncertainties which are limited by the sample
yields will scale accordingly. Our estimation takes into account only the direct scaling on the
statistical uncertainty as well as the expected reduction to the dominant (electron energy scale)
uncertainty. While the change in the environment at the Tevatron with increased instantaneous

Figure 2: Measurements of mW from LEP and the Tevatron compared to the world average value 1 .

luminosity has introduced experimental challenges, this extrapolation is supported by the observed uncertainty of a fit to the Z boson mass peak in the new data which scales appropriately.
4

Conclusion

The D0 experiment at the Tevatron is in the process of extending our W boson mass measurement to include significantly more data, our projected uncertainty leads us to believe that
this measurement will be the dominant contributor to the world average with an expected uncertainty of between 25 and 30 MeV. This result will be determined on a short timescale and
further constrain current limits on the mass of the standard model Higgs boson.
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Table 1: Estimated uncertainty on mW for upcoming D0 measurement based on the increased W and Z boson
event yields compared to the previous measurement. The italicized rows indicate contributions which are expected
to scale with the event yield, however the scaling is only performed on the dominant uncertainties.

1 fb−1 Analysis
4.4 fb−1 Analysis
Source of Uncertainty
(published)
(projection)
(MeV)
(MeV)
Statistical
23
11
Experimental Systematic Uncertainty
Electron energy scale
34
16
Electron resolution
2
2
Electron energy offset
4
4
Electron energy loss
4
4
Recoil Model
6
6
Electron Efficiencies
5
5
Backgrounds
2
2
Total Exp. Systematic
35
19
Theoretical Uncertainty
PDF
9
9
QED
7
7
Boson transverse momentum
2
2
Total Theoretical Uncertainty
12
12
Total Syst. and Theory
37
23

FIRST RESULTS ON ELECTRONS AND PHOTONS WITH EARLY
√
COLLISION DATA AT s = 900 GeV WITH THE ATLAS EXPERIMENT
Henso ABREU on behalf of the ATLAS Collaboration
Laboratoire de l’Accélérateur Linéaire LAL, IN2P3/CNRS,
Université Paris-Sud 11, Orsay, France
√
This note presents the first study of electron and photon candidates at s = 900 GeV collected
by the ATLAS detector at the end of 2009. The collision events analysed correspond to a
total integrated luminosity of approximately 9 µbarn−1 . Good agreement is shown between
observation and expectation for low-pT electron and photon reconstruction and identification.
Moreover, the π 0 and η signals in the γγ final state were extracted, appealing a dedicated
reconstruction, calibration and identification of these low-energy photons.

1

Introduction

At the end of 2009, the ATLAS experiment enjoyed a series of stable LHC runs at a centre-ofmass energy of 900 GeV, successfully recording and analysing the many collisions which took
place. A significant number of low-pT electron and photon candidates were reconstructed in
these events. Although the transverse energies of the candidates observed in these data are well
below those for which the reconstruction and identification algorithms have been optimised, the
measurements already provide a quantitative test of both the algorithms themselves and of the
reliability of the performance predictions in the transverse energy range from the reconstruction
threshold of 2.5 GeV to almost 10 GeV.
In section 2, this note describes the observed electron and photon candidates at 900 GeV, and
compares them to those obtained from high-statistics samples of non-diffractive minimum bias
events simulated. In section 3, the reconstruction and calibration of low-energy fixed size clusters
are presented. Then the selection criteria for photons originating from π 0 are described and
subsequently a set of more stringent criteria, using information provided by the inner detector,
is applied and the η → γγ is observed.
2

Electron and Photon Reconstruction

The basic algorithms for electron and photon reconstruction are described in detail in Ref. 1 .
The first stage of the search for electromagnetic (EM) objects is to look for significant energy
deposits in the EM calorimeter cells inside a sliding window as it is moved across the detector.
The size for the sliding window cluster depends on the type of candidate (electron, unconverted
or converted photon) and the location (barrel,end-caps). The cluster energy is calculated from
the amplitudes observed in the cells of the three longitudinal layers of the EM calorimeter and
the presampler 2 . The calculation sums the weighted energies in these compartments, then
takes into account several corrections for shower depth, lateral and longitudinal leakage, local

modulation etc. The weights and correction coefficients were parameterized from beam-tests 2
and simulation.
Electrons are reconstructed from the clusters if there is a suitable match with a particle track
of pT > 0.5 GeV. The best track is the one with an extrapolation closest in (η, φ) to the cluster
barycentre (the energy-weighted mean position) in the middle EM calorimeter layer. Similarly
photons are reconstructed from the clusters if there is no reconstructed track matched to the
cluster (unconverted photon candidates) or if there is a reconstructed conversion vertex matched
to the cluster (converted photon candidates). ”Single-track conversions” (identified via tracks
lacking a hit in the first layer of the silicon pixel detector) are also taken into account. First,
electron candidates with a cluster |η| < 2.47 and photons with cluster |η| < 2.37 are selected and
investigated (the cluster η is defined here as the barycentre of the cluster cells in the middle layer
of the EM calorimeter). Electron and photon candidates in the EM calorimeter transition region
1.37 < |η| < 1.52 are not considered. At this stage, 879 electron and 1694 photon candidates
are reconstructed in the data with ET above 2.5 GeV.

2.1

Electron Candidates
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Figure 1 displays, for all of the 879 electron candidates from 384186 events, the transverse energy
and pseudorapidity spectra. In Fig. 1(b) the drop in efficiency around |η| = 1.5 corresponds
to the barrel/end-cap transition. In these figures the Monte Carlo prediction is sub-divided
into its two main components: hadrons and real electrons. The latter is largely dominated by
electrons from photon conversions, but also includes a small fraction (∼ 3%) of electrons from
other sources, such as Dalitz decays, and an even smaller one (below 1%) of electrons from
b, c → e decays.
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Figure 1: Distribution of cluster ET (a) and |η| (b) for all selected electron candidates. The simulation is
normalized to the number of data events.

2.2

Photon Candidates

Transverse energy and pseudorapidity spectra for all 1694 photon candidates are displayed in
Fig. 2. Of the selected candidates, 14% are reconstructed as converted photons and almost
all of these, ∼ 98%, are also selected as electron candidates. The Monte Carlo prediction is
sub-divided in this case into four components of decreasing importance: approximately 71%
of the candidates correspond to photons from π 0 decay, whereas ∼ 14% are from η, η ′ or ω
decays into photons; ∼ 14% are from other hadrons with complex decay processes and particles
interacting in the tracker material. At these energies, only a very small fraction, ∼ 1% of all
photon candidates are expected to be primary products of the hard scattering.
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Figure 2: Distribution of cluster ET (a) and |η| (b) for all selected photon candidates. The simulation is normalized
to the number of data events.

3

Reconstruction of π 0 and η mesons

For the analysis presented in this section, cells from the four layers of EM calorimeter are
combined to form a cluster of size ∆η × ∆φ = 0.075 × 0.125, which corresponds to an area
of 3 × 5 cells in the middle layer of the EM calorimeter. The EM topological cell clusters are
reconstructed with a seed cell threshold |Ecell | = 4σ (where σ corresponds to the electronic noise
in the cell) and with a cluster transverse energy ET > 300 MeV 1 . These clusters are used as
photon candidates for π 0 and η reconstruction.
The standard parameterization of energy response discussed in Section 2 was performed for
photons with ET > 2.5 GeV. For the present study a dedicated parameterization was extracted
from the minimum bias simulation sample using low-energy photons coming only from π 0 s.
3.1

Extraction of π 0 → γγ signal

In order to extract the π 0 signal from the combinatorial background, well measured photons
were selected inside an acceptance of |η| < 2.37, excluding a transition region 1.37 < |η| < 1.52.
The fraction of energy in the first layer, E1 /(E1 + E2 + E3 ), was required to be larger than 0.1
and the clusters were required to have a transverse energy, ET , above 400 MeV. All pairs of
> 900 MeV are selected. There are about 8 × 105 of these in the data.
photons with ppair
T
3.2

π 0 Mass Fit

The invariant mass distribution of the photon pair is shown in Fig. 3(a) for both data and
Monte Carlo. The diphoton mass distribution is fitted using a maximum-likelihood fit. The
signal is described by the sum of a Gaussian and a “Crystal-Ball function” 3 , which are required
to have the same mean. The combinatorial background is described with a 4th order Chebyshev
polynomial. The parameters of the signal and the background normalization are varied in the fit
to the data, while the parameters of the polynomial were extracted from the Monte Carlo. The
fitted π 0 mass is 134.0 ± 0.8 MeV for the data and 132.9 ± 0.2 MeV for the Monte Carlo where
the errors are statistical only. The mass resolution in the data is 24.0 MeV, to be compared
with 25.2 MeV in the simulation, and the number of π 0 s is (1.34 ± 0.02) × 104 .
3.3

Extraction of η → γγ signal

The number of η → γγ signal is expected to be one order of magnitude smaller than π 0 → γγ in
the minimum bias event sample. Therefore, the combinatorial background contribution in the
η mass region needs to be significantly reduced. This can be achieved by adding the following
criteria to the π 0 analysis:
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Figure 3: (a) Diphoton invariant mass after selection criteria for data and Monte Carlo described in the subsection 3.2. (b) Diphoton invariant mass spectrum with tigther selection cuts (described in subsection 3.3) to extract
the η peak with the fit superimposed to the data. The π 0 peak is also visible.

• Tighter kinematic selections: ETcluster > 800 MeV, ppair
> 2200 MeV ;
T
• A track veto: no track, extrapolated into the calorimeter, should be within −0.1 < (φclus −
φextr ) < 0.05 and |ηclus − ηextr | < 0.05 of the cluster being considered.
The diphoton invariant mass spectrum of this sample is shown in Fig. 3(b) for both data
and Monte Carlo. In addition to the π 0 peak, the η → γγ signal can be observed on top of the
combinatorial background. The mass spectrum was fitted using the sum of a Gaussian and a
Crystal-Ball function with the same mean for the π 0 peak, a Gaussian for the η peak and a 4th
order Chebyshev polynomial for the background. The π 0 and background shape parameters are
taken from the Monte Carlo simulation while their normalizations are free in the fit, as are the
parameters of the Gaussian describing the η peak.
As can be seen from Fig. 3(b), the number of η candidates per photon pair agrees between the
data and the Monte Carlo simulation. The η mass extracted from the data, 527 ± 11(stat)MeV,
agrees with the mass obtained with the same fitting function on the Monte Calo simulation,
544 ± 3(stat)MeV, within the statistical and energy scale (2 − 3%) uncertainties.
4

Conclusions

√
The data sample collected by ATLAS at s = 900 GeV has yielded samples of a remarkable
number of electron and photon candidates reconstructed with ET > 2.5 GeV. The performance of
the reconstruction and identification algorithms were tested showing a good agreement between
data and simulation. Finally, the signal of π 0 and η decaying into two photons were extracted.
The measured π 0 mass is with 1% of the nominal PDG value for both data and simulation.
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EXTRACTION OF THE φ(1020) → K + K − SIGNAL WITH EARLY CMS DATA
LUCA PERROZZI
Università di Padova & INFN
Via Marzolo, 8 - 35131 Padova, Italy

In December 2009 the Large Hadron Collider produced the first proton-proton collisions at
900 GeV centre-of-mass energy in the CMS detector. These data have been very useful for
checking the performance of the various detector elements, especially the silicon tracker. A
signal of 1728 ± 102 φ(1020) → K + K − decays was extracted from these early data using
information on the energy loss of charged kaons in the silicon sensors of the CMS tracker.

1

Introduction

The Compact Muon Solenoid 1 (CMS, see Fig.1) experiment recorded the first proton-proton
√
collisions at s = 900 GeV from the Large Hadron Collider (LHC) in December 2009. These
early data have proven very useful for a first assessment of the performance of the various detector elements. The silicon tracker is among the detector subsystems which may benefit the most
from early data. This is because the data may be used to reconstruct the charged particle decay
modes of a number of hadronic resonances, which have large production cross sections, such as
KS0 → π + π − , Λ → pπ − . These two particular examples are, of course, the easiest to extract,
thanks to their long lifetimes. The reconstructed masses are in excellent agreement with PDG2
values and the reconstructed mass resolutions are compatible with simulation expectations3 .
This demonstrates the careful calibration of the track momentum scale and of the accurate
tuning of Monte Carlo simulation in the description of detector alignment, magnetic field, and
material budget, as well as showing that the track reconstruct algorithms are working well.
Despite its large cross section, the φ(1020) meson is harder to extract from combinatorial backgrounds because it decays strongly in a very short time, so its decay products cannot be identified
by exploiting the decay length. For the same reason, the natural width is also larger than that
of the Ks and Λ, making the resonance stand out less clearly above backgrounds.
This analysis aims to reconstruct the φ(1020) via the K + K − decay channel (which has the
largest branching ratio, 49.2 ± 0.6%) because of its potential use as a source of well-identified
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Figure 1: A schematic view of the CMS detector.

charged kaons which can be used to assess the performance of energy loss measurements in the
silicon tracker, as described in the next section
2
2.1

Selection of φ candidates
Event and track selection

Due to the relatively low LHC luminosity, it was possible to collect minimum-bias events simply
by using a trigger based on the beam scintillator counter (BSC) and the beam pick-up timing
detector4 , providing a sample of approximately 260 000 events. The simulated events used in
this analysis are minimum-bias events produced with the PYTHIA 6.4 5 event generator at
center-of-mass energy of 900 GeV (about one million events) and processed with a simulation
of the CMS detector response based on GEANT4 6 . Misalignment, miscalibrations, and dead
channel map corresponding to the detector status at the time of the first LHC collisions have
been included in the simulation.
φ(1020) → K + K − candidates were reconstructed using events containing at least two tracks
passing the following requirements: pT > 0.5 GeV/c, at least 5 hits in the tracker, pseudorapidity
|η| < 2.0, transverse impact parameter with respect to the reconstructed beam spot |dxy | < 0.3
cm and normalized χ2 < 2.0, where the χ2 is determined from the track fit.
2.2

Energy loss cut

Specific ionization energy loss is a powerful observable for particle identification. In the following
the generic notation dE/dx will be used to indicate the ratio between the charge (or energy)
released by a charged particle and the distance it travels across the sensitive volume of a silicon
strip sensor. An estimate of the mass of each candidate passing the selection described above
can be obtained using the particle momentum and the measurement of the ionization energy
loss. To this end the following relation between the energy loss (dE/dx), the total momentum
(p) and the particle mass (m) is assumed for momenta below the minimum-ionizing region:
dE
m2
=K 2 +C
dx
p

(1)

where K and C are parameters extracted from the fit to a reference data sample3 . The fraction of
charged kaon tracks with total momentum below 1 GeV/c in the final event sample is enriched
by requiring that the dE/dx of the track is consistent with the value expected for a mass within
200 MeV/c2 of the nominal kaon mass. Figure 2 shows the selection of tracks on the basis of
dE/dx for the simulation and data samples.
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Figure 2: Energy loss in the simulated sample (left) and in the data sample (right) per track as a function of
track momentum, for all tracks. The requirements described in the text remove the hatched grey areas.

3

Invariant mass fit

After the selection cuts have been applied, the invariant mass of each and every pair of oppositelycharged tracks in each event is determined. The mass spectrum of the track pairs accepted by
the dE/dx selection is fitted using the sum of two normalized functions: a Voigtian (convolution
of a relativistic Breit-Wigner shape and a Gaussian smearing) for the φ signal, and a simple
arctangent form for the background.
As a first step a fit is performed to the distribution found in the simulation by fixing the
natural width of the φ(1020) resonance to the value used to generate the simulated events 7 ,
i.e. 4.458 MeV/c2 . The same procedure is is then performed for the mass distribution found in
data by fixing the natural width of the resonance to the current PDG value 2 (Γφ = 4.26 MeV/c2 ).
A consistency check is then carried out to ensure that a mass resolution that is in agreement
with the simulation expectations is observed in the data, by leaving the resolution term free in
the fit. The results of both fits are listed in Table 1 and the corresponding mass distributions
are shown in Fig. 3. The measured φ mass of 1019.58 ± 0.22 MeV/c2 is consistent with the world
average value 2 of 1019.455 MeV/c2 . The observed φ mass resolution of 1.29 ± 0.32 MeV/c2 is
also in very good agreement with simulation expectations. A total of 1728 ± 102 candidates are
observed in data.
Table 1: Summary of φ(1020) → K + K − signal properties.

(MeV/c2 )

Mass
Resolution (MeV/c2 )
Natural width (MeV/c2 )

4

Data
1019.58±0.22
1.29±0.32
4.26 (fixed)

Simulation
1019.74±0.13
1.41±0.22
4.458 (fixed)

PDG
1019.455±0.020
4.26±0.04

Performance of the dE/dx selection

To check the performance of the dE/dxselection, the mass distribution was reconstructed using
all pairs of oppositely-charged tracks in each event. The tracks were required to pass the selection
requirements described in section 2.1, but at least one of the tracks must fail the dE/dx selection
described in section 2.2.
The result is shown in Fig. 4 for both simulation and data. The clear absence of a signal in
this mass distribution indicates that the dE/dx selection is performing well.
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Figure 3: Fit to the mass distribution of kaon candidate pairs in simulation (left) and in data (right). The natural
width is fixed to the generated value for simulation and to the current value, Γφ = 4.26 MeV/c2 , for data.
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Conclusions

√
The results of a study made with data recorded by the CMS experiment at s = 900 GeV
in December 2009 have been presented. A clear mass peak is reconstructed with 1728 ± 102
candidates in φ → K + K − decays with a fitted mass in agreement with the PDG values and
simulation. This study also demonstrates the application of dE/dx for particle ID.
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THE BEAM-GAS METHOD FOR LUMINOSITY MEASUREMENT AT LHCb
P. HOPCHEV
Laboratoire d’Annecy-le-vieux de Physique des Particules,
France
The high resolution of the LHCb vertex detector makes it possible to perform precise measurements of the vertex positions of beam-gas and beam-beam interactions. With these measurements beam parameters such as width and position can be measured. A novel method for
determining the absolute luminosity at the LHC using the directly measured beam parameters
is presented. The data taken in 2009 is used to illustrate the procedure.

1

Plans for luminosity measurement in LHCb

Luminosity is a fundamental accelerator characteristic, related to the amount of collisions produced. The rate of a certain process can be expressed as the product of the the cross-section
for that process and the instantaneous luminosity. LHCb is a forward spectrometer at the LHC
optimised for precise studies of heavy flavour decays 1 . In addition, the unique pseudo-rapidity
coverage (2 < y < 5) of the detector will allow interesting measurements of production crosssections in a hitherto unexplored kinematic region. For these measurements, good knowledge
of the luminosity is essential. In LHCb several methods for measuring the luminosity are under
investigation.
1. Beam imaging with gas 2 , which is described in this paper
2. van der Meer scan, which consists of moving the two beams agains each other, while
measuring the interaction rate
3. Several indirect methods using processes with well known cross-sections, e.g. Z-boson and
elastic diphoton dimuon production
2

Beam-gas luminosity method

In a circular collider the luminosity for 2 colliding bunches of particles can be expressed in the
following way 3 :
Z

L = f N1 N2 2c cos2 (φ/2)

ρ1 (x, t)ρ2 (x, t) d3 xdt

(1)

where f is the revolution frequency of the two counter-rotating bunches travelling with the speed
of light c, N1,2 are the bunch intensities, φ is the beams crossing angle and ρ1,2 are the time- and
space-dependent bunch densities. The integral in Eq. 1 is known as the beam overlap integral.

The beam-gas luminosity method is based on the detection of beam-gas vertices. The position of the beam-gas interactions can be used to measure the beam angles, profiles and relative
positions. At a first approximation we can neglect possible phase shifts and do not consider
effects from the longitudinal shape of the bunches. Then, having the transverse shapes of the
bunches, we can calculate the overlap integral. The second important ingredient are the bunch
intensities, knowledge of which comes from instrumentation installed and operated by the accelerator team.
Once the absolute luminosity is measured with satisfactory precision we will calibrate a
reference cross-section and dedicated “lumi counters” in order to propagate the knowledge of
the absolute scale. Currently the beam-gas luminosity method is being applied for a first time.
3

VELO vertex reconstruction

The LHCb vertex detector, the VELO, is located around the LHC interaction point 8 and
can be used to reconstruct interaction vertices arising from beam-beam collisions and collisions
between the beam protons and atoms of the residual gas in the beam-pipe. The VELO consists
of 21 stations of radial and azimuthal silicon-strip sensors, see Fig. 1. In addition two backward
stations, the so called ’pile-up’ system, are used for providing a signal at the earliest level of the
trigger system.

Figure 1: A simplified sketch of the VELO, including the 2 pile-up stations on the left. The colour arrows indicate
the direction of the two LHC beams and example trajectories of the collision products from beam-gas interactions.
Only the products of the beam1-gas interactions fly into the acceptance of the LHCb spectrometer.

In November 2009 LHC delivered its first proton-proton collisions at center of mass energy
equal to 900GeV . In the following weeks several million collision events were recorded by LHCb.
The events were triggered by activity in the calorimeter system or from significant activity in
the pile-up system in the backward region of the VELO.
The vertex resolution for beam-beam interactions has been estimated with the data collected
in 2009. Preliminary results are shown in Fig. 2. In 2009 the VELO was not fully closed and
each of the two halves was retracted by 15 mm in the horizontal direction (along the x-axis).
This leads to a worse resolution in x. For beam-gas interactions outside the luminous region
we also take into account the dependence of the vertex resolution on the position of the vertex
along the beam direction.
4

Measured beam properties

The VELO is positioned very close to the beam-axis which determines its very good acceptance
for beam-gas events along a wide range in z, where z is the coordinate measured parallel to
the beam axis, see Fig. 3(a). The x-z and y-z projections of the positions of the reconstructed
beam-gas vertices can be used to determine the beams slopes and widths. Fig. 3(b) shows the
measured beam slopes during one of the 2009 runs.
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Figure 2: Preliminary estimate of the VELO vertex resolution in the 2009 runs. The resolution in the transverse
directions (x and y) for beam-beam interactions are shown as function of the number of tracks per reconstructed
vertex.

(a)

(b)

Figure 3: Positions of reconstructed beam-gas vertices. (a) Distributions of the z-position of the reconstructed
beam-gas (blue and red) and beam-beam (black) vertices. The asymmetry in the number of reconstructed beam1gas and beam2-gas interactions is due to the different trigger efficiency. (b) Positions in the horizontal (x-z) and
vertical (y-z) planes of the reconstructed vertices from beam-gas interactions. The observed crossing angle in the
x-z plane is due to the LHCb dipole magnet and is in agreement with the expected value.

The measured beam and luminous-region sizes in the y-direction are shown in Fig. 4. One
of the two colliding bunch pairs has been used to demonstrate the measurement. The overlap
of the the two beams in the interaction point is important for optimizing the luminosity. Using
the beams directions and sizes one can also make a prediction about the collision region and
learn more about the systematic effects which have impact on its position and shape, Fig. 5.
5

Summary and prospects

The presented preliminary studies show the feasibility of the beam-gas luminosity method.
For 2009 data the expected precision on the absolute luminosity is about 20%, decomposed
roughly into 10% from the measurement of the beam overlap and 15% from the measurement
of the beam intensities a . It has been shown that the vertex resolution plays a small, but not
a

The final analysis of the 2009 luminosity using this method in fact achieved a relative precision of 15% 4

Figure 4: Measured bunch and luminous-region profiles in the vertices (y-) direction. From left to right the plots
correspond to bunch1, bunch2 and their luminous region. The green line represents the vertex resolution, the red
shows the observed size and the yellow - the size after deconvolving the vertex resolution.

Figure 5: Observed beam positions and sizes at z = 0 before and after beam adjustments (mini scan). The colors
have the following meaning: blue - beam1, red - beam2, light grey - predicted luminous region, purple - measured
luminous region.

negligible role in the determination the sizes of the beams. In 2010 more extensive studies will
be possible allowing better estimate of the systematics and the higher amount of data will result
in a decreased uncertainty. Considerable effort has been put into providing more precise beam
intensity measurements. Therefore for 2010 we expect very competitive results on the precision
of the determined luminosity.
References
1.
2.
3.
4.

The LHCb collaboration, JINST 3 (2008) S08005.
M. Ferro-Luzzi, Nucl. Intrum. Methods A553 (2005) 388
O. Napoly, Particle Acc., 40 (1993) 181
V. Balagura, talk given at 45th Rencontres de Moriond QCD and High Energy Interactions

A New Gauge Mediation Mechanism
Marco Nardecchia
SISSA and INFN
Trieste, Italy

We finally entered the LHC era. Hopefully, the ongoing experiments at CERN will clarify
the nature of the electroweak symmetry breaking. The simplest and most economical solution
to obtain the SU (2)L ⊗ U (1)Y breaking is trough the Higgs mechanism, and a light SM Higgs
scalar is also preferred by the EWPT.
The presence of an elementary scalar in the theory poses new questions and an extension of
the SM is expected at the TeV scale. In particular, if supersymmetry exists close to the TeV
energy scale, it allows for a solution of the naturalness problem of the SM.
In the MSSM, supersymmetry is explicitly broken by the presence of the soft terms. Fully
generic flavor-breaking structures in the soft terms are ruled out by experimental constraints.
However, these constraints can be used to identify the restricted class of allowed soft terms,
providing useful guidelines to understand the mechanism of the supersymmetry breaking and
its mediation.
Recently 1 we considered a new option in which spontaneous supersymmetry breaking is
communicated to the observable sector at the tree level through GUT gauge interactions.
Tree level supersymmetry breaking is sometimes considered not to be viable because the
supertrace formula 2 . This clearly represents a problem if the only fermions in chiral superfields
are the SM ones, as the experimental constraints rather require a significantly larger sfermion
total squared mass.
In our scheme, the supertrace does vanish (in the full theory at the GUT scale), but the
positive contribution from the MSSM matter fields is automatically compensated by a negative
contribution from heavier chiral superfields. In order for this to work, a SM-neutral gauge U(1)
in addition to the SM hypercharge is needed to avoid a stronger implication of the supertrace
formula, which requires the lightest squark in either the up or down sector not to be heavier
than the corresponding lightest quark 3 . The main features of our model arise from requiring
that such an extra U(1) be part of a unified group.
Before presenting the model, let us motivate its gauge structure and field content. Our aim is
to identify the supersymmetry breaking messengers with heavy vector superfields corresponding
to broken generators, X, of a simple grand unified group, as illustrated in Fig. 1. There, N ′
is a SM singlet superfield whose F -term breaks supersymmetry, hN ′ i = F θ 2 (the prime is
there just for consistency with the notations used below). As N ′ has to couple to the heavy
vector V associated to the broken generator X, N ′ must belong to a non-trivial multiplet of the
unified group. Q represents a generic MSSM superfield. In the effective theory below MGUT ,
the diagram in Fig. 1 induces a non-renormalizable contribution −2g2 XN XQ (Q† QN ′† N ′ )/MV2 to

Q

N′
V

Q†

N ′†

Figure 1: Tree level gauge mediation supergraph inducing a soft mass for the sfermion Q̃.

the Kähler potential, analogous to the ones of effective supergravity, but flavour universal (XN,Q
are the X-charges of N ′ , Q, MV is the vector mass). A sfermion mass m̃2Q = 2g2 XN XQ (F/MV )2
is then generated. In the full theory at MGUT , on the other hand, everything takes place at
the renormalizable level. In fact, the sfermion masses arise because N ′ couples to the broken
generator X. As a consequence, its F -term generates a non-vanishing vev for the corresponding
D-term


F 2
hDX i = −2gXN
,
(1)
MV
which in turn induces the soft mass

m̃2Q

2

= −gXQ hDX i = 2g XN XQ

F
MV

2
(2)

for the sfermion Q̃.
Such a scheme requires specific gauge structures and field contents. First of all, the heavy
vector field V in Fig. 1 must be a SM singlet, as N ′ is. Then, SU(5) does not provide viable
candidates for the gauge messenger V and the minimal option is identifying the broken generator with the SU(5) singlet generator X of SO(10). As for the SM singlet N ′ whose F -term
breaks supersymmetry, it must belong to a non-trivial SO(10) multiplet such that N ′ has a
non-vanishing charge under X. Limiting ourselves to representations with dimension d < 126,
the only possibility is that N ′ be the singlet component of a spinorial representation, 16 or 16.
We also need a 16 + 16 participating to SO(10) breaking at the GUT scale. At least two 16 + 16
are then required, one getting a vev along the scalar component and the other along the F -term
component. Finally, the standard embedding of a whole MSSM family into a 16 of SO(10) would
not work, as it would lead to negative sfermion masses for some of the sfermions. That is why
we distribute the matter fields in three 16 and three 10 of SO(10).
Having motivated some of its features, we now illustrate a minimal model satisfying the
above requirements. The gauge group is SO(10). The matter fields (negative R-parity) are three
16 16
10 10
16i = (5̄16
i , 10i , 1i ) and three 10i = (5i , 5̄i ), i = 1, 2, 3, where the SU(5) decomposition is also
indicated. Supersymmetry and SO(10) breaking to SU(5) are provided by 16 = (5̄16 , 1016 , N ),
′
16
′
′16
16 = (516 , 10 , N̄ ), 16′ = (5̄′16 , 10′16 , N ′ ), 16 = (5′16 , 10 , N ) (positive R-parity), with
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hN ′ i = F θ 2

N

′

=0

hN i = M

N = M,

(3)

F ≪ M ∼ MGUT . The D-term condition forces |hN i| = |hN i| and the phases of all the vevs
can be taken positive without loss of generality. The MSSM up Higgs hu is embedded in a
10 = (510 , 5̄10 ) of SO(10), while the down Higgs hd is a mixture of the doublets in the 10 and
the 16,
10 = hu + cd hd + heavy, 16 = sd hd + heavy,
(4)

where cd = cos θd , sd = sin θd and 0 < θd < π/2 parametrizes the mixing in the down Higgs
sector.
At this point we are in the condition of calculating the sfermion masses induced by integrating
out the heavy vector fields:
XQ 2
F
m ,
m≡
.
(5)
m̃2Q =
2XN
M
In the normalization we use for X, XN = 5. In order to determine the X charge of the SM
fermions we need to specify their embedding in the matter fields 16i + 10i . We do that by first
writing the most general R-parity conserving superpotential, except a possible mass term for
the 10i , as
yij
16i 16j 10 + hij 16i 10j 16 + h′ij 16i 10j 16′ + Wvev + WNR ,
(6)
W =
2
where Wvev = Wvev (16, 16, 10, . . .) does not involve the matter fields and takes care of the
vevs, the doublet triplet splitting, and the Higgs mixing, and WNR contains non-renormalizable
contributions to the superpotential needed in order to account for the measured ratios of down
quark and charged lepton masses (we will ignore such issue here).
10
We can now see that the vev of the 16 gives rise to the mass term hij M 5̄16
i 5j , which makes
10
the 5̄16
i and 5j heavy. Only the MSSM superfield content survives at the electroweak scale
(assuming the three singlets in the 16i get mass e.g. from non-renormalizable interactions with
the 16). Moreover, the three MSSM families turn out to be embedded in the three 1016
i , with
10
X = 1 and in the three 5̄i , with X = 2. We can then go back to eq. (5) and obtain
m̃2q = m̃2uc = m̃2ec = m̃210 =

1 2
m ,
10

1
m2hu = − m2 ,
5

m̃2l = m̃2dc = m̃25̄ =

m2hd =

1 2
m
5

2c2d − 3s2d 2
m
10

(7)
(8)

at the GUT scale. The result in eq. (7) is quite general, as it only depends on the choice of the
10
gauge group and on the embedding of the three MSSM families in the 1016
i + 5̄i . We note a
few interesting features of this result.
• All the sfermion masses turn out to be positive. This is because the negative X charges
(which must be there as X is traceless) happen to be associated to the fields that get an
heavy supersymmetric mass.
• The sfermions masses are flavour universal, thus solving the supersymmetric flavour problem.
• The sfermions masses belonging to the 10 and 5̄ of SU(5) are related by
m̃2q,uc ,ec =

1 2
m̃ c
2 l,d

(9)

at the GUT scale, a peculiar prediction that allows to distinguish this model from mSugra,
gauge mediation, and other models of supersymmetry breaking.
Let us now consider gaugino masses. While the tree-level prediction for the sfermion masses,
eq. (7), only depends on the choice of the unified gauge group and the MSSM embedding, gaugino
masses arise at one loop, as in standard gauge mediation, and depend on the superpotential
10
parameters. The chiral multiplets 5̄16
i and 5j get an heavy supersymmetric mass hij M and
their scalar components get a supersymmetry breaking mass h′ij F . They play the role of three
pairs of chiral messengers in standard gauge mediation and give rise to one loop gaugino masses.

The contribution of each messenger arises at a different scale. In the one loop approximation
for the RGE running, the total gaugino masses at lower scales can be calculated by running
effective GUT-scale gaugino masses given by
α
Tr(h′ h−1 ) m ≡ M1/2 , a = 1, 2, 3,
(10)
Ma =
4π
where α is the unified coupling.
Let us compare gaugino and sfermion masses. Particularly interesting is the ratio m̃t /M2 .
In fact, the W -ino mass M2 is at present bounded to be heavier than about 100 GeV, while m̃t
enters the radiative corrections to the Higgs mass. Therefore, the ratio m̃t /M2 should not be too
large in order not to increase the fine-tuning and not to push the stops and the other sfermions
out of the LHC reach. From
√
M2
g2 Tr(h′ h−1 )
3 10
λ,
λ
=
(11)
=
m̃t MGUT
(4π)2
3
we see first of all that the loop factor separating m̃t and M2 is partially compensated by a
2
combination
= 1) becomes
√ of numerical factors: (4π) ∼ 100 (leading to m̃t & 10 TeV for λ √
2
(4π) /(3 10) ∼ 10 (leading to m̃t & 1 TeV for λ = 1). Note that the factor 10 is related
to the ratio of X charges in eq. (5) and the factor 3 corresponds to the number of families
(Tr(h′ h−1 ) = 3 for h = h′ ).
Next, we comment on the µ problem. Relating the µ-term to supersymmetry breaking is a
highly model-dependent issue, but in our scenario we have a simple possibility in which both the
F -term, hN ′ i = F θ 2 and µ originate from the same parameter m ∼ TeV in the superpotential:
W ⊇ mN ′ N .
Once N is forced to get its vev hN i = M ∼ MGUT , N ′ acquires an F -term F = mM (so
that m is indeed the parameter introduced in eq. (5)). In our setup, N ′ and N are part of the
SO(10) multiplets 16′ and 16 respectively. A µ term related to the supersymmetry breaking
scale µ ∼ m is then therefore generated if hu has a component in 16 and hd has a component in
16′ . Such a situation can be achieved with an appropriate superpotential. Contrary to standard
gauge mediation, there is no µ-Bµ problem here, as Bµ/µ is not enhanced by an inverse loop
factor. Bµ can be generated at the tree level, for example as in 4 , or it can be generated by the
RGE evolution.
In conclusion, we have shown that is possible to communicate the supersymmetry breaking
through a tree level renormalizable exchange of a gauge (GUT) messenger, as in Fig. 1. This
scheme solves the supersymmetric FCNC problem and, in its simplest implementation, leads to
peculiar relations among sfermion masses that can be tested at the LHC.
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SEARCH FOR THE HIGGS BOSON IN H → W W ∗ → `ν`ν DECAYS
DAVIDE GERBAUDO
(For the D0 Collaboration)
Princeton University Department of Physics
Princeton, NJ, USA
We present a search for the standard model (SM) Higgs boson decaying to a pair of W bosons
that in turn decay leptonically, H → W W ∗ → `ν`ν. We consider events produced in pp̄
√
collisions at s = 1.96 TeV, with two oppositely charged lepton candidates (e+ e− , e± µ∓ ,
or µ+ µ− ), and missing transverse energy. The data were collected with the D0 detector at
the Fermilab Tevatron collider, and correspond to an integrated luminosity of 5.4 fb−1 . No
excess of events over background is observed, and limits on SM Higgs boson production are
determined.

1

Introduction

The standard model (SM) of particle physics provides predictions covering a wide range of
physics phenomena. It has been tested extensively during the last four decades, and verified with
great accuracy. Despite its success, the SM cannot explain the fact that elementary particles
have masses. The Higgs mechanism1,2,3 provides an explanation for the masses of the weak
bosons and (indirectly) of the leptons. This mechanism hypothesizes the existence of a scalar
particle, the Higgs boson, that has not been observed and whose mass is not predicted by the
theory.
Particle physics experimentalists have searched for the Higgs boson for more than two
decades, using different strategies for a light Higgs boson and for a heavy one. Searches for
a light Higgs boson (with mass mH . 135 GeV) have been performed in the past4 , without
any success. Searches for a heavy Higgs boson (with mass mH & 135 GeV) became possible
only recently with the dataset being collected at the Tevatron collider. In this study we present
a search for a heavy Higgs boson, which is expected to decay predominantly to a pair of W
bosons (H → W W ∗ ). While most W bosons decay into hadrons, almost one third of them
decay leptonically (W → `ν). We look for events where a Higgs boson is produced and decays
through the decay chain H → W W ∗ → `ν`ν. These events can be selected with the signature
of two oppositely charged leptons and missing transverse energy (the latter due to the neutrinos
escaping the detector without interacting). Using this kind of identification, we can look for rare
processes, such as the production of a Higgs boson, that is expected to have σ(pp̄ → H) < 1 pb
√
at s = 1.96 TeV.
In this search, we select events by applying few simple kinematic requirements (as described
in Sec.2). Using a multivariate technique (described in Sec.3), we then separate the large background contribution from a potential Higgs boson signal. In Sec.4, we compute limits on the
cross section for SM Higgs boson production in the mass range 115 < mH < 200 GeV.

2

Samples and Event Selection

Candidate Higgs boson events are selected from a sample of data collected with single and dilepton triggers. The data sample used in this study was recorded at the D0 experiment5 between
April 2002 and June 2009, and corresponds to an integrated luminosity of 5.4 fb−1 . Observed
data distributions are compared with the expected background-only and signal+background
hypotheses. Signal predictions are computed taking into account three production mechanisms: gluon-gluon fusion (gg → H), associated production (W H/ZH), and vector boson fusion
(gg → q q̄H). Background predictions are estimated taking into account the following processes:
diboson production, W (+jets), Z/γ ∗ (+jets), tt̄, and multijet where jets are misreconstructed
as leptons. Predictions for the signals yields are computed with PYTHIA6 simulations, and
normalized to NNLO calculations. Background predictions for W (+jets) and Z/γ ∗ (+jets) are
simulated with ALPGEN7 and normalized to NNLO predictions8 . The other backgrounds are
simulated with PYTHIA; the tt̄ background is normalized to NNLO calculations9 and the diboson backgrounds are normalized to NLO calculations10 . The multijet background is estimated
from data, using an orthogonal, same-charge dilepton sample.
The event selection is performed in two steps, described in the following two paragraphs. In
the first selection step (“preselection”), we require that events have the most important features
expected for a Higgs boson candidate. In the second selection step (“final selection”), we reject
events that are likely to come from background processes.
Events considered in this study have two leptons reconstructed; the two leptons can be two
electrons (e+ e− ), an electron and a muon (e± µ∓ ), or two muons (µ+ µ− ). They are required
to originate from the same primary vertex, and to have high transverse momentum (pT ). The
transverse momentum selection criteria is based on the lepton type: electrons must have peT >
15 GeV, while for muons pµT > 10 GeV (but in a dimuon event, the muon with highest pT must
have pµT > 20 GeV). Further details on the algorithms used for electron and muon reconstruction
can be found in the full paper11 and the references therein.
The criteria used to reject background events are based on the kinematic variables of the
event. Many of the following criteria are aimed at suppressing the most significant background
process, namely Z/γ ∗ (+jets). We require the azimuthal opening angle between the two leptons,
∆φ(``), to be either ∆φ(``) < 2.0 rad (for e+ e− and e± µ∓ ) or ∆φ(µµ) < 2.5 rad (for µ+ µ− ).
The missing transverse energy E
/T , is required to be E
/T > 20 GeV (for e+ e− and e± µ∓ ), or
E
/T > 25 GeV (for µ+ µ− ). In e+ e− and e± µ∓ events, the scaled missing transverse energy12 ,
T
(l, E
/T), defined as the
E
/TSc , is required to be E
/TSc > 6. The minimum transverse mass, Mmin
T
/T) > 20 GeV (> 30GeV for
smaller of MT (E
/T, `1 ) and MT (E
/T, `2 ), is required to be Mmin (l, E
e+ e− ).
After applying the selections described above, we train a multivariate discriminant to improve
the separation between signal and background.
3

Multivariate Discriminant

Multivariate techniques provide an improved signal-background discrimination compared to simple cut-based analysis; this is accomplished by exploiting the correlations between the quantities
characterizing the reconstructed events.
In this study, we use an Artificial Neural Network (NN) discriminant, as implemented in the
TMultiLayerPerceptron class within the ROOT package13 . We use twelve variables as inputs to
the NN, after checking that all are properly modeled by the MC simulation so as not to induce
a bias in the NN output distribution. The input variables, described in detail in the full paper11 ,
are transverse momenta (of each lepton and of the dilepton system), the invariant mass M`` ,
T
(l, E
/T), lepton quality
the missing transverse energy E
/T, the minimum transverse mass Mmin

variables, and opening angles between leptons or between the E
/T and leptons.
We consider Higgs masses mH in the range 115 − 200 GeV. Because the characteristics (and
the yield) of signal events depend on the value of mH , we optimize the final discriminant for
each of the mass points that we consider, namely in 5 GeV steps. In Fig. 1(a) we show the
distribution (at final selection) of the NN output trained for mH = 165 GeV, the mass region
where this analysis has the greatest expected sensitivity. For all the mass values, the distribution
of the NN output for data after subtracting the expected background does not display any excess
in the signal region. Fig.1(b) shows the distribution of the output for a NN trained for a signal
with mH = 165 GeV, after subtracting the expected background. The systematic uncertainty,
represented by an error band corresponding to ±1 standard deviation, is obtained after fitting
the data to the background-only template14 .
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For all mH values considered, we do not observe any excess of data that could correspond
to Higgs boson events. We therefore proceed to compute upper limits on the SM cross section
for Higgs boson production.

Data
Signal
Bkgd. ± 1 s.d.

c)
DØ 5.4 fb-1

10

1
0.2

0.4

0.6

0.8

1

NN Output

Observed Limit
Expected Limit
Expected ± 1 s.d.
Expected ± 2 s.d.

Standard Model = 1.0

120 130 140 150 160 170 180 190 200

mH (GeV)

Figure 1: (color online) (a) The neural network output after final selection, with a signal corresponding to
mH =165 GeV. (b) Data after subtracting the fitted background (points) and SM signal expectation (filled histogram) as a function of the NN output for mH =165 GeV. Also shown is the ±1 standard deviation (s.d.) band on
the total background after fitting. (c) Upper limit on Higgs boson production cross section at 95% C.L. expressed
as a ratio to the SM cross section.

4

Limits

Limits on the SM cross section for Higgs production are computed considering the NN distributions, and using a modified frequentist approach as implemented in the COLLIE15 package.
Systematic uncertainties are taken into account when calculating the limits. Two types of
systematic uncertainties are considered: uncertainties that affect only the number of expected
events (normalizations), and uncertainties that also affect the shape of the NN output distribution (shapes). Normalization uncertainties include: theoretical cross sections (for signal and
background samples), multijet estimation, and measurement of the integrated luminosity. Shape
systematics include: lepton momentum calibration, modeling of the transverse momentum of
bosons (W , Z, W W , and H), jet reconstruction efficiency, and jet energy scale calibration.
Fig. 1(c) presents, as a function of mH , the upper limit on the cross section for the SM
Higgs boson production. The limit is reported at 95% confidence level as a ratio to the predicted
SM cross section. This study reaches its maximum sensitivity for mH = 165 GeV, where the
observed upper limit is 1.55 times the SM prediction.

5

Conclusions

We perform a search for the SM Higgs boson using a 5.4 fb−1 dataset of proton-antiproton
collisions recorded with the D0 detector at the Fermilab Tevatron collider. We look for signal
candidates by selecting events that have missing transverse energy and two oppositely charged
leptons (e+ e− , e± µ∓ , or µ+ µ− ) with high transverse momenta. A Neural Network discriminant is
used to separate signal candidate events from background. No significant excess of signal events
is observed above the predicted background. Limits on the SM cross section for the production
of a Higgs boson are set and provide one of the most stringent constraints on SM predictions.
For a heavy Higgs boson (mH = 165 GeV), the production cross section is determined to be less
than 1.55 times the SM prediction with a 95% confidence level.
6
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MEASURING THE J/ψ → µ+ µ− PRODUCTION CROSS SECTION WITH CMS
LUCA MARTINI
Università di Siena & INFN sez. di Pisa
Polo Fibonacci Largo B. Pontecorvo, 3 - 56127 Pisa , Italy

The workflow of the measurement of the J/ψ cross section in the di-muon decay channel with
CMS at the LHC will be described. Some preliminary muon results from the 2009 run will be
shown as well.

1

Introduction and motivations

Although J/ψ mesons have been studied extensively since their discovery, the underlying production mechanism at hadron colliders is still not well understood. Three processes dominate
J/ψ hadro-production: prompt J/ψ’s produced directly, prompt J/ψ’s produced indirectly (via
decay of heavier charmonium states such as ψ 0 and χc ) and non-prompt J/ψ’s from the decay
of a b hadron.
The Large Hadron Collider (LHC) will produce large yields of J/ψ mesons. This will permit
the Compact Muon Solenoid1 (CMS, Fig. 1) to make a measurement of the J/ψ differential
production cross section in the first few months after the LHC startup.
The studies of quarkonia with CMS can probe higher momentum values than feasible at previous experiments, extending the test of different production mechanisms. CMS precise tracking
permits to disentangle the prompt J/ψ production from that coming from b hadron decays, and
therefore allows to determine the b hadron cross section with a relatively small integrated luminosity. Last but not least, the J/ψ differential cross section measurement is also an excellent
test for CMS itself, permitting to monitor the detector performances, to study calibration and
alignment of many subdetectors, and to tune muon reconstruction and identification.

Figure 1: A projection on the xy plane of the CMS barrel. The schematic behavior of muons, electrons, hadrons
and photons is shown.

2

J/ψ cross section

The J/ψ differential cross section times its branching ratio into two muons will be measured in
the muon pseudorapidity region |η| < 2.4. It is based on the following expression:
J/ψ

Nf it
dσ(J/ψ) · Br(J/ψ → µ+ µ− )
=
,
dpT
A ·  · L · ∆pT

(1)

where:
J/ψ

- Nf it is the number of reconstructed J/ψ’s in a given pT bin; it will be extracted with a
fit to the invariant mass of the two reconstructed muons.
- A is the detector geometrical and kinematical acceptance; it will be determined by Monte
Carlo simulation.
-  is the trigger and reconstruction efficiency. It can be evaluated from Monte Carlo simulation and data-driven methods.
- L is the integrated luminosity.
- ∆pT is the transverse momentum bin size.
The fitting function on the di-muon invariant mass (Fig. 2) has to take into account the resolution
of CMS, the final state radiation for each muon and the background yield.
The di-muon mass resolution changes with pseudorapidity, due to the increasing material
thickness traversed by muons and the varying lever arm of the tracker with respect to η. It has
been evaluated to be about 17 MeV/c2 at η = 0 (along the vertical axis) and 40 MeV/c2 for
|η| = 2.4 (the maximum range in CMS for fully reconstructed muons).
2.1

Measurement of the fraction of J/ψ from b decays

b hadrons have a proper lifetime of about2 1.5 ps. This implies that J/ψ mesons from the decays
of b hadrons are likely to be displaced with respect to the primary vertex. The extraction of
the fraction of J/ψ’s coming from B decays is done by a simultaneous maximum likelihood fit
to the invariant mass and pseudo-proper decay length3 , defined as:
J/ψ

`J/ψ
xy
J/ψ

≡

Lxy · MJ/ψ
J/ψ

,

(2)

pT

where `xy is the component of the decay length (defined as the distance between the vertex
formed by the two muons of the J/ψ decays and the primary vertex of the event) projected on the

Figure 2: Invariant mass of the two reconstructed muons. The equivalent integrated luminosity is 3 pb−1 . The
center of mass energy is 14 TeV.
J/ψ

J/ψ transverse momentum direction and MJ/ψ and pT are the di-muon mass and transverse
momentum, respectively. The results of a Monte Carlo simulation for the measurements of the
J/ψ cross section and the fraction of J/ψ’s from b decays can be seen in Fig. 3.
3

Looking towards the LHC runs

Even before the LHC was producing collision events, the knowledge of the detector had improved
thanks to the data acquired from cosmic runs in the last years. During the so-called CRAFT run4
in the summer of 2009, about 300 million cosmic muons, passing through the muon stations and
the inner silicon tracker, in the 3.8 T axial magnetic field, have been collected, giving important
information about the behavior of many components of CMS. The muon performance is as
expected (Fig. 4).
√
In December 2009 the LHC produced events at s = 900 GeV and 2360 GeV, which was
the first opportunity for CMS to test the detector behavior with collision data. In Fig. 4, the
expected di-muon invariant mass shape is shown for L = 1 nb−1 .
3.1

A first J/ψ candidate

√
In December 2009, CMS collected about 300 mb−1 at s = 2.360 TeV, and one di-muon has
been reconstructed in an invariant mass compatible with a J/ψ (Fig. 5). With a vertex position

Figure 3: Inclusive cross section vs J/ψ pT (left); non-prompt J/ψ fraction vs J/ψ pT (right). The equivalent
integrated luminosity is 3 pb−1 .

Figure 4: Number of reconstructed tracks vs pT acquired during the CRAFT run (left). Simulation of the
reconstructed di-muon invariant mass in the J/ψ window, for two types of reconstructed muons (right).

Figure 5: Event display of a di-muon event, showing the reconstructed trajectories of the two muons (red lines).

compatible with the primary vertex (-17±81 µm) and an expected signal-background ratio of 14
in [3.0, 3.2] GeV/c2 , this event is compatible to come from a prompt (i.e. not from a b hadron
decay) J/ψ.
4

Conclusion

The CMS collaboration is ready to make the measurement of the J/ψ cross section at 7 TeV
c.o.m. energy. In the next few months several hundred thousand J/ψ’s are expected to be
reconstructed.
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STRATEGY FOR AN EARLY OBSERVATION OF THE ZZ(∗) DI-BOSON
PRODUCTION IN FOUR-LEPTON FINAL STATES
DANIELE TROCINO
Università degli Studi di Torino & INFN Torino
Via Pietro Giuria, 1 — 10125 Torino, Italy

The study of the production of two Z bosons at the TeV scale constitutes an important test
of the Standard Model and it is a necessary step towards the discovery of new physics and
new particles like the Higgs boson. We investigate the CMS potential for the observation and
study of pp → ZZ → 4ℓ reaction at LHC centre of mass energies, using fully simulated signal
and background samples. It is shown that these processes are accessible with early CMS data.
Data driven methods are developed for the background determination.

1

Introduction

The measurement of the ZZ di-boson production at the LHC is fundamental in the physics
program of the CMS experiment 1 . Many signals of new physics beyond the Standard Model
(SM) can show as enhancements in the ZZ production. Moreover, the pp → ZZ → 4ℓ (ℓ = e, µ)
process is the main irreducible background in searches for the SM Higgs boson via its “golden”
decay mode, H → ZZ(∗) → 4ℓ. Thus an early observation of the ZZ → 4ℓ process is an important
step towards the discovery of the Higgs boson.
With the same analysis developed in CMS for the H → ZZ(∗) → 4ℓ channel 2 , also the
ZZ → 4ℓ cross section can be directly measured with the very first data. In order to be more
suitable for first data, some of the criteria used in the original analysis need to be simplified.
The analysis has been developed using fully simulated signal and background samples at the
nominal LHC centre of mass energy of 14 TeV. Methods for the measurement of backgrounds
and for the estimation of systematic uncertainties from data have also been investigated. In
the following sections, the general strategy will be outlined starting from the original Higgs
analysis. The results and plots shown are also taken from the Higgs analysis, to underline the
similar kinematics of Higgs and ZZ signals. In the last section, the expected signal significance

is obtained for an integrated luminosity of 1 fb−1 , but projections for lower luminosities and for
centre of mass energies of 10 and 7 TeV are also provided.
2

Signal and background

Dedicated signal and background samples have been produced using different Monte Carlo generators (PYTHIA 3 and CompHEP 4 for 14 TeV analysis, MadGraph 5 and PYTHIA for analyses
at lower energies). The ZZ signal is simulated at leading order (LO) via qq → ZZ process, then
normalised to next-to-leading order (NLO) with a mass dependent k-factor. A further 20%
enhancement is introduced to take into account the gg → ZZ mode. The main backgrounds,
tt̄ and Zbb̄, plus a large variety of electroweak and QCD processes (Z+jets, W+jets, multi-jet
events) are simulated at LO and brought to NLO using constant k-factors.
3

Trigger, skimming and pre-selection
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The trigger and the preliminary off-line selection steps are in common with the Higgs analysis 2 .
The trigger selection of signal events is ensured by the presence of at least one or two high pT
leptons in the final state. Several High Level Trigger (HLT) sequences for electrons and muons
are combined with a logical OR, in order to maximise the signal efficiency: single and double
muon/electron triggers, with or without isolation requirements.
A skimming is applied to the primary data streams emerging from the HLT in order to
reduce the total amount of data, dominated by QCD events, to a more manageable volume.
The skimming selection requires at least two leptons with pT > 10 GeV/c and one additional
lepton with pT > 5 GeV/c.
A set of pre-selection cuts is applied to suppress the contribution from “fake leptons”. The
goal is to bring the QCD multi-jets and Z/W+jets contributions to a level comparable to or
below the contribution of the main backgrounds. The pre-selection consists of cuts on the pT of
leptons and invariant mass of 2-lepton and 4-lepton combinations.
Fig. 1 (left) shows the expected number of remaining events after each trigger, skimming
and pre-selection step in 4e final state. All the backgrounds are reduced by several orders of
magnitude and the QCD is almost totally suppressed. Also the ZZ signal is reduced by two
orders of magnitude, due to the rejection of off-shell Z bosons and photons.
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Figure 1: (left) number of remaining events after trigger, skimming and pre-selection cuts in the 4e channel and
(right) invariant mass of the second lepton pair (the further from nominal Z mass) in 2e2µ channel.

4

Analysis selection

Sum of CombIso for the 2 least iso µ

fraction of events

fraction of events

After the pre-selection, the remaining background is dominated by tt̄ and Zbb̄, plus Z+jets in
the 4e channel.
To discriminate against these processes, the invariant mass of both lepton pairs is required
to be consistent with the nominal Z mass. This cut also rejects the residual contribution from
off-shell Z bosons (Fig. 1 right).
In all the backgrounds, two leptons are produced inside jets and are thus expected not to
be isolated. An isolation variable is then defined combining the momenta of the tracks and the
energy of the calorimetric deposits inside a cone surrounding the lepton. The two least isolated
leptons can be used to select signal events (Fig. 2 left). With the first data, this variable can be
simplified by using only the track based isolation.
In tt̄ and Zbb̄ processes, the leptons coming from b-jets are expected to have a higher impact
parameter (IP) compared to the primary muons from Z decay. The IP significance (SIP = IP/σIP )
is thus used to further reduce these backgrounds (Fig. 2 right).
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Figure 2: (left) sum of the isolation variables of the two least isolated leptons and (right) IP significance of the
first (i.e. highest SIP ) lepton in the 4µ channel.

After the previous cuts, mostly the Zbb̄ background is left, in particular in 4µ and 2e2µ
channels. The bidimensional distribution of the isolation variable versus the pT of the third or
forth lepton (sorted by decreasing pT ) shows an excellent separation between signal and Zbb̄
background (Fig. 3). This distribution can be used both as a selection cut and to provide a
signal-free region where the Zbb̄ background can be measured directly from data. Using Monte
Carlo simulations, the measurement in this control region can be extrapolated to the signal
region to estimate the remaining contamination. With the first data, when the systematics and
correlations between the different observables are not fully understood yet, the bidimensional
cut can be replaced by a sequence of separate cuts on each observable, with little significance
loss.
5

Conclusions

Applying the described analysis, with a realistic estimation of the systematic uncertainties, an
observation of ZZ → 4ℓ can be expected with about 130 pb−1 at a centre of mass energy of
14 TeV.

Figure 3: Isolation variable vs pT of the third lepton (sorted by decreasing pT ) in the 4µ final state. Here an
example of Higgs signal is shown in red, but the distribution for the ZZ signal is very similar.

For lower energies, an approximate projection can be obtained by simply rescaling the significance with the signal and background cross sections. In such a way, at 10 and 7 TeV,
observations can be foreseen with about 190 and 300 pb−1 respectively.
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Electron reconstruction and identification in ATLAS. Implication for the Higgs
into four electron final state.
Fany DUDZIAK
on behalf of the ATLAS Collaboration
Laboratoire de l’Accelerateur Lineaire, Universite Paris XI, Orsay
The Higgs boson search is one of the primary challenges at the LHC and especially for the
ATLAS experiment. The golden Higgs boson decay to four leptons, H → ZZ ∗ → 4l, is one
of the most promising discovery channels. Because of the small cross-section, a high electron
reconstruction efficiency is required, especially for a low mass standard Higgs boson. The
baseline analysis for the H → ZZ ∗ → 4e search and the latest optimizations performed for
the electron reconstruction are decribed.

1

Introduction

The Higgs mechanism predicts the existence of a scalar particle in the Standard Model: the
Higgs boson. Elementary particles generate their mass by interacting with the Higgs boson. For
the vector bosons this interaction is breaking the electroweak symmetry. The Higgs boson search
was carried out for many years at LEP and currently at the TeVatron without discovery 5 . In
ATLAS it will be hunted for in several decay channels, particularly in the ZZ ∗ to four leptons
channel. This channel takes advantage of a very clean signal of four isolated charged leptons
in the busy hadronic environment of the LHC. Robust reconstruction and high performance for
the electrons are crucial to optimize the discovery potential in this channel, especially for the
low transverse momentum region which is important for a low mass Higgs boson.
2

The electron reconstruction in ATLAS

The ATLAS detector is described in reference 1 and 2 . Two sub-detectors are mainly used
to reconstruct electrons in ATLAS. Tracks are reconstructed by the Inner Detector operating
inside the two Tesla solenoid magnet and composed of the following sub-detectors: three-layers of
pixels, four double layers of silicon strips (SCT) and the transition radiation tracker (TRT). Then
the liquid argon electromagnetic calorimeter measures the energy in three longitudinal layers,
with a presampler layer in front. The first layer is made of strips and has the finest segmentation
in η to separate photon from π 0 decays. The second layer has a coarser segmentation (e.g. 8
times the first layer in η) and contains most of the shower energy. The third layer ensures the
measurement of the shower tail.
The reconstruction starts with a sliding window algorithm which aims to find electromagnetic
clusters with a threshold ET > 3 GeV. When a cluster seed is found, one looks for a track
pointing to it. In the case of a good track-cluster match, the cluster is considered an electron
and calibrated as such. Otherwise it is calibrated as a photon. Because of bremsstrahlung

the electron clusters are wider in φ for better containment in the magnetic field, and photon
clusters are somewhat narrower in φ. The two types of clusters are calibrated differently as the
electromagnetic shower starts earlier for electrons than for photons.
After the reconstruction the electron object has to pass more selection criteria to be considered well identified and to reject as much as possible fake contributions.
There are three levels of identification for electrons with different rejection power: loose,
medium and tight:
• Loose criteria containing cuts on the detector acceptance and the hadronic leakage as well
as constraints on the shower shapes in the second sampling of the calorimeter.
• Medium criteria stricter than loose, requiring in addition cuts on the first sampling shower
shape variables and on the quality of the tracks (number of hits in the Pixels, SCT, and
impact parameter).
• Tight criteria implying additional identification cuts which test the energy and momentum
agreement (E/p) and make use of the TRT detector signal.
Cuts

Loose
Medium
Tight

ET > 17 TeV
Efficiency (%)
Jet rejection
Z → ee
87.96 ± 0.07
567 ± 1
77.29 ± 0.06
2184 ± 13
61.66 ± 0.07
(8.9 ± 0.3)104

Table 1: Electron efficiency for Z → ee sample and jet rejection for pT >17 GeV.

On top of these requirements, constraints on calorimetric and track isolation can be used.
The efficiency of identification criteria is given in Table 1, together with the corresponding
rejection power against jets.
3

The H → ZZ ∗ → 4e channel analysis

Figure 1 shows the branching ratio for the different Higgs boson decay channels. The experimental limit on the Higgs boson mass given by LEP is 114.4 GeV at 95% C.L 4 . As the Higgs boson
couples preferentially to heavy particles, at low mass the privileged decay mode is to b b̄; this
is a challenging final state to reconstruct in the pp hadronic environment. The H → γγ decay
opens at low mass. Even if the branching ratio is small, this channel has a very clear signal of
two isolated photons that makes easier its identification. This channel is a leading channel for
low Higgs boson mass. Then the H → ZZ ∗ → 4l channel starts to rise, with a branching ratio
increasing with mH . Around 160 GeV this branching ratio drops as the H → W + W − channel
opens up. The backgrounds to the H → ZZ ∗ → 4l signal are:
• the irreducible background ZZ ∗ → 4l giving exactly four real leptons in the final state.
• the reducible backgrounds: Zbb̄, tt̄ and inclusive Z → ee + jets, giving a similar final state
through either semi-leptonic decay of heavy quarks or fake electrons from jets. Requiring
lepton isolation squeezes down the amount of this background.
The baseline analysis for reconstructing the H → ZZ ∗ → 4l signal proceeds as follows:
• An initial preselection is applied. Events are chosen to have at least four leptons with
tranverse momentum pT > 7 GeV falling within the pseudorapidity range |η| < 2.5. Two
of these electrons must have pT > 20GeV
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Figure 1: Branching ratio of the different decay modes of the Standard Model Higgs boson as a function of the
possible boson mass.

• Then lepton quality cuts are applied: for electron the ”medium” quality is requested
• Pairs of leptons of the same flavor and opposite charges are selected, a first one to form
the invariant mass the closest to the Z mass, the second one with the highest possible
invariant mass.
• Isolation cuts on the leptons are required to remove electrons from jets or b and t quarks
decays.
• A cut on the impact parameter on the tracks of the two lower p T leptons is required to
reject the reducible backgrounds. Electrons coming from the Higgs boson decay originate
from a vertex close to the interaction point whereas electrons for b and t decays come
from vertices displaced from the interaction point. Therefore the impact parameter is an
important variable to discriminate between signal and background.
• The four lepton invariant mass is computed.
Table 2 shows the selection efficiency for a Higgs boson with mass of 130 GeV at the different
steps of the analysis. Figure 2 3 shows the four lepton invariant mass for several different possible
Selection cut
Trigger selection
Lepton preselection
Lepton quality and pT
Z’s mass cuts
Calo Isolation
Tracker Isolation
Impact Parameter cut
H mass cut

Efficiency for 4e signal (%)
94.7
57.0
24.7
17.1
17.1
16.5
15.1
12.5±0.3

Table 2: Selection efficiency for a Higgs boson of 130 GeV mass analysis.

Higgs boson masses simulated at 14 TeV and 30 fb −1 . One can see that the importance of the
backgrounds varies with the Higgs boson mass. The Zb b̄ and tt̄ contributes only in the low mass
region and remains a small fraction of the signal. The rejection of such events relies mainly on
isolation performances. The irreducible ZZ ∗ background is by far the dominant background. It
becomes maximal around 180 GeV when both Z bosons are real. In this region the signal may be
more difficult to extract from background than for lower mass. For higher mass this irreducible
background remains important as the Higgs boson invariant mass resolution is getting larger.

Figure 2: Four leptons invariant mass for signal and backgrounds for different possible Higgs boson masses
simulated: 130, 150, 180, 300, 400 et 600 GeV.

4

The electron reconstruction optimization

Since the results given in the first section were published in 3 the electron reconstruction has been
optimized both for the cluster search and the cluster-track matching. For the cluster search,
the seed transverse energy threshold has been lowered to 2.5 GeV and accompanied by a better
duplicate cluster rejection. For the cluster-track match an E/p requirement was removed, now
keeping the best match in η and φ and giving priority to tracks with hits in the pixel and silicon
layers over TRT-only tracks (which display poor resolution in η).
For nearly 5% of electrons, the reconstructed cluster can also be considered a photon conversion
candidate. In order not to make an a priori choice, these clusters are duplicated as both electrons
and photons.
The identification cuts have also been optimized in order to harmonize the trigger and offline
selection, and as well to increase the discrimination between signal and backgrounds starting
from low momentum (5 GeV). This optimization makes the loose selection stricter. Medium cuts
have been loosened to allow for the expected uncertainties on the exact amount of material before
the calorimeter during the first ATLAS operating period. Moreover, new more discriminating
variables have been introduced. All cuts have been tuned in bins of transverse momentum
and pseudorapidity, taking into account the correlations of one with respect to each other.
The binning in pseudorapidity follows the expected steps in the material distribution. This
optimization has led finally to an efficiency improvement of 12% at medium level for η <2.5 and
pT >17 GeV while maintaining the same rejection power. The efficiency of the various cuts is
given Table 3.
Figure 3 shows the efficiency of the three selection menu levels as function of η and p T . The
overall efficiency has been stabilized as a function of η for loose and medium cuts. For the tight
criteria, the losses are caused by the deterioration of the electron reconstruction as the amount
of material in front of the calorimeter increases. This affects the stricter cluster-track matching
required by the tight criteria, especially at low transverse momenta and high pseudorapidity.

Cuts optimized

Loose
Medium
Tight

ET > 20 TeV
Efficiency (%)
Jet rejection
Z → ee
94.30 ± 0.03
1066 ± 4
89.97 ± 0.03
6821 ± 69
71.52 ± 0.03
(1.38 ± 0.06)105

Table 3: Electron efficiency for Z → ee sample and jet rejection for pT > 20GeV with the optimized reconstruction.

Although all the range in η and pT is improved, the main effects of the optimization concern
the high η region.

Figure 3: Electron reconstruction efficiencies after optimization as a function of pT and η.

5

Conclusion

The Higgs to four electron channel is a very promising channel to discover the Higgs boson for
mass above 130 GeV thanks to its clear signature of four isolated electrons inside the detectors.
The final state reconstruction depends crucially on the electron identification efficiency. A
major effort has been performed to optimize the variables used in order to increase the electron
reconstruction efficiency keeping a high rejection power against fakes originated from jets. This
study led to a 12% efficiency gain at the medium selection for p T >20 GeV, used for the Higgs
to four electron analysis. As sub-leading electrons in the Higgs to four electron channel as a
lower pT in average, a significant gain of about less than (1.12) 4 is therefore expected as far as
the Higgs signal is concerned. The corresponding precise analysis is currently under study.
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The ATLAS discovery reach for SUSY models with early data
Janet Dietrich (for the ATLAS collaboration)
Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Germany
E-mail: janet.dietrich@cern.ch
The search for physics beyond the Standard Model (BSM) is one of the most important goals
for the general purpose detector ATLAS at the Large Hadron Collider at CERN. We review
some of the current strategies to search for generic SUSY models with R-parity conservation
in channels with jets, leptons and missing transverse energy for an integrated luminosity of
√
L = 200 pb−1 at a centre-of-mass energy s = 10 TeV. Only a selection of the results is
presented with a focus on the discovery
potential for inclusive searches. The discovery reach
√
for a centre-of-mass energy of s = 7 TeV and an integrated luminosity of L = 1 f b−1 is
expected to be similar to the one discussed in this note.

1

Inclusive searches for SUSY signals

Searches for supersymmetry (SUSY) have to deal with models with a large set of free parameters.
In this article we consider only the R-parity conserving scenario in which the lightest SUSY
particle (LSP) is stable. Here, the LSP is a neutral particle that is produced at the end of the
cascade decays of massive supersymmetric particles and escapes detection, causing large missing
transverse energy ETmiss . Thus a requirement of large ETmiss in the event along with other final
state particles such as leptons and/or jets with high pT has a high potential to discover SUSY
at the LHC.
The primary goal of the presented work was to study different decay topologies and signatures for
many “typical” MSSM points, i.e. a large range of possible mass patterns. About 200 MSSM
points were selected to scan the MSSM parameter space. Since there is no unique model of
SUSY-breaking, all these models should be viewed only as possible patterns of LHC signatures,
not as complete theories.
mSUGRA models In order to cover a large parameter space and to reduce the number of
SUSY points minimal SUper GRAvity (mSUGRA 1 ) grids were made in ”radial coordinates”,
i.e. points on outgoing radial lines in the (m0 , m1/2 ) plane for tan β = 10. Lines with different
slopes were produced. The other mSUGRA parameters are A0 = 0, µ > 0.
pMSSM models About 150 points were generated in the phenomenological MSSM (pMSSM 2 )
space with 19 free soft SUSY breaking parameters. This parameter space was sampled with a
flat prior distribution within certain theoretical limits and a mass scale of < 1 TeV. Only points
are chosen which satisfied various experimental bounds like constraints from collider experiments
at LEP and Tevatron, but also the WMAP dark matter density upper bound and bounds from
direct DM detection searches 3 .
ATLAS studied various search channels with different numbers of jets (≥ 2, ≥ 3, ≥ 4) and
leptons (0, 1, 2), trying to keep the SUSY searches robust in order to discriminate a potential

SUSY signal from the main background sources. The leptons considered are either a muon or
an electron; the number of leptons defines mutually exclusive channels:
0-lepton channels In the no-lepton search mode events with an isolated high pT (> 20 GeV)
electron or muon are vetoed. The dominant backgrounds in the 0 lepton channel are the QCD
multijets, Z → ν ν̄+jets, W +jets and tt̄ production. In general, this channel shows the highest
discovery potential, but requires that the QCD background and sources of fake ETmiss can be
kept under control.
1-lepton channels For the 1-lepton mode one identified high pT lepton is required and events
with 2 leptons are vetoed. In this channel the QCD and Z+jets background are strongly reduced
by the lepton requirement. The main backgrounds are tt̄ decays and W +jets production.
2-lepton channels The 2-lepton channel is subdivided into two channels: one asking for
opposite-sign electric charges (non-negligible SM background, but high SUSY signal statistics)
and one asking for same-sign electric charges (low SM background, but lower SUSY signal statistics). The main possible SM processes that can mimic these final states are the production of
tt̄, W +jets, Z+jets and Diboson processes.
Further interesting search modes in ATLAS that are not presented in this note include
channels containing either photons, tau leptons, b-jets or ≥ 3 leptons 4 ’ 5 ’ 6 .
All cuts on the number of jets and on the transverse momentum of jets are common to the
channels with different lepton multiplicities and are summarized in Table 1. The pT cuts on the
jets are chosen in order to be consistent with the multijet trigger requirements and in order to
reject a sufficient amount of background.
Number of jets
Leading jet pT (GeV)
Jets pT (GeV)
|∆φ(jeti , ETmiss )|
ETmiss > f × Mef f

≥ 2 jets
> 180
> 50 (Jet 2)
[> 0.2,> 0.2]
f = 0.3

≥ 3 jets
> 100
> 40 (Jet 2-3)
[> 0.2,> 0.2,> 0.2]
f = 0.25

≥ 4 jets
> 100
> 40 (Jet 2-4)
[> 0.2,> 0.2,> 0.2,> 0.0]
f = 0.2

Table 1: The table shows the cuts for the 3 studied jet multiplicities: cuts on the pT of the leading, the pT of the
remaining jets, |∆φ(jeti , ETmiss )|, Mef f fraction f

In addition to the cuts described in Table 1 the following cuts are applied: ETmiss > 80 GeV
and transverse sphericity ST a > 0.2. Furthermore, for the one lepton channel the requirement
of the transverse mass MT , constructed from the identified lepton and the missing transverse
energy, must be greater than 100 GeV. A full description of all selection cuts is presented in the
ATLAS note 7 ’ 8 . The final variable we have used to discriminate between SUSY and background
is the effective mass (Meff ) defined as the scalar sum of the transverse momenta of the main
PNlep lep,i
PNjets jet,i
PT + i=1
PT + ETmiss where Njets is the number
objects in the event: Mef f ≡ i=1
of jets (2 - 4) and Nlep is the number of leptons (0 - 2). Further high pT jets or leptons are
not included in the sum. Figure 1 shows the Mef f distribution for the 4-jet 1 lepton channel
a

ST is defined as:
ST ≡

2λ2
(λ1 + λ2 )

where λ1 and λ2 are the eigenvalues of the 2 × 2 sphericity tensor Sij =
jets and leptons 4 .

P
k

pki pkj computed from all selected

after applying all cuts for the ATLAS benchmark point SU4 b ; the signal clearly exceeds the
background in both channels.
Events / 200 pb-1
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Figure 1: The effective mass Meff distribution after the final selection for the inclusive 4-jet 1√lepton channel (left
side). The right plots shows the 5σ contour lines for the ATLAS experiment for 200 pb−1 at s = 10 TeV for the
4-jet 0 lepton, the 4-jet 1 lepton and the 2-jet 2 lepton channel as a function of M0 and M1/2 for the mSUGRA
model with tan β = 10.

Discovery reach
We have explored the reach of our search strategies by studying grids of models in the parameter
space of mSUGRA and pMSSM. For each point in the two grids the same set of selection cuts c
are applied and the significance ZN is calculated. This ZN method uses a convolution of a
Poisson and a Gaussian term to account for the systematic uncertainty 4 . Note that for the
studies presented here, a systematic uncertainty of 50% was assigned to the SM background
estimate. The following plots show only the channels with the largest discovery reach for each
lepton multiplicity. No attempt was made to combine the significance of the various channels.
The 5σ discovery reach lines in the M0 - M1/2 plane for the 4-jet 0 lepton, 4-jet 1 lepton and
2-jet 2 lepton channel for the mSUGRA model are presented in Figure 1 in the right plot. From
this Figure, one can see that the 0 and 1 lepton channels have similar potential for a discovery
in the studied mSUGRA grids. Figure 2 shows the 5σ discovery reach for the pMSSM grid with
constraints as a function of the minimum mass of the first and second generation squarks and
the mass of the gluino. Most considered SUSY signals can be discovered with the 4-jet channels
if the cross section is larger than 10 pb and if the squark or gluino mass are ≤ 600 − 700 GeV.
A few points are only found with the 2- or 3-jet channels with 0 or 1 lepton. In general the
4-jet 0-lepton channel is more effective than the 1-lepton one, because many points do not lead
to significant high pT lepton production.
Conclusion
The discovery potential for inclusive SUSY search channels with 0 lepton, 1 lepton or 2 leptons
and ≥ 2, ≥ 3 or ≥ 4 jets has been investigated for a scenario assuming an LHC centre-of-mass
√
energy of s = 10 TeV and an integrated luminosity of L = 200 pb−1 . The results of the scans
b
c

ZN

√
m0 = 200 GeV, m1/2 = 160 GeV, A0 = −400 GeV, tan β = 10, µ > 0; σ = 108 pb at s = 10 TeV.
The Mef f cut was varried for every point with a step size of 400 GeV, the cut that gives the highest significance
was applied.
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Figure 2: The 5σ contour lines for the ATLAS experiment for 200 pb−1 at s = 10 TeV for the 4-jet 0 lepton,
the 4-jet 1 lepton and the 2 lepton channels for the points of the pMSSM grids with constraints as a function of
the minimal mass of the light squarks and the gluino mass.

presented indicate that ATLAS could discover signals of R-parity conserving SUSY with gluino
and squark masses less than 600 -700 GeV in many scenarios.
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NEW PHYSICS BOUNDS FROM CKM-UNITARITY
M. GONZÁLEZ-ALONSO
Departament de Fı́sica Teòrica and IFIC, Universitat de València-CSIC,
Apt. Correus 22085, E-46071 València, Spain
Using an effective field theory approach, we study the new physics (NP) corrections to muon
and beta decays and their effects on the extractions of Vud and Vus . Assuming nearly flavor
blind NP interactions we find that the CKM-unitarity test is the only way to expose NP. The
four short-distance operators that can generate a deviation are strongly constrained by the
phenomenological bound |Vud |2 + |Vus |2 + |Vub |2 − 1 = (−1 ± 6) × 10−4 , corresponding to an
effective scale Λ > 11 TeV (90% CL). Depending on the operator, this constraint is at the
same level or better than that generated by the Z pole observables.

1

Introduction

In the last years there have been a continuous advance in the theoretical description of semileptonic kaon decays, both in the lattice sector 1 and using analytical approaches 2 . These improvements, in combination with new experimental measurements 3 , make these decays a deep
probe of the nature of weak interactions 4,5 . In particular, the elements Vud and Vus of the
Cabibbo-Kobayashi-Maskawa (CKM) 6 quark mixing matrix are known with an accuracy below
the percent level: Vud = 0.97425(22) 7 and Vus = 0.2253(9) 5 . These precise determinations can
be used to test the CKM unitarity condition a
(pheno) 2

∆CKM ≡ |Vud

(pheno) 2

(pheno) 2
| + |Vus
| + |Vub

| − 1 = (−1 ± 6) × 10−4 ,

(1)

or equivalently, the quark-lepton universality. Assuming that new physics contributions scale as
2 /Λ2 ), the unitarity test probes energy scales Λ on the order of the TeV, which will be
α/π(MW
directly probed at the LHC.
While the consequences of these unitarity tests on Standard Model (SM) extensions have
been considered in some explicit scenarios 8 , a model-independent analysis was missing until
recently 9 . In order to perform such an analysis, the main idea is to study in a model-independent
effective theory setup new physics contributions to low energy charged-current (CC) processes,
in such a way that we can assess in a fairly general way the impact of semileptonic processes in
constraining and discriminating SM extensions. We shall pay special attention to purely leptonic
and semileptonic decays of light hadrons used to extract the CKM elements Vud and Vus .
2

Weak scale effective lagrangian

In order to analyze in a model-independent framework NP contributions to both beta decays
and electroweak precision observables (EWPO) we take the SM (including the Higgs) as the
a

Vub ∼ 10−3 contributes negligibly to this relation.

low-energy limit of a more fundamental theory, and more specifically we assume that: (i) there
is a gap between the weak scale v and the NP scale Λ where new degrees of freedom appear;
(ii) the NP at the weak scale is weakly coupled, so the electroweak (EW) gauge symmetry is
linearly realized; (iii) the violation of total lepton and baryon number is suppressed by a scale
much higher than Λ. These assumptions lead us to an effective non-renormalizable lagrangian 10 :
1
1
1
(2)
L(eff) = LSM + L5 + 2 L6 + 3 L7 + . . .
Λ
Λ
Λ
P

(n)

(n)

(n)

where Ln = i αi Oi , being Oi local gauge-invariant operators of dimension n built out
of SM fields. It can be shown that under the above assumptions, there are no corrections at
dimension five, whereas seventy-seven operators appear at dimension six 9,10 , where we truncate
the expansion. For the sake of consistency we will work at linear order in the NP corrections.
For the EWPO and beta decays it can be shown that we only need a twenty-five operator
basis, with twenty-one U (3)5 invariant and four non-invariantb (we will see the usefulness of this
separation later). Nine of those operators contribute to the beta and muon decays, being the
following five the only U (3)5 -invariant:
1 µ a
(lγ σ l)(lγµ σ a l),
2

Olq

1 µ
(lγ l)(lγµ l)
2
= (lγ µ σ a l)(qγµ σ a q),

(3)
Oϕl

(3)
= i(ϕ†Dµ σ aϕ)(qγµ σ aq) +h.c., .
= i(h†D µ σ aϕ)(lγµ σ a l) +h.c., Oϕq

(1)

Oll =
(3)

(3)

Oll =

(3)
(4)
(5)

Effective lagrangian for µ and quark β decays

3

Deriving the low-energy effective lagrangian that describes the muon and beta decays we find 9
"

−g2
Lµ =
(1 + ṽL ) · ēL γµ νeL ν̄µL γ µ µL + s̃R · ēR νeL ν̄µL µR
2m2W

#

+ h.c. ,

(6)

"

Ldj



−g2
i µ j
i µ j
=
1
+
[v
]
V
L ℓℓij ℓ̄L γµ νℓL ūL γ dL + [vR ]ℓℓij ℓ̄L γµ νℓL ūR γ dR
ij
2m2W

+[sL ]ℓℓij ℓ̄R νℓL ūiR djL + [sR ]ℓℓij ℓ̄R νℓL ūiL djR
#

+[tL ]ℓℓij ℓ̄R σµν νℓL ūiR σ µν djL

+ h.c. .

(7)

The effective couplings ṽL , s̃R , vL,R , sL,R , and tL encode information on interactions beyond the
SM 9 and are of order v 2 /Λ2 , where v is the SM Higgs expectation value.
4

Flavor structure of the effective couplings

So far we have not made any assumption about the flavor structure of the new physics, but given
that flavor changing neutral current (FCNC) processes forbid generic structures if Λ ∼ TeV, it is
convenient to organize the discussion in terms of perturbations around the U (3)5 flavor symmetry
limit, where no problem arises with FCNC. In this U (3)5 -limit the expressions greatly simplify:
the effective couplings s̃R , vR , sL,R , and tL vanish and all the NP effects can be encoded into the
following redefinitions
GµF



(3)

(3)

= (GF )(0) (1 + ṽL ) = (GF )(0) 1 + 4 α̂ϕl − 2 α̂ll




(3)



,
(3)

GSL
= (GF )(0) (1 + vL ) = (GF )(0) 1 + 2 α̂ϕl + α̂(3)
F
ϕq − α̂lq
b



(8)
,

(9)

We refer to the U (3)5 flavor symmetry of the SM gauge lagrangian (the freedom to make U (3) rotations in
family space for each of the five fermionic gauge multiplets).

√
(0)
where GF = g2 /(4 2m2W ). Consequently we will have
(pheno)

Vij

=

h

i
Vij GSL
(3)
(3)
(3)
(3)
F
+
α̂
−
α̂
−
α̂
1
+
2
α̂
=
V
,
ij
ϕq
ϕl
lq
ll
GµF

(10)

as phenomenological values of Vud,us , independently of the channel used to extract them. Therefore the only way to expose NP contributions is to construct universality tests (∆CKM 6= 0), in
which the absolute normalization of Vij matters. In our framework we have


(3)

(3)

(3)

∆CKM = 4 α̂ll − α̂lq − α̂ϕl + α̂(3)
ϕq



.

(11)

In specific SM extensions, the α̂i are functions of the underlying parameters. Therefore, through
the above relation one can work out the constraints of quark-lepton universality tests on any
weakly coupled SM extension.
The Minimal Flavor Violation hypothesis requires that U (3)5 symmetry is broken in the
underlying model only by structures proportional to the SM Yukawa couplings 11 , and structures
generating neutrino masses 12 , and therefore the coefficients parameterizing deviations from the
U (3)5 -limit are highly suppressed 9 . Consequently we expect the conclusions of the previous
subsection to hold, with the elements Vij receiving a common dominant shift plus suppressed
channel-dependent corrections.
In a more general framework the situation can be different because the channel-dependent
shifts to Vij could be appreciable and ∆CKM would depend on the channels used. Work in this
direction is in progress.
5

∆CKM versus precision EW measurements

The four operators that contribute to ∆CKM in the limit of approximate U (3)5 invariance also
contribute to the different EWPO 13 , together with the remaining seventeen operators that make
up the U (3)5 invariant sector of our TeV scale effective lagrangian. Han and Skiba 13 studied the
constraints on the same set of twenty-one U (3)5 invariant operators from the EWPO, performing
a global fit, and from this work we have the following indirect bound on ∆CKM
−9.5 × 10−3 ≤ ∆CKM ≤ 0.1 × 10−3

(90% C.L.) .

(12)

Comparing with the direct experimental limit, |∆CKM | ≤ 1. × 10−3 (90% C.L.), we see that
EWPO leave room for a sizable violation of unitarity and consequently we have to include the
direct ∆CKM constraint in the global fit to improve the bounds on NP-couplings. It has been
(3)
shown 9 that the main effect of this addition is to strengthen the constraints on Olq .
In Fig. 1 we show the bounds if we assume a single operator dominance. For all the CKMoperators the direct ∆CKM measurement provides competitive constraints and in the case of
(3)
Olq the improvement is remarkable.
6

Conclusions

In an effective field theory framework and assuming nearly U (3)5 -invariant NP interactions, it
has been shown that the extraction of Vud,us is channel independent and the only NP probe is
(3)
∆CKM , that receives contributions from four short distance operators: Oll,lq,ϕl,ϕq .
We have shown that the CKM-unitarity (first row) test provide constraints on NP that
currently cannot be obtained from other EW precision tests and collider measurements. The
∆CKM constraint bounds the effective NP scale of all four CKM-operators to be Λ > 11 TeV
(3)
(90 % C.L.), what for Olq is five times stronger than EWPO-bound. Equivalently, if Vud and
Vus move from their current central values, EWPO data would leave room for sizable deviations
from CKM-unitarity.

Figure 1: 90 % C.L. regions in the single operator analysis. The first row displays the constraint from EWPO and
the second row those coming only from ∆CKM .
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MUON IDENTIFICATION IN THE LHCb EXPERIMENT

X. CID VIDAL, ON BEHALF OF THE LHCb COLLABORATION
Instituto Galego de Fı́sica de Altas Enerxı́as (IGFAE), Facultade de Fı́sica,
Rúa de José Marı́a Suárez Núñez, s/n, Universidade de Santiago de Compostela,
15782, Santiago de Compostela, Spain.
A short summary of the LHCb muon identification procedure is given in this article. First, the
muon system of LHCb is presented, together with some examples of physics measurements
of the experiment where the muon identification is crucial. Then, the muon identification
algorithm is introduced in three single steps. With this, the efficiency vs. misidentification
rate is shown for MC simulated data. The way this method will be calibrated with real data is
also seen. Finally, some preliminary muon identification results with proton-proton collisions
√
at s = 900 GeV are presented.

1

Introduction

LHCb (Large Hadron Collider Beauty) is one of the four major detectors of the LHC (Large
Hadron Collider) experiment, that is currently taking place at CERN (Geneva, Switzerland).
LHCb will profit from the LHC proton-proton collisions at an energy that is expected to reach 14
TeV in the center of mass to study different aspects of b-physics. Several key measurements of
the LHCb experiment rely on the efficient identification of muons. For this purpose, the LHCb
detector has a muon system, composed of five muon chambers, and a dedicated algorithm to
identify muons. LHCb can identify muons with an efficiency of ∼ 95% and a misidentification
rate of ∼ 3%, both measured in a set of Monte Carlo (MC) simulated data.

2

The muon system of LHCb

The muon system of the LHCb experiment 1 consists of five tracking stations placed along the
beam axis and separated by iron filters (figure 1). The first station (M1) is placed in front of the
calorimeter preshower, at 12.1 m from the interaction point, and is important for the transversemomentum measurement of the muon track used in the first hardware level of the LHCb muon
trigger. The remaining four stations are interleaved with the muon shield at mean positions
of 15.2 m (M2), 16.4 m (M3), 17.6 m (M4) and 18.8 m (M5) from the proton-proton interaction
point. The shield consists of the electromagnetic and hadronic calorimeters (in front of M2) and
three 80 cm thick iron filters for a total absorber-thickness of 20 nuclear interaction-lengths.
Each station is subdivided in four regions with dimensions and logical pad size which scales
a factor two from one region to the next.

Figure 1: Side view of the LHCb muon system,
showing the position of the five stations. The
first station is placed before the calorimeters and
the other four after them, interleaved with the
muon shield.
3

Figure 2: Efficiency of the muon candidate requirement vs. momentum for different MC samples. The requirement is calculated on a set of
MC Truth matched muons

Physics with muons in LHCb

LHCb physics interest covers a wide range of topics, from the study of CP asymmetries to the
indirect search for New Physics (NP) via the measurement of the branching ratios of very rare
decays. Examples of channels of big physics interest and with muons in the final state are
Bs → µ+ µ− , B 0 → K ∗ µ+ µ− or Bs → J/Ψ(µ+ µ− )φ(K + K − ).
In particular, the Bs → µ+ µ− channel 2 is a good example of the potential of LHCb for early
discoveries from the proton collisions of LHC. The Bs → µ+ µ− decay takes place through a
flavour changing neutral current, and is therefore suppressed in Standard Model at the tree level.
In the SM framework, its branching ratio (BR) has been calculated to be (3.35±0.32)×10−9 , but
this value could be very sensitive to the existence of NP, and several models predict an enhancement of this decay. The current best experimental limit is given by the CDF collaboration 3 :
BR(Bs → µ+ µ− ) < 36 × 10−9 at 90% CL. This is an order of magnitude above SM prediction.
The proton-proton collisions at a center of mass energy of 7 TeV in LHC have just begun and
this energy is expected to be kept until the end of 2011. With this energy and a small amount
of data collected the current limit from CDF is expected to be improved, having by the end of
2010 a sensitivity better than the best from Tevatron experiment (CDF+D0 collaborations) at
the end of its lifetime.
4

The muon identification procedure

The tracks built by the tracking system of LHCb can be identified or rejected as muons using
the muon subdetector (section 2). The muon identification algorithm can be divided in three
independent steps:
1. Hits associated to the tracks are looked for in all the five stations of the muon system. To
do so, the tracks are linearly extrapolated to the stations and a Field of Interest (FoI) is
built around the extrapolated position. This field of interest is different for the x and y
coordinates, and depends on the momentum of the tracks, the station and the region of
the station where the hits are found.
2. With the identity of the stations with at least one hit in the FoI and the momentum of

Figure 3: Distance distribution for muons and
non-muon tracks from a MC simulated sample passing the muon candidate requirement.
The integrated values shown indicate the muon
and non-muon probabilities needed to build the
DLL.

Figure 4: Momentum distribution of the tracks
passing the muon candidate requirement in 2009
data and comparison to MC simulated data in
the same conditions.

the tracks, muon candidates are selected. The muon candidate condition requires hits in
the FoI of two stations among M2, M3, M4 for tracks with 3 < p < 6 GeV/c and in the
FoI of three stations among M2, M3, M4, M5 for tracks with p > 6 GeV/c. This condition
removes most of the background (at a ∼3-4% level). The efficiency of this condition vs.
momentum in two different MC Truth matched set of muons can be seen in figure 2.
3. Once the muon candidates have been identified, a muon probability can be calculated
in order to gain further rejection. A discrimination variable is built with the distance
between the position of the extrapolation of the track to each of the muon stations and
the closest hit (if any) inside the corresponding FoI averaged to the subdetector’s pad size.
The exact formula can be found in equation 1, where ei is the extrapolated position, mi is
the position of the hits, ps the size of the pad, Nsts is the number of stations with at least
one hit in FoI and the sum is done over all stations with at least one hit in FoI. Building the
corresponding distance distributions for a calibration set of muons and non-muons, allows
the calculation of muon (pµ ) and non-muon (pnon−µ ) probabilities (figure 3). With the log
rate of both these quantities, the Difference Log Likelihood (DLL = log [pµ /pnon−µ ]) will
be computed, this being the final discrimination variable of the method.

5 
1 X X ei (st) − mi (st) 2
d =
Nsts
psi (st)
2

(1)

i=x,y st=2

With the just described method 4 , results can be calculated for the efficiencies and misidentification rates provided by different DLL cuts on MC simulated samples. As an example, a DLL
cut providing a 94.20% efficiency on muons would mean a misidentification rate of 3.30%.
5

MuonID calibration

The muon identification calibration with real data requires the use of a set of tracks identified
as muons or non-muons without the use of LHCb muon system and with a yield big enough to
ensure the monitoring of the method described in section 4.
As for the muons, the J/Ψ → µ+ µ− channel can be easily reconstructed in LHCb and will
be used to get a rather pure sample of unbiased muons, using a tag and probe method. With

two tracks forming a good vertex, passing some p and pT cuts and with the right J/Ψ mass, the
tagged track is required to pass the muon candidate condition, while the probe is required to be
a Minimum Ionizing Particle (MIP) in the calorimeter system. The probe tracks are also asked
not to have fired the trigger. Once enough probe muons become available, the efficiency of the
method will be calculated after a background subtraction. The expected rate for this calibration
channel in the 2010 run is above 5 Hz 5 .
The Λ → pπ channel will be used as a source of non-muons. The very significant expected
yield in LHCb allows a very easy reconstruction based simply on kinematical and geometrical
cuts. One of the advantages of the Λ → pπ decay is that the final states, proton and pion,
can be easily identified due to the known longitudinal momentum asymmetry between them.
This is very interesting for the muon identification measurements, as protons do not decay in
flight, while pions do. In the 2010 run, LHCb is expected to reconstruct the Λ → pπ channel
for calibration at a rate bigger than 40 Hz 5 .
6

MuonID with 2009 data

√
The ∼ 6 µb−1 collected by LHCb in 2009 from proton-proton collisions at s = 900 GeV allowed
the first results for muon identification with real data. These include mainly the analyses of some
distributions for muon candidates and the measurement of the misidentification rate from pions
obtained via the Ks → π + π − decay. Both results were compared with MC samples simulated
with the same data taking conditions. The distributions obtained with muon candidates in
data show good agreement with MC simulation. Examples of the variables studied are p, pT
and distance (equation 1). The momentum distributions can be found in figure 4. As for
the misidentification rate, the measured value was misID(π → µ)REAL = (3.8 ± 0.7)%, to be
compared with the MC expectation misID(π → µ)M C = (2.3 ± 0.4)%, for tracks in the muon
system acceptance with p > 3 GeV/c. The quoted errors are statistical only.
7

Conclusions

The muon identification was shown to be crucial for LHCb physics. The muon system was
introduced and the identification algorithm, based on three steps, presented. Plans exist on
how to calibrate the muon identification algorithm with real data, and a part of these could be
already tested with the data collected in 2009 at 450 GeV.
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BAYESIAN STUDY AND NATURALNESS IN MSSM FORECAST FOR THE
LHC
MARIA EUGENIA CABRERA
Instituto de Fı́sica Teórica, IFT-UAM/CSIC
U.A.M., Cantoblanco,
28049 Madrid, Spain
We perform a forecast of the CMSSM for the LHC based in an improved Bayesian analysis
taking into account the present theoretical and experimental wisdom about the model 1 . In
this way we obtain a map of the preferred regions of the CMSSM parameter space and show
that fine-tuning penalization arises from the Bayesian analysis itself when the experimental
value of MZ is considered. The results are remarkable stable when using different priors.

The start of the LHC has motivated a lot of effort to try to anticipate which kind of physics
beyond the Standard Model is more likely to be there. Since the present experimental data are
not powerful enough to select a small region of the parameter space of SUSY models, Bayesian
Statistics becomes a very powerful tool to try to make an inference of the probability of certain
regions of parameters of these models, where the choice of judicious prior probability for the
parameters becomes more relevant.
1

Bayesian Statistics

The probability density of a particular point {p0i } in the parameter space given a certain set of
data is the posterior probability density function (pdf), given by
p(p0i |data) =

p(data|p0i ) p(p0i )
,
p(data)

(1)

where p(data|p0i ) is the likelihood, the probability density of measuring the given data for the
chosen point in the parameter space. p(p0i ) is the prior, the “theoretical” probability density
that we assign a priory to the point in the parameter space. p(data) is the evidence. If one
is interested in comparing regions of the parameter space of a given model, p(data) is just a
normalization constant.
2

Bayesian approach and Naturalness

The parameters of the MSSM should not be far from the electroweak scale in order to avoid
unnatural fine-tunings to obtain the correct scale of the electroweak breaking. From the minimization of the tree-level form of the scalar potential,
MZ2

= 2

m2H1 − m2H2 tan2 β
− 2µ2low ,
tan2 β − 1

(2)

we can see that if µ and the soft masses mH1,2 are not close to the electroweak scale, a big
cancellation is necessary in order to obtain the right value of MZ . A conventional measure of
this cancellation are the fine-tuning parameters 2,3 ,
∂ ln MZ2
.
∂ ln pi

ci =

(3)

Since naturalness arguments are actually statistical, one may expect that a penalization of finetunings should arise from the Bayesian analysis itself. Let us see how this comes about. Let us
consider MZ on a similar foot to the rest of experimental data,
p(data|s, m, M, A, B, µ) = LMZ Lrest ,

(4)

where s represents the SM parameters, Lrest is the likelihood of the all physical observables
except MZ , and LMZ is the likelihood of MZ . Let us now use the sharpness of the likelihood
of MZ to approximate LMZ ≃ δ(Mz − Mzexp ) and marginalise the pdf in the µ−parameter,
performing a change of variable µ → MZ :
p(s, m, M, A, B| data) ≃
=

Z


dMZ
dµ
dMZ





dµ
δ(Mz − Mzexp ) Lrest p(s, m, M, A, B, µ)
dMZ


Lrest p(s, m, M, A, B, µ0 ) ,

(5)

µ0

where µ0 is the one which reproduce the experimental value of MZ as a function of the rest of
the parameters a . Now, comparing this to the definition of fine-tuning parameters one gets,
p(s, m, M, A, B| data) = 2

µ0 1
Lrest p(s, m, M, A, B, µ0 ),
MZ cµ

(6)

where the presence of the fine-tuning parameter does indeed penalize regions of the parameter
space with large fine-tunings. As we will see, this is enough to make the high-energy region of
the parameter space statistically insignificant.
We have performed a Bayesian analysis of the MSSM with the following improvements 4 :
as we show above, the fine-tuning penalization arises from the Bayesian analysis itself; we have
made a rigorous treatment of the nuisance variables where Yukawa couplings are fundamental
parameters in contrast with previous analysis; and, finally, we have used an efficient set of
variables to scan the MSSM, {m, M, A, B, mu, yt } → {m, M, A, tan β, Mz , mt }. The last change
of variables introduces a jacobian factor,
p(gi , mt , m, M, A, tan β|data) = Lrest J|µ=µ0 p(gi , yt , m, M, A, B, µ = µ0 )
where,
"

#

1
E Blow t2 − 1
∂µ ∂yt ∂B
≃ (g2 + g′2 )1/2
J=
∂MZ ∂mt ∂tβ
4
Rµ2
µ t(1 + t2 )

yt
ytlow

!2

s−1
β .

(7)

In addition, we have developed sensible priors which assume that soft-breaking term share a common origin. This analysis have been implemented using MultiNest 5 algorithm as implemented
in the SuperBayeS 6 code which incorporate SoftSusy 7 , SusyBSG 8 , SuperIso 9 , MicrOMEGAs 10
codes.
As can be seen in Fig 1, besides making the high-energy parameter space quite irrelevant,
the EW breaking has a another remarkable effect, the probability distribution (pdfs) based on
logarithmic or flat prior are quite similar after the incorporation of the EW scale.
a

We have ignored here the nomalization factor. See eq. [1]
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Figure 1: 1D marginalized posterior probability distribution of the M for logarithmic (left panels) and flat (right
panel) priors in the µ > 0 case, for a scan including the EW breaking information (Mzexp ). The red lines represents
the marginalized prior.

3

Experimental Constraints

In this section we incorporate all the relevant experimental information to the likelihood piece
of the probability distribution. We start by considering the most reliable and robust pieces of
experimental information: EW and B(D)-physics observables and lower bounds on the masses of
supersymmetric particles and the Higgs mass. The left panel of Fig. 2 shows the pdf of {M −m}
plane once this experimental information is incorporated. Clearly the bulk of the probability is
now pushed into higher energy. This effect is basically due to the Higgs mass bound. It is well
known that the tree-level Higgs mass is bounded from above by MZ , so radiative corrections
are needed. Concerning the other observables, everything works fine as long as SUSY is not at
too low scale. We also show the discovery reach of LHC 11 for 1 f b−1 and 100 f b−1 . These lines
correspond to A = 0 and tan β = 45, but they provide a good indication for the LHC discovery
potential.
Next, we have added information about anomalous magnetic momentum of the muon, aµ .
Taking e+ e− → hadrons data, there is a 3.3σ discrepancy between the experimental and SM
theoretical prediction, which has been often claimed as a signal of new physics. If one accept
this, the supersymmetric masses should be brought to quite small values in order to produce
a large enough contribution δMSSM aµ to reconcile theory and experiment, as we can see in the
center panel of Fig. 2. If we instead use τ −decay data there is no big discrepancy, SUSY
contribution does not need to be large and the pdfs are essentially unchanged by its inclusion.
Supersymmetry offers good candidates for Cold Dark Matter (CDM), the most popular and
natural one is the lightest neutralino. The right panel of Fig. 2 shows the pdfs after the assumption of CDM is made of neutralinos and without the information from aµ .
We have repeated the same analysis for µ < 0. We have evaluated the ratio of the evidence
of both cases, the Bayes factor, in order to compare the relative probability of the µ > 0 and
µ < 0 branches. The µ < 0 is slightly favoured, due to its capability to reproduce the central
value of b → s γ, but the effect is not really significant. On the other hand aµ favours µ > 0
branch, this effect is stronger when ΩDM is included. This is because ΩDM constraints favours
the low-energy region of the parameter space, and this is strongly preferred by aµ .
In conclusion, LHC offers an exciting horizon for SUSY discovery, but there is still a possibility that this escapes detection, especially if the Higgs mass is not close to its present experimental
bound.
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Figure 2: 2D marginalized posterior probability distribution for logarithmic (upper panel) and flat (lower panel)
priors in the µ > 0 case including: EW + B(D)-physics observables (left panel); + aµ (center panel); + CDM
(right panel). The inner and outer contours enclose respective 68% and 95% joint regions.
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Preliminary results of charged pions cross-section in proton carbon interaction at
30 GeV measured with the NA61/SHINE detector.
Sebastien Murphy
on behalf of the NA61/SHINE collaboration http://na61.web.cern.ch/
University of Geneva, DPNC, 24 Quai E. Ansermet, 1201 Geneva, Switzerland
As the intensity of neutrino beams produced at accelerators increases, important systematic
errors due to poor knowledge of production cross sections for pions and kaons arise. Among
other goals, the NA61/SHINE (SHINE ≡ SPS Heavy Ion and Neutrino Experiment) detector
at CERN SPS aims at precision hadro-production measurements to characterise the neutrino
beam of the T2K experiment at J-PARC. These measurements are performed using a 30
GeV proton beam produced at the SPS with a thin carbon target and a full T2K replica
target. Preliminary spectra of π − and π + inclusive cross section were obtained from pilot
data collected in 2007 with a 2 cm thick target. After a description of the SHINE detector
and its particle identification capabilities, results from three different analysis are discussed.

1

Physics motivation

In T2K, neutrinos are produced by a high intensity proton beam of 30 GeV impinging on a carbon
target and producing mesons (π and K) from the decay of which the neutrinos are produced.
There exist so far no measurements of hadron inclusive spectra from p+C at 30 GeV. Thus
the NA61/SHINE experiment will provide a precise measurement of meson yield production in
carbon at the proton beam energy (30 GeV/c) of interest for T2K. These measurements will be
used for the T2K neutrino beam simulation and consequently reduce the systematic uncertainties
of the neutrino energy distribution at the needed level for the physics goals of T2K 1 .
2

The SHINE detector and combined particle identification

The set-up of the NA61/SHINE is shown in Fig. 1. The main components of the NA61 detector
were inherited from the NA49 experiment 2 . The tracking apparatus consits in four large volume
Time Projection Chambers (TPCs), which are capable of detecting up to 70% of all charged
particles created in the reactions studied. Two vertex TPCs (VTPC-1 and VTPC-2), are located
in the magnetic field of two super-conducting dipole magnets and, two TPCs (MTPC-L and
MTCP-R) are positioned downstream of the magnets, symmetrically on the left and right of
the beam line. One additional small TPC, so-called gap TPC (GTPC), is installed on the
beam axis between the vertex TPCs. The TPCs provide a measurement of charged particle
momenta p with a high resolution. For the 2007 run a new forward time of flight detector
(ToF-F) was constructed in order to extend the acceptance of the NA61/SHINE set-up for pion
and kaon identification as required for the T2K measurements 1 . The ToF-F detector consists
of 64 scintillator bars, vertically orientated, and read out on both sides with Hamamatsu R1828
photo-multipliers. The resolution of the ToF-F wall is < 120 ps 3 which provides a 5 σ π/K

separation at 3 GeV/c. It is installed downstream of the MTPC-L and MTPC-R, closing the
gap between the ToF-R and ToF-L walls. The ToF-F provides full acceptance coverage of the
T2K phase-space (parent particles generating a neutrino which hit the far detector).
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Figure 1: The layout of the NA61/SHINE set-up in the 2007 data taking (top view, not to scale).

For particles within the acceptance of the ToF detectors dE/dx information from the TPCs
is available simultaneously with the time of flight. Fig. 2 shows dE/dx spectra for positive
particles and a mass-squared distribution from the ToF-F. At momenta above ∼4 GeV/c the
separation of (e,π) from (K,p) is performed essentially by dE/dx, whereas the ToF measurement
is needed to distinguish between kaons and protons. Below 4 GeV/c particle identification can
be performed almost exclusively by the ToF while the dE/dx is needed to separate electrons.
By combining both methods pion yields can be extracted with a high purity over the whole
momentum range needed for T2K. This is demonstrated in Fig. 2 where particles between 3 and
4 GeV/c of momentum are sorted corresponding to their dE/dx signal and the mass squared
obtained from the forward time-of-flight.
3

Preliminary results.

The raw pion yields are corrected step-by-step with the help of the NA61 Geant3 based MonteCarlo (MC). The following effects have been accounted for: geometrical acceptance of the detector; efficiency of the reconstruction chain; decays before reaching the ToF; ToF detection
Efficiency; pions coming from Lambda and K0s decays (called feed-down correction); decays of
pions into muons, which are reconstructed as one track (called feed-up correction).
In order to determine the correct number of inelastic interactions among all triggered events
some corrections have to be applied 4 . First one has to substract the contribution of large angle
coherent elastic scatterings which pass the trigger conditions. Secondly one needs to take into
account a loss of inelastic triggers due to a fact that secondary particle acted as primary proton
on the trigger counters. We also have to estimate the rate of the events which take place outside
of the carbon target.
2σ
inel
for π + and π − are presented
The double differential inclusive inelastic cross section d dpdθ
in Fig. 3 and Fig. 4 in four polar angle bins. Only statistical errors are shown and for these
preliminary results systematical uncertainties are estimated to be 20% or below. The spectra
retrieved with the combined ”ToF+dE/dx” method are compared with 2 other analysis:
• in the π + case (Fig. 3), another analysis identified particles with dE/dx-only below 800
MeV/c 5 and corrected the raw spectras with a global MC factor. For ToF acceptance
reasons the 2 spetra do not overlap but the results can be checked for continuity.
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Figure 2: [Top-Left]: dE/dx versus log(p) spectra and Bethe-Bloch parametization super-imposed. [Top-Right]:
mass squared spectra from the Forward Time of flight, protons kaons and pions are visible. [Bottom]: mass
squared versus dE/dx in the momentum range 3-4 GeV/c in which 4 islands corresponding to pions, electrons
kaons and protons are clearly defined. High purity samples of pions can be extracted with this method.

• for π − (Fig. 4) the results have been compared with a so called h-minus analysis in which
all negative tracks were selected and yields were extracted from a global MC correction 6 .
4

Conclusion

Preliminary results of pion inclusive cross-section from proton carbon interactions at 30 GeV
are now available and used for the T2K flux prediction. Results from 3 different analysis have
been presented. Work is currently in progress to reduce the systematic error of 20% to a level
below 10% which is required for the T2K physics. Another much larger set of data has been
collected at the end of 2009, after a major readout upgrade, an extension of the ToF-F and a
new trigger system. This data is currently in the calibration process. With this larger set of
statistics the goal, amongst others, is to produce kaon cross-sections results which is crucial for
T2K to predict the intrinsic νe contamination of the neutrino beam. Such results would greatly
improve the T2K sensitivity in its search for the last unknown neutrino mixing angle θ13 .
5
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Lepton and Slepton mass matrices from ∆(54) symmetry
H. Ishimori
Graduate School of Science and Technology, Niigata University,
Niigata 950-2181, Japan
We present the lepton ﬂavor model with ∆(54). Our model reproduces the tri-bimaximal
mixing in the parameter region around degenerate neutrino masses or two massless neutrinos.
We also study SUSY breaking terms in the slepton sector. Three families of left-handed and
right-handed slepton masses are almost degenerate. Our model leads to smaller values of
ﬂavor changing neutral currents than the present experimental bounds.

1

Introduction

Recent experimental data of the neutrino oscillation indicate the tri-bimaximal form 1 of mixing
angles in the lepton sector within a good accuracy 2 . Thus, it is a promising step to study how to
realize the tri-bimaximal mixing matrix, in order to understand the origin of the lepton ﬂavor.
Many authors have been attempting it by using various scenarios. Non-Abelian discrete ﬂavor
symmetries can provide a natural guidance to constrain many free parameters in the Yukawa
sector. Actually, several types of models with various non-Abelian discrete ﬂavor symmetries
have been proposed, such as S3 , D4 , Q4 , Q6 , A4 , T ′ , S4 , ∆(27). In addition to the above
(rather) bottom-up motivation, we also have a top-down motivation. Certain classes of nonAbelian ﬂavor symmetries can be derived from superstring theories. For example, D4 and ∆(54)
ﬂavor symmetries can be obtained in heterotic orbifold models 3 . In addition to these ﬂavor
symmetries, the ∆(27) ﬂavor symmetry can be derived from magnetized/intersecting D-brane
models 4 . Thus, it is quite important to study phenomenological aspects of these non-Abelian
ﬂavor symmetries.
Here, we focus on the ∆(54) discrete symmetry 5,6 . Although it includes several interesting
aspects, few authors have considered up to now. The ﬁrst aspect is that it consists of two types of
Z3 subgroups and an S3 subgroup. The S3 group is known as the minimal non-Abelian discrete
symmetry, and the semi-direct product structure of ∆(54) between Z3 and S3 induces triplet
irreducible representations. That suggests that the ∆(54) symmetry could lead to interesting
models.
2

∆(54) ﬂavor model for leptons
(1)

(2)

(1)

(2)

The group ∆(54) has irreducible representations 11 , 12 , 21 , 22 , 23 , 24 , 31 , 31 , 32 , and 32 .
(1)
(2)
(1)
(2)
There are four triplets and products of 31 × 31 and 32 × 32 lead to the trivial singlet. The
relevant multiplication rules are shown in 5 .
We present the model of the lepton ﬂavor with the ∆(54) group. The triplet representations
of the group correspond to the three generations of leptons. The left-handed leptons (le , lµ , lτ ),

(le , lµ , lτ )

(ec , µc , τ c )

(Nec , Nµc , Nτc )

hu(d)

χ1

(χ2 , χ3 )

(1)
31

(2)
32

(2)
31

11

12

21

∆(54)

(χ4 , χ5 , χ6 )
(2)

31

Table 1: Assignments of ∆(54) representations

the right-handed charged leptons (ec , µc , τ c ) and the right-handed neutrinos (Nec , Nµc , Nτc ) are
(1)

(2)

(2)

assigned to 31 , 32 , and 31 , respectively. New scalars are supposed to be SU (2) gauge
(2)
singlets. χ1 , (χ2 , χ3 ) and (χ4 , χ5 , χ6 ) are assigned to 12 , 21 , and 31 of the ∆(54) representations,
respectively. The particle assignments of ∆(54) are summarized in Table 1. The usual Higgs
doublets hu and hd are assigned to the trivial singlet 11 of ∆(54).
We assume that the scalar ﬁelds, hu,d and χi , develop their vacuum expectation values
(VEVs) as follows:
⟨hu ⟩ = vu , ⟨hd ⟩ = vd ,

⟨χi ⟩ = αi Λ,

(1)

where i = 1, · · · 6 and Λ is the cutoﬀ scale. We obtain the diagonal matrix for charged leptons




α1 0 0
ωα2 − α3
0
0
,
0
ω 2 α2 − ω 2 α3
0
Ml = y1l vd  0 α1 0  + y2l vd 
(2)
0 0 α1
0
0
α2 − ωα3
T M −1 M , the neutrino mass matrix can be obtained.
By using the seesaw mechanism Mν = MD
D
N
In our model, the lepton mixing comes from the structure of the neutrino mass matrix. In order
to reproduce the maximal mixing between νµ and ντ , we take α5 = α6 , and then we have



Mν

=


y12 α52 − y22 α42
−y1 y2 α52 + y22 α4 α5 −y1 y2 α52 + y22 α4 α5
−y1 y2 α52 + y22 α4 α5
y12 α4 α5 − y22 α52
−y1 y2 α42 + y22 α52  ,
Λd
−y1 y2 α52 + y22 α4 α5 −y1 y2 α42 + y22 α52
y12 α4 α5 − y22 α52

2 v2
yD
u

(3)

where d = y13 α4 α5 α6 − y1 y22 α43 − y1 y22 α53 − y1 y22 α63 + 2y23 α4 α5 α6 . From now on, we denote yD
as Yukawa coupling of Dirac neutrino and y1 , y2 of Majorana neutrino. Above mass matrix
indicates θ23 = 45◦ , θ13 = 0 and
√
1
2 2y2 α5
(y2 α4 ̸= y1 α5 ).
(4)
θ12 = arctan
2
y1 α5 + y2 α4 − y1 α4
Neutrino masses are given by
m1 =
m2 =
m3 =

2 v2
√
yD
u 2 2
[y1 α5 − y22 α42 − 2(−y1 y2 α52 + y22 α4 α5 ) tan θ12 ],
Λd
2 v2
√
yD
u 2
[y1 α4 α5 − y1 y2 α42 + 2(−y1 y2 α52 + y22 α4 α5 ) tan θ12 ],
Λd
2 v2
yD
u 2
[y α4 α5 + y1 y2 α42 − 2y22 α52 ],
Λd 1

(5)

which are reconciled with the normal hierarchy of neutrino masses in the case of y1 α5 ≃ y2 α4 .
Now, we can estimate magnitudes of αi (i = 4, 5, 6) by using Eq.(5) and assuming α4 ≃ α5 =
2
α6 . If we take all Yukawa couplings to be order one,
√ Eq.(5) turns to be vu ∼ Λα4 m3 because of
d ∼ α43 . Putting vu ≃ 165GeV (tan β = 3), m3 ≃ ∆m2atm ≃ 0.05eV, and Λ = 2.43 × 1018 GeV,
we obtain α4 = O(10−4 − 10−3 ). Thus, values of αi (i = 4, 5, 6) are enough suppressed to discuss
perturbative series of higher mass operators.

3

Numerical result

We show our numerical analysis of neutrino masses and mixing angles in the normal mass
hierarchy. Neglecting higher order corrections of mass matrices, we obtain the allowed region
of parameters and predictions of neutrino masses and mixing angles. Here, we neglect the
renormalization eﬀect of the neutrino mass matrix because we suppose the normal hierarchy of
neutrino masses and take tan β = 3.
Input data of masses and mixing angles are taken in the region of 3σ of the experimental
data 2 :
∆m2atm = (2.07 ∼ 2.75) × 10−3 eV2 ,
sin2 θatm = 0.36 ∼ 0.67 ,

∆m2sol = (7.05 ∼ 8.34) × 10−5 eV2 ,

sin2 θsol = 0.25 ∼ 0.37 ,

sin2 θreactor ≤ 0.056 ,

(6)

and Λ = 2.43 × 1018 GeV is taken. We ﬁx yD = y1 = 1 as a convention, and vary y2 /y1 . The
change of yD and y1 is absorbed into the change of αi (i = 4, 5, 6). If we take a smaller value of
y1 , values of αi scale up. On the other hand, if we take a smaller value of yD , the magnitude
of αi scale down. As expected in the discussion of previous section, the experimentally allowed
values are reproduced around α4 = α5 = α6 .
We can predict the deviation from the tri-bimaximal mixing. The remarkable prediction is
given in the magnitude of sin2 θ13 . In Figures 1 (a) and (b), we plot the allowed region of mixing
angles in planes of sin2 θ12 -sin2 θ13 and sin2 θ23 -sin2 θ13 , respectively. It is found that the upper
bound of sin2 θ13 is 0.01. It is also found the strong correlation between sin2 θ23 and sin2 θ13 .
Unless θ23 is deviated from the maximal mixing considerably, θ13 remains to be tiny. This is a
testable relation in this model.
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Figure 1: Prediction of the upper bound of sin2 θ13 on (a) sin2 θ12 − sin2 θ13 and (b) sin2 θ23 − sin2 θ13 planes.

4

SUSY breaking terms

In this section, we study SUSY breaking terms, which are predicted in our ∆(54) model. We
consider the gravity mediation within the framework of supergravity theory. Let us study soft
scalar masses. Within the framework of supergravity theory, soft scalar mass squared is obtained
as 7
2
Φ 2
Φ 2
LM̄
m2IJ
,
¯ = m3/2 KIJ
¯ + |F k | ∂Φk ∂Φ¯k KIJ
¯ − |F k | ∂Φ¯k KIL
¯ ∂Φk KM̄ J K
¯ KIJ

(7)

where K denotes the Kähler potential, KIJ
¯ denotes second derivatives by ﬁelds, i.e. KIJ
¯ =
¯
IJ
∂I¯∂J K and K is its inverse. The invariance under the ∆(54) ﬂavor symmetry as well as the
gauge invariance requires the following form of the Kähler potential of lI and eI (I = e, µ, τ )
∑
∑
K = Z (L) (Z)
|lI |2 + Z (R) (Z)
|eI |2 ,
(8)
I=e,µ,τ

I=e,µ,τ

at the lowest level, where Z (L) (Z) and Z (R) (Z) are arbitrary functions of the singlet ﬁelds Z.
Both matrices are proportional to the (3 × 3) identity matrix. This form would be obvious
because (le , lµ , lτ ) and (ec , µc , τ c ) are ∆(54) triplets. At any rate, it is the prediction of our
model that three families of left-handed and right-handed masses are degenerate.
Let us estimate corrections including χi χk as well as χi χ∗k for i, k = 1, 2, 3, 4, 5, 6. The ∆(54)
ﬂavor symmetric invariance allows only the terms such as χi χ∗k for i, k = 4, 5, 6 to appear in
oﬀ-diagonal entries of the Kähler metric of (le , lµ , lτ ). When we take into account the corrections
from χi χ∗k for i, k = 4, 5, 6 to the Kähler potential, the soft scalar masses squared for left-handed
charged sleptons have the following corrections,


1 + O(α̃2 )
O(α42 )
O(α42 )
1 + O(α̃2 )
O(α42 )  ,
(m2L̃ )IJ = m2L  O(α42 )
O(α42 )
O(α42 )
1 + O(α̃2 )
(9)


O(α42 )
1 + O(α̃2 )
O(α42 )
1 + O(α̃2 )
O(α42 )  ,
(m2R̃ )IJ = m2R  O(α42 )
O(α42 )
O(α42 )
1 + O(α̃2 )
where α̃ is the averaged value of α1−6 . These deviations may not be important for direct measurement of slepton masses. However, the oﬀ-diagonal entries in the SCKM basis are constrained
by the FCNC experiments. Our model predicts
(SCKM )

(∆LL )12 =

(m2L )12
(m2L )11

(SCKM )

= O(α42 ),

(∆RR )12 =

(m2R )12
(m2R )11

= O(α42 ).

(10)

Recall that the diagonalizing matrices of left-handed and right-handed fermions are almost the
identity matrix. The µ → eγ experiments constrain these values as (∆LL,RR )12 ≤ O(10−3 ), when
mL,R = 100 GeV. On the other hand, the parameter space in the numerical result corresponds to
α4 ≤ 10−2 and leads to (∆LL,RR )12 ≤ O(10−4 ). Thus, our parameter region would be favorable
also from the viewpoint of the FCNC constraints.
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NEUTRAL CURRENT π 0 BACKGROUNDS AT T2K
JOSHUA ALBERT
(On behalf of the T2K collaboration)
Department of Physics, Duke University,
Durham, NC 27708, USA

T2K is a long-baseline neutrino beam experiment designed to measure θ13 by observing νe
appearance through oscillation in the νµ beam. The most challenging reducible background
for this is neutral current π 0 production. This is a common interaction which can be misreconstructed as the νe appearance signal in the far detector, Super-Kamiokande. A specialized
algorithm is used to help identify these π 0 events as background.

1

Introduction

T2K (Tokai to Kamioka) is a long-baseline neutrino beam experiment now running between the
Japan Proton Accelerator Research Complex (J-PARC) facility in Tokai and Super-Kamiokande.
The experiment has three main parts: A neutrino beam production facility using the 30 GeV
proton synchrotron at J-PARC, a near detector complex (about 280m from the beam source) to
measure the beam before oscillation, and the Super-Kamiokande (SK) water Cherenkov detector
near Kamioka (295km from the beam source), used as the far detector.
The primary goal of the experiment is to measure θ13 , one of the three neutrino mixing
angles. It is not presently known whether this parameter is non-zero. If it is non-zero, the CPviolating phase for neutrinos may be measurable through oscillation experiments. The signal
for non-zero θ13 for T2K will be νe appearance in the νµ beam. The near detectors will measure
the intrinsic νe contamination in the neutrino beam, so an excess beyond that (∼ 3%) observed
at Super-Kamiokande will indicate νµ → νe oscillation.
SK is actually located 2.5◦ off from the beam center. This was done because the neutrino
energy distribution is much more sharply peaked off-axis than in the direct beam, even if the
intensity is lower. The T2K distance and energy (295km, and ∼ 600 MeV, respectively), were
chosen so that expected νµ → νe oscillation due to θ13 is optimized in L/E (distance over neutrino
energy, the quantity that determines neutrino oscillation probabilities).1

nce you know where
ach PMT is you can turn
ese numbers into a ring-like pattern:

Each dot represents
a PMT hit by light

Figure 1: Examples of e-like and µ-like rings. Each colored dot represents a PMT hit by Cherenkov light.

2

Neutrino Detection at SK

SK, as a water Cherenkov detector, can only detect charged particles moving through it.
Cherenkov radiation is the radiation emitted when particles travel faster than the speed of
light in their medium (0.75c in water). The cones of Cherenkov light project on to the detector
walls as rings. This light is detected by the 11,146 photomultiplier tubes (PMTs) lining the inner
wall of SK’s tank. The shape, position, and timing of rings are used to reconstruct interaction
vertices, and particle momenta and directions.2
The type of particle producing the ring can also be inferred from ring patterns. Heavy
particles, such as muons or charged pions, will tend to produce rings with well-defined sharp
outer boundaries. These particles lose energy primarily through ionization and atomic excitation.
Those mechanisms (along with Cherenkov radiation) do not tend to alter the particle’s straight
track, allowing the ring to be sharply defined.
On the other hand, the low mass electrons will lose energy primarily through bremsstrahlung.
The high energy photons (gammas) emitted as bremsstrahlung will themselves pair-produce and
make electrons to bremsstrahlung further. The result is that a single electron (or positron)
quickly multiplies to many e+ e− pairs, all traveling roughly in the same direction. Additionally,
the electrons multiple scatter off water molecules as they travel, so even a single electron will
not travel in a straight line. The sum of Cherenkov light from all these particles is a ring with
a diffuse outer boundary.
All rings identified in SK events are classified as either showering (e-like) or non-showering
(µ-like). Examples of each of these are shown in Figure 1.
High energy photons, by themselves, do not produce Cherenkov light, as they are uncharged.
However, they will pair produce while traveling through the water, and those electrons and
positrons will bremsstrahlung radiate and produce a shower. In this way, both high energy
gammas and electrons of similar energy will appear as showering rings. There is effectively no
difference in the ring pattern between electron rings and gamma rings of comparable energies,
although there may be a small offset from the interaction vertex in the case of the gamma, due
to the finite pair-production length.

3

Identifying T2K Signal at SK

A clear sign of electron neutrino interaction must be observed at SK to give evidence for νµ → νe
oscillation. A charged current (CC) interaction mode is necessary because neutral current (NC)
interactions are flavor independent. Of the CC interactions, the optimal signal is a charged
current quasi-elastic (CCQE) interaction, given by:
νe + n → e− + p

(1)

The proton does not usually acquire sufficient momentum to reach Cherenkov threshold. Thus,
all that is measured is a single e-like ring.
There are a few advantages to the CCQE interaction mode, making it easier to distinguish oscillation signal from backgrounds. The single electron (with no other particles above Cherenkov
threshold) is impossible to produce from any νµ interaction. The simplicity of the interaction
also allows for the energy of the incident neutrino to be reconstructed. Using conservation of
energy and momentum, the known incident neutrino direction, and the lepton energy and direction, the energy is reconstructed, despite no knowledge of the proton’s momentum. Ignoring
small corrections:
mN El − m2l /2
Eνrec =
(2)
mN − El + pl cos θν−l
where mN is the nucleon mass, El and pl are the product lepton’s energy and momentum,
respectively, and cos θν−l is the angle between the lepton direction and the incident neutrino
beam direction.
Being able to reconstruct the neutrino energy is very useful because the νµ beam is sharply
peaked about a particular energy. Intrinsic beam νe , due to kaon or muon decay at beam
production, tend to be higher energy than νµ , providing a valuable cut against a background
that is very difficult to identify otherwise. Additionally, events with reconstructed energies below
the νµ beam peak are likely to have been mis-reconstructed.
Thus, the basic identifiers for a νe CCQE event are: only one e-like ring, no other rings, no
decay-electron. Further cuts can be made on reconstructed neutrino energy, or other kinematic
parameters, to further reduce backgrounds such as the intrinsic beam νe .
4

The NC π 0 Background

Unfortunately, there is a very common νµ interaction which has a small chance of being misreconstructed as single-ring e-like. This is NC π 0 production:
νµ + N → N + π 0
π0 → γ + γ

(3)

where N represents a proton or neutron.
Depending on the kinematics of the decay, it is possible for one of the product gammas to
have a much higher energy than the other. In this case, one of the gammas may be missed
by the normal ring-finding algorithms, “washed out” by scattered light from the higher energy
gamma. This problem cannot be fixed by lowering the threshold for 2nd ring detection, as that
would cause more false-positive second rings to be identified in the noise for true 1-ring events.
The detection threshold is already well optimized.
Using only the single-ring, e-like, no decay-electron selection cuts, NC π 0 is the dominant
background mode, with approximately 60% of background events coming through this mechanism.

5

NC π 0 Rejection

The primary tool we use to reject these events where the 2nd gamma ring is not found is an
algorithm called Pattern Of Light Fitter (POLfit). This is a specialized algorithm for finding
a second e-like ring in an event with a single found e-like ring. It begins with the vertex,
momentum, and direction from the first found ring. A three-dimensional space of angles (θ, φ)
and the fraction of energy in the second gamma (γ-frac) is set up. A light pattern generating
algorithm then produces the expected PMT charge distribution for the first gamma in the
previously reconstructed direction, and the second gamma in the (θ, φ) direction with γ-frac of
the total energy detected in the event. A likelihood function is then used to see how good a fit
this pattern is to the original detected event.
From this starting grid, an optimization algorithm (MINUIT) is used to search different
values of (θ, φ, γ-frac) to find where the optimal likelihood match is. Additional patterns are
generated and likelihoods calculated until the optimal fit for the 2nd gamma is found. Note that
the likelihood calculation does not need to see the 2-ring pattern as more likely than the 1-ring
pattern. This means that the algorithm will always find a second ring candidate, whether or
not it is favored over the 1-ring hypothesis.
Now, the momenta and directions of the two rings can be used to compute an invariant
mass. If the two rings are actually the two gammas from a π 0 decay, the reconstructed invariant
mass should be close to the true π 0 mass, 135 MeV/c2 . If some random noise were picked up
as the second ring, it is likely to be fitted with a very low energy, which will lead to a low
invariant mass. Thus, by making a cut requiring the POLfit invariant mass to be significantly
smaller than the π 0 mass (for example, m < 100MeV/c2 ), approximately 74% of the remaining
NC π 0 events can be rejected, with minimal reduction of signal efficiency. This cut can bring
the remaining NC π 0 background count down below the number of remaining intrinsic beam νe ,
even with a cut on reconstructed neutrino beam energy.
6

Conclusion

Neutral current π 0 events in which only one of the decay gammas is reconstructed are a major
source of background for the T2K νe appearance search. Using a special algorithm to search
for a lower energy second gamma ring and then checking the 2-ring invariant mass provides a
powerful cut to reject this background.
7
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PROBING DARK MATTER WITH AGN JETS
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We study the possibility of detecting a signature of particle dark matter in the spectrum
of gamma-ray photons from active galactic nuclei (AGNs) resulting from the scattering of
high-energy particles in the AGN jets off of dark matter. In the context of the Minimal Supersymmetric Standard Model (MSSM), we present the lowest-order calculation for a process
where a photon is emitted in DM-electron scattering, where the electrons belong to the AGN
jet. We find that such a process is dominated by a resonance whose energy is dictated by the
particle spectrum in the dark matter sector. The resulting gamma-ray spectrum exhibits a
very characteristic spectral feature, consisting of a sharp break to a hard power-law behavior.
Although the normalization of the gamma-ray flux depends strongly on assumptions on the
AGN jet geometry, composition and particle spectrum, we show that for realistic parameter
space choices and for a prominent nearby AGN (Cen A) the detection of this effect is possible.
We compare our predictions with actual gamma-ray observations carried out with the Fermi
and H.E.S.S. telescopes.

1

Introduction

The innermost regions of active galactic nuclei (AGNs) correspond to locations where the highest
dark matter densities in the universe are believed to exist. This remarkable feature, and the fact
that AGNs are well-known sources of high-energy particles, naturally leads to the question of
whether anything could happen and be observed as AGN jets traverse high-density dark matter
regions. One possibility, first cleverly suggested some time ago by Bloom and Wells, Ref. 1 , is
that for AGN jets pointing off of our line-of-sight, an isotropic photon emission might result
from the scattering of the high energy electrons in the jet off of dark matter particles. The
estimates of Ref. 1 , unfortunately, lead to rather pessimistic conclusions. With the advent of the
Fermi Large Area Telescope and with the amazing recent results from ground-based Cherenkov
Telescopes, most notably H.E.S.S., we deem it timely to re-consider the original proposal of
Bloom and Wells.
The best target for this study is Centaurus A, an AGN that is 3.5 Mpc away and whose jets
are at angle of about 68◦ with respect to the line of sight. The jets are believed to consist of
ultra-relativistic protons and electrons. Here we will restrict our attention to the electrons and
study their scattering off of the dark matter close to the core, with photons emitted in the final
state. Those photons we hope to detect. The quantity of interest is therefore the following flux
dΦγ
=
dEγ

Z

dEe[p]

1 d2 σe[p]+χ→γ+...
M
dΩdEγ

!
cos θ0

1

dΦAGN
e[p]

d2AGN dEe[p]

!

δDM .

(1)

The integrand is the product of three factors: the first one depends upon the DM particle model
and involves the cross section for electron-χ (where χ generically indicates the DM particle) or

proton-χ into any final state that contains a photon, divided by the DM particle mass M (the
cross section is computed at a scattering angle θ0 between the direction of the AGN jet and the
line of sight); the second factor depends upon the target AGN; the third factor involves the DM
density profile.
For a more comprehensive discussion see Ref. 2 .
2

The calculation

2.1

Dark matter profile

Let us start from the last factor in the integrand above
δDM ≡< ρDM RDM >=

Z r0

ρDM (r)dr.

(2)

rmin

The region we are interested in is very close to the core, where the commonly used dark matter
profiles, such as Navarro, Frank and White (NFW) for example, can be at best extrapolated.
We prefer to use the theoretically motivated profile suggested by Gondolo and Silk 3 . Working
under the assumptions that the dark matter particles are collisionless and that the central black
hole grew adiabatically by accretion of gas, stars and DM, they found that DM would form a
dense spike. Their profile reads
ρDM (r) = ρsp (r) =

ρ0 (r)ρcore
,
ρ0 (r) + ρcore

(3)

where
ρ0 (r) = ρR gγ (r)

ρcore ' Mχ /(hσvi0 tBH )
In the equation above, ρR = ρ0




Rsp −γ
,
r0

9−2γ
4−γ .



gγ (r) ' 1 −


4RS 3
,
r



Rsp
r

γsp

.

Rsp = αγ r0



(4)
MBH
ρ0 r03



1
3−γ

, γsp =

ρDM vanishes for r < 4RS , which sets the lowest possible value for rmin . We set αγ = 0.1
and γ = 1. We normalize the profile by requiring that the dark matter mass enclosed in 105
Schwarzschild radii (RS ) does not exceed the uncertainty in the measured black hole mass. We
obtain a value for δDM that ranges from 108 to 1011 M /pc2 , depending on the choice of the
annihilatioin cross section hσvi0 and the age of the black hole tBH .
2.2

Electron energy distribution

We adopt the commonly used blob geometry to model the jet: the electrons move isotropically
in the blob frame with a power law energy distribution, and the blob itself moves with respect
2 )−1/2 ∼ 3. In this
to the central black hole with a moderate bulk Lorentz factor ΓB = (1 − βB
section, primed quantities refer to the blob rest frame, while unprimed quantities refer to the
black hole rest frame. We use a broken power law energy distribution
dΦAGN
e
(γ 0 )
dγ 0



γ0

1
= ke γ 0−s1 1 +
2

0
γbr

!s2 −s1 −1


0
0
for γmin
≤ γ 0 ≤ γmax
,

(5)

0
0 = 4 × 105 , γ 0
8
whith s1 = 1.8, s2 = 3.5, γmin
= 8 × 102 , γbr
max = 10 . The constant ke can be
43
evaluated from the kinetic power of the jet, Le = 3 × 10 erg/s. After boosting this distribution
to the black hole frame we find

dΦAGN
1
e
= 2
2
dAGN dEe
dAGN
1

Z 1
0.9

dµ
dΦAGN
e
(γΓ(1 − βB µ)).
ΓB (1 − βB µ) dγ

where µ ≡ cos θ, θ is the polar angle in the black hole frame.

(6)

2.3

Differential cross section

In the context of the MSSM, where the dark matter candidate is the lightest neutralino, we
compute the following diagrams
γ(q)

γ(q)
e(k)

e(k ′)

e(k)

χ(p′)

χ(p)

ẽ

e(k ′)

e(k)

χ(p′)

χ(p)

γ(q)

ẽ

χ(p)

(a) M1

e(k ′)

ẽ
χ(p′)

(b) M2

(c) M3

Figure 1: Feynman diagrams for the process e(k) + χ(p) → e(k0 ) + χ(p0 ) + γ(q).

Defining s = (p + k)2 , s0 = (p0 + k 0 )2 , Πs =

1 √
,
s−Mẽ2 −i sΓ

differential cross section
d2 σ
dEγ dΩ

!

=
cos θ0

Πs0 =

1 √
,
s0 −Mẽ2 −i s0 Γ

we find the

1
1
2 4
4
2
0 2e (aL + aR )|Πs |
(2π)5 32EN
× [Eγ (Mχ + E(1 − cos θ0 ))
#
√ 2 !
s0 Γ
2
0
2
√
−|Πs0 | s − Mẽ + √
4EMχ (EMχ − Eγ (Mχ + E(1 − cos θ0 )))
s + s0
4E 02
×π ln
m2e

!

,

0 the energies of the initial electron, final electron, final
where Eγ is the photon energy, E, E 0 , EN
neutralino respectively, and me is the electron mass.
There are two important points to notice in the result above:

√
1. when the selectron goes on-shell ( s = Mẽ ) we have a resonance;
2. we have a log enhancement when the photon is collinear with the final electron.
These enhancements constitute the biggest improvement from the original work of Bloom and
Wells.

3

Results

Now we have all the ingredients to compute the photon flux of eq. (1). The results are shown
in Fig. 2, where we show lines correspondent to two different choices of the jet luminosity, that
we still consider conservative, and we use the most conservative value for δDM . The Fermi data
are from Ref. 4 , the HESS data are from Ref. 5 . The spectral feature is evident: one starts
with a hard power-law behavior and then gets to a sudden drop. The break occurs where the
photon energy is high enough that the incoming electron energy has to be beyond the resonance,
√
s > Mẽ . As soon as we loose the resonant enhancement, the signal drops.
There are still some astrophysical uncertainties such as the jet geometry, dark matter distribution and particle spectrum that need better understanding, and we hope that Fermi will
be able to collect more data in the region between 10 and 200 GeV in the near future. Because
the feature of the process we studied is so characteristic, its detection should be possible.

(7)

Centaurus A, SUSY scenario
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Figure 2: We show the spectral energy distribution νSν (equivalent to Eγ2 × dEγγ ) versus the photon energy for
CenA, for four different choices of the masses in a supersymmetric scenario. The two lines correspond to two
reasonable choices of the jet luminosity.
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DIRECTIONAL DETECTION OF DARK MATTER
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Laboratoire de Physique Subatomique et de Cosmologie, Université Joseph Fourier Grenoble 1,
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Directional detection of galactic Dark Matter is a promising search strategy for discriminating
genuine WIMP events from background ones. However, to take full advantage of this powerful
detection method, one need to be able to extract information from an observed recoil map to
identify a WIMP signal. We present a comprehensive formalism, using a map-based likelihood
method allowing to recover the main incoming direction of the signal, thus proving its galactic
origin, and the corresponding significance. Constraints are then deduced in the (σn , mχ )
plane.

1

Introduction

Taking advantage of the astrophysical framework, directional detection of Dark Matter is an
interesting strategy in order to distinguish WIMP events from background ones. Indeed, like
most spiral galaxies, the Milky Way is supposed to be immersed in a halo of WIMPs which
outweighs the luminous component by at least an order of magnitude. As the Solar System
rotates around the galactic center through this Dark Matter halo, WIMPs should mainly come
from the direction to which points the Sun velocity vector and which happens to be roughly in
the direction of the Cygnus constellation. Then, a directional WIMP flux is expected to enter
any terrestrial detectors (see fig.1 left) infering a directional WIMP induced recoil distribution
which should be pointing toward the Cygnus Constellation, i.e. in the (` = 90◦ , b = 0◦ )
direction (see fig.1 middle). The latter corresponds to the expected WIMP signal probed by
directional detectors and as it is shown on the fig.1 (middle), a strong anisotropy is expected 1
while the background should be isotropic.
Several project of directional detectors are being developed 2 and in this paper, we present
a map-based likelihood analysis 3 in order to extract from an observed recoil map the main
incoming direction of the events and its significance. This way, the galactic origin of the signal,
thus the identification of a genuine WIMP signal, can be proved by showing its correlation with
the direction of the solar motion. This blind analysis is intended to be applied to directional
data of any detector and as an example we will apply this method to a realistic simulated data.
2
2.1

Map-based likelihood analysis
A realistic simulated measurement

Right panel of figure 1 presents a typical recoil distribution observed by a directional detector
: 100 WIMP-induced events and 100 background events generated isotropically. These events

Figure 1: From left to right : WIMP flux in the case of an isothermal spherical halo, WIMP-induced recoil
distribution and a typical simulated measurement : 100 WIMP-induced recoils and 100 background events with a
low angular resolution. Recoils maps are produced for a Fluorine target, a 100 GeV.c−2 WIMP and considering
recoil energies in the range 5 keV ≤ ER ≤ 50 keV. Maps are Mollweide equal area projections.

are meant to be after data rejection based e.g. on track length and energy selection4 . For an
elastic axial cross-section on nucleon σ n = 1.5 × 10−3 pb and a 100 GeV.c−2 WIMP mass,
this corresponds to an exposure of ∼ 7 × 10 3 kg.day in 3 He and ∼ 1.6 × 103 kg.day in CF4 ,
on their equivalent energy ranges as discussed in 3 . Low resolution maps are used in this case
(Npixels = 768) which is sufficient for the low angular resolution, ∼ 15 ◦ (FWHM), expected for
this type of detector and justified for instance by the straggling of the recoiling nucleus4 . 3D
read-out and sense recognition are considered.

2.2

Likelihood definition

At first sight, it seems difficult to conclude from the recoil map of fig. 1 (right) that it does contain
a fraction of WIMP events pointing towards the direction of the solar motion. A likelihood
analysis is developed in order to retrieve from a recoil map : the main direction of the incoming
events in galactic coordinates (`, b) and the number of WIMP events contained in the map. The
likelihood value is estimated using a binned map of the overall sky with Poissonian statistics, as
follows :
Npixels
Y
P (λSi (mχ ; `, b) + (1 − λ)Bi |Mi )
(1)
L (mχ , λ, `, b) =
i=1

where B is the background spatial distribution taken as isotropic, S is the WIMP-induced recoil
distribution and M is a typical measurement. This is a four parameter likelihood analysis
with mχ , λ = S/(B + S) the WIMP fraction (related to the background rejection power of the
detector) and the angles (`, b) corresponding to the coordinates of the maximum of the expected
WIMP events angular distribution. Hence, S(m χ ; `, b) corresponds to a rotation of the S(m χ )
distribution by the angles (`0 = ` − ` , b0 = b − b ).
A scan of the four parameters with flat priors, allows to evaluate the likelihood between
the measurement (fig. 1 right) and the theoretical distribution made of a superposition of an
isotropic background and a pure WIMP signal (fig. 1 middle). By scanning on ` and b values,
we ensure that there is no prior on the direction of the center of the WIMP-induced recoil
distribution. In order to respect the spherical topology, a careful rotation of the S distribution
→
−
on the whole sphere must be done as follows. Given V i the vector pointing on a bin Si , the
following rotation is considered :
→
−0
→
−
V i = Ru~ (b0 )Rẑ (`0 ) V i
with ~u = Rẑ (`0 ) x̂ = ux x̂+uy ŷ and Ru~ (b0 ) is the Rodrigues rotation matrix around an arbitrary
vector ~u.
The events contained in the observed recoil map can be either a WIMP-induced recoil or
a background event. A realistic recoil map from upcoming directional detectors can not be
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Figure 2: From left to right : Marginalised probability density functions of the following parameters: m χ , λ, `
and b after the likelihood analysis of the simulated recoil map of fig. 1 right.

background free. With this method, both components (background and signal) are taken into
account and no assumption on the origin of each event is needed. Indeed, the observed map
is considered as a superposition of the background and WIMP signal distribution, and the
likelihood method allows to recover λ, the signal to noise ratio. The advantage is twofold :
• Firstly, background-induced bias is avoided. This would not be the case with a method
trying to evaluate a likelihood on a map containing a fairly large number of background
events considering only a pure WIMP reference distribution.
• Secondly, the value of λ allows to access the number of genuine WIMP events and consequently the scaterring cross-section as presented in sec. 2.4.
It is worth noticing that the likelihood is performed on the whole angular distribution in
order to maximize the information contained in an observed recoil map, to be sensitive to the
Dark Matter halo shape and to enhance the constraint on the four parameters.
2.3

Results from a realistic recoil map

The four parameter likelihood analysis has been computed on the simulated map (fig. 1 right)
and the marginalised distributions plots of the four parameters m χ , λ, `, b are presented in figure
(2). The conclusion of the analysis is threefold:
• Firstly, as the ` and b parameters are well constrained, the first result of this map-based
likelihood method is that the main recoil direction is recovered and it is pointing towards
(` = 95◦ ± 10◦ , b = −6◦ ± 10◦ ) at 68 % CL, corresponding to a non-ambiguous detection
of particles from the galactic halo. This is indeed the discovery proof of this detection
strategy.
• Secondly, the method allows to constrain the λ parameters, the WIMP fraction, and then
to derive the number of WIMP events contained in the observed recoil map. Indeed, we
can estimate the number of WIMP events as N wimp = λ×Ntot where Ntot = S +B follows a
Poissonian statistic, and ∆Nwimp is given by ∆Nwimp ≈ ∆λ×Ntot . Hence for this simulated
recoil map, the reconstructed number of WIMP events is N wimp = 106 ± 17 (68%CL).
• Thirdly, we can notice that the WIMP mass is not recovered, there is only a lower limit:
mχ > 10 GeV.c−2 . In fact, mχ is set as a free parameter in order to show that the analysis
is particle physics model independent.
As a conclusion of this analysis, the combination of the two main previous results given
by the analysis, which are that the recoil map contains a signal pointing toward the Cygnus
constellation within 10◦ with Nwimp = 106 ± 17 (68%CL), leads to a high significance detection
of galactic Dark Matter.
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Figure 3: Allowed regions obtained with the example map shown on figure 1. Results are presented in the plane
: WIMP cross-section on nucleon (σn ) as a function of WIMP mass (GeV.c−2 ), with 1σ and 3σ CL contours.
MSSM refers to generic SUSY models and the input value for the simulation is shown with a star.

2.4

Constraining the elastic scattering cross-section

A constraint in the (σn , mχ ) plane is then deduced from the marginalised L (λ) distribution evaluated for each WIMP mass above 10 GeV.c −2 . Using the standard expression of the event rate
with a form factor F 2 (ER ) taken equal to one and the local halo density ρ 0 = 0.3 GeV.c−2 .cm−3 ,
the 1σ and 3σ CL contours are calculated. Figure 3 presents the discovery region deduced from
the analysis of the simulated recoil map. It should be highlighted that these contours represent
the allowed regions, as directional detection aims at identifying WIMP signal rather than rejecting the background. For reference, generic SUSY models 5 are also shown as well as the input
value for the simulation (orange star). Such a result could be obtained, with a background rate
of ∼ 0.07 kg−1 day−1 and a 10 kg CF4 detector during ∼ 5 months, noticing that the detector
should allow 3D track reconstruction, with sense recognition down to 5 keV.
3

Conclusion

We have presented a statistical analysis tool to extract information from a data sample of a
directional detector in order to identify a galactic WIMP signal. As a proof of principle, it has
been tested within the framework of an isothermal spherical halo model. We have shown the
feasibility to extract from an observed map the main incoming direction of the signal and its
significance, thus proving its galactic origin. Systematical studies have been done3 in order to
show that this analysis tool gives satisfactory results on a large range of exposure and background
contamination.
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One-loop Corrections to WIMP Annihilation Mediated by Massive Boson
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The loop correction to the annihilation cross section of weakly interacting massive particle
(WIMP) is possible to be enhanced if the intermediate particle is lighter than WIMP mass.
We present a formula with which we can include that one-loop eﬀect easily in the calculation
of relic abundance.

1

Introduction

Weakly interacting massive particle (WIMP) χ is a good candidate for dark matter. In order to
calculate the relic abundance of WIMP, the cross section of WIMP annihilation is required. If a
boson ϕ mediates annihilating WIMPs, the cross section can be enhanced. In particular, when
the mass of the intermediate particle mϕ is much smaller than WIMP mass mχ (i.e. mϕ ≪ mχ ),
the loop correction to the annihilation cross section is enhanced as large as tree level cross
section, therefore the loop corrections of all orders should be included in the calculation 2 . Even
if the intermediate particle is lighter than WIMP mass (mϕ . mχ ), the correction is still possible
to be enhanced, though it is smaller than the correction in the case of mϕ ≪ mχ . In that case,
we can treat the correction perturbative, thus including one-loop correction is suﬃcient. In
this work we calculate the one-loop correction to the WIMP annihilation amplitude and cross
section. We also calculate the thermally averaged one-loop correction in order to apply our
results to the calculation of relic density.

2

Correction to the WIMP Annihilation

Let us consider the WIMP annihilation χ(p1 ) + χ(p2 ) → X1 (p′1 ) + X2 (p′2 ), where X1,2 and p
in parentheses are possible ﬁnal states and momentum of particles, respectively. Fig.1 shows
a generic WIMP annihilation in tree level. We are interested in one-loop amplitude shown in
Fig.2, in which a boson ϕ mediates two annihilating particles. In these ﬁgures, gray circles
represent common structure for both of diagrams.
Afterward, we adopt the center of mass (COM) frame and follow the reference3 . We perform
the calculation in the case of Majorana fermion, however, our results in the non-relativistic limit
can be used in the Dirac fermion and scalar WIMPs. We take parameters P = (p1 + p2 )/2 =
(p′1 + p′2 )/2, p = (p1 − p2 )/2 and p′ = (p′1 − p′2 )/2. The one-loop corrected amplitude is written
as
AL (|⃗
p|, p′ ) = AL,0 (|⃗
p|, p′ ) + δAL (|⃗
p|, p′ )

(1)

where L is the partial wave, L =√0(1) for S (P)-wave. Notice that the amplitude is a function
of p⃗, since in COM frame, P0 = p⃗2 + m2χ , P⃗ = 0 and p0 = 0 are satisﬁed.
The one-loop correction is represented with the tree level contribution Ã0,L , which is shown
This article is based on a work with M. Drees and J. M. Kim 1 .

Figure 1: WIMP annihilation in tree-level.

Figure 2: One-loop correction to Fig.1.

as gray circles in Fig.1, 2. The correction for the amplitude in case of scalar boson exchange is
∫

′

δAL (|⃗
p|, p ) = ig v̄(p2 )
2

×

(p −

q)2

/−P
/ + mχ
/q + P
/ + mχ
q
d4 q
(γ5 )nL
4
2
2
2
(2π) (q − P ) − mχ + iϵ
(q + P ) − m2χ + iϵ
1
Ã0,L (|⃗
p|, p′ )u(p1 ).
− µ2 + iϵ

(2)

Here g is the strength of the coupling between the boson ϕ and two WIMPs χ, and v̄ and u
are spinors, and nL = 0(1) for S (P)-wave. The fraction in Eq.(2) is rewritten with Λ± (⃗q) =
ω±(γ 0⃗γ ·⃗
q +γ 0 mχ )
where ω 2 = ⃗q2 + m2χ , as
2ω
/q + P
/ + mχ
=
(q + P )2 − m2χ + iϵ

(

Λ+ (⃗q)
Λ− (⃗q)
+
q0 + P0 − ω + iϵ q0 + P0 + ω + iϵ

)
γ0.

(3)

Another similar fraction can be also rewritten with Λ± (−⃗q). After integrating on q0 and taking
the non-relativistic limit, Eq.(2) becomes
′

∫

δAL (|⃗
p|, p ) = ig v̄(p2 )
∫
2
≅ g v̄(p2 )
2

−1
d3 q Λ− (−⃗q) 0
γ (γ5 )nL Λ+ (⃗q)γ 0
Ã0,L (p′ )u(p1 )
3
(2π) 2(ω − P0 )
(⃗
p − ⃗q)2 + µ2
/−P
/ + mχ )(γ5 )nL (q
/+P
/ + mχ )
d3 q (−q
Ã0,L (p′ )u(p1 ).
(4)
3
2
2
(2π)
8ω (ω − P0 ) ((⃗
p − ⃗q) + µ2 )

In the ﬁrst line, we took only the residue at q0 = ω − P0 , since it becomes largest among other
terms in the non-relativistic limit. After Performing the integration about angular variables,
the corrections to the amplitude are represented with the integration about |⃗q|. The integral
variable |⃗q| can be replaced to x = |⃗q|/|⃗
p|. Now the correction is represented as a function of a
2
2
parameter r = µ /⃗
p , as
g2 1
A0 (|⃗
p|, p′ )IL (r)
4π 2[v
]
∫ ∞
x
(1 + x)2 + r
IS (r) = ℜe
dx 2
ln
x − 1 (1 − x)2 + r
0
[∫ ∞
(
)]
2x2
x2 + 1 + r (1 + x)2 + r
IP (r) = ℜe
dx 2
−1 +
ln
.
x −1
4x
(1 − x)2 + r
0

δAL (|⃗
p|, p′ ) =

(5)
(6)
(7)

Here, v represents the relative velocity of WIMP in COM frame, such as |⃗
p| = mχ v/2. In Fig.3,
I(r) for S- and P-waves are shown. The correction for S-wave is always larger than that for
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Figure 4: Correction to annihilation integrals δJL compared to the tree level contribution.

Figure 3: Integrals I(r) for S- and P-waves.

P-wave. We approximate the integral I(r) for small and large r as
(
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Correction to the Relic Abundance

To obtain the accurate relic abundance of WIMP, we must solve the Boltzmann equation. Its
solution is approximated very well as
Ωχ h2 =

8.5 × 10−11 xF GeV−2
√
g∗ (xF )J(xF )

(8)

where Ωχ is the energy density of WIMP in the unit of critical density, h is the scaled Hubble
parameter, xF = mχ /TF (TF is the freeze-out temperature), g∗ is the number of freedom, and
J(xF ) is the annihilation integral which is deﬁned as
∫ ∞
〈σv〉
J(xF ) =
dx 2 .
(9)
x
xF
Here 〈σv〉 is the thermal averaged cross section
2x3/2
〈σv〉 = √
π

∫

∞

dv σv
0

v 2 −xv2 /4
e
.
4

(10)

Since the freeze-out occurs when WIMP is the non-relativistic particle, it gives a good
approximation to expand the tree-level averaged cross section with x
〈σ0 v〉(x) ≅ A +

6B
+ ··· .
x

(11)

In this expansion, A contains only the S-wave contribution and B contains both S- and P-waves
contributions. However, we suppose that B contains only P-wave contribution for simplicity.
Notice that this simpliﬁcation does not make the accuracy of the calculation so much since the
loop correction itself is smaller than the tree level cross section for µ . mχ .
Let us expand the one-loop corrected annihilation cross section as well as the annihilation
amplitude with the tree-level and one-loop contributions σL = σ0,L + δσL . Then, the one-loop
contribution δσL is represented with the integration in Eq.(7)
g2
IS (r)σ0,L
(12)
2π 2 v
With Eq.(9), Eq.(10), Eq.(11) and Eq.(12), the one-loop corrected annihilation integrals can
√
be calculated as a function of zF = (2µ/mχ ) xF , as
(
)
∫ ∞
dz
1
g2A µ
δJS (xf ) =
+ dS ,
π 5/2 mχ zF z 2 aS z 2 + bS z + cS
(
) ∫
[
]
64g 2 B
µ 3 ∞ dz
1
δJP (xf ) =
exp(−aP z + bP ) +
.
(13)
4
mχ
cP z + dP
π 5/2
zF z
δσL =

Here, parameters aS , bS , cS , dS and aP , bP , cP , dP are ﬁtted by numerical calculation:
aS = 0.000593; bS = 0.03417; cS = 0.1015; dS = 0.1182
aP = 0.318; bP = 0.1226; cP = 0.3309; dP = 0.6306.
Notice that Eq.(13) can be calculated only if we know the parameters in tree level, A and B.
In Fig.4, the one-loop correction to the annihilation integral δJL compared to the strength
of the coupling times the tree level annihilation integral g 2 JL . The upper (lower) curves are for
xF = mχ /TF = 25 (20). As easily expected, the corrections becomes large as µ/mχ becomes
small. In the massless limit (i.e. µ/mχ → 0), correction for the S-wave becomes as large as tree
level contribution.
4

Conclusion and Discussion

We study the one-loop correction to the WIMP annihilation cross section, in which a massive
(i.e. mϕ . mχ ) boson mediates the annihilating WIMPs. In order to apply the result to the
calculation of WIMP abundance, we also formulate the one-loop correction to the annihilation
integral JL in Eq.(13). With the tree-level annihilation cross section (i.e. A and B), we can
include the one-loop eﬀect which can be large in the calculation of relic density. Notice that
even if we have only the exact annihilation cross section (not expanded by x), we can obtain
parameters A and B by solving simultaneous equations using exact cross sections with slightly
diﬀerent x.
We also performed the calculation of the one-loop correction of neutralino annihilation in
the minimal supersymmetric standard model (MSSM)1 . In that case, the correction is up a few
percent of the tree-level contribution because of small strength of the coupling.
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SIMULATION OF THE SONGS REACTOR ANTINEUTRINO FLUX USING
DRAGON
C. L. JONES
Laboratory of Nuclear Science, Department of Physics, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, Massachusetts 02139, United States of America
For reactor antineutrino experiments, a thorough understanding of the fuel composition and
isotopic evolution is of paramount importance for the extraction of θ13 . To accomplish these
goals, we employ the deterministic lattice code DRAGON, and analyze the instantaneous
antineutrino rate from the San Onofre Nuclear Generating Station (SONGS) Unit 2 reactor in
California. DRAGON’s ability to predict the rate for two consecutive fuel cycles is examined.

1

Motivation

Recent experiments, such as the CHOOZ experiment 1 , have been able to set lower bounds on
the determination of θ13 :
sin2 θ13 < 0.19
The experiment has also indicated that reactor-based uncertainties have become the dominant systematic error in extracting θ13 . In a breakdown of contributions to the overall systematic
errors 2 , it is clearly seen that the error on the antineutrino flux outweighs the others. Thus, if
one is to decrease the θ13 lower bound, one must contend with and accurately model this flux;
this requires detailed simulation of the reactor internals. Prediction of the flux is our final goal;
to be confident in our predictions, however, we must benchmark our code against existing real
data. To expedite the benchmarking process, instead of using flux data, we use measurements of
the antineutrino rate from a reactor since we were in ready possession of this data. Simulation
of the rate and flux both require our code to predict a set of key quantities: the fission rates
of the four radioisotopes that contribute > 99% of the fissions in a nuclear reactor. If our rate
prediction is adequate, then we can immediately apply our results to a flux prediction when
that data is available. Thus, for the rest of this report, we will focus only on the rate prediction,
particularly on the determination of the fission rates. First, we give a brief overview of the
reactor and detector from which we have obtained our rate data.
2
2.1

SONGS: Reactor and Detector
Reactor

SONGS Unit 2 is a PWR (pressurized water reactor) in California. It is operated by Southern California Electric (SCE) and has a thermal power output of 3.46 GW. Our colleagues at
Lawrence Livermore National Laboratory (LLNL) were able to obtain very detailed inputs and

outputs of their simulation package that were then employed as inputs to our own reactor simulation. These SCE values were not accompanied by uncertainties, so it will be up to us in the
future to assign and / or estimate the associated uncertainties to these variables.
The reactor core is divided into 217 subunits called fuel assemblies. Each of these fuel
assemblies is a bundle of fuel rods (explaining a common alternate name, the fuel bundle).
The fuel assembly is a “degree of freedom” for the reactor core; after a fuel-burning cycle, the
assembly as a whole can be removed, refreshed, and reloaded. This subdivision is also convenient
since our DRAGON code also specializes in assembly simulation. This reactor is labeled “16
x 16” because it is comprised of a 16-by-16 grid of fuel rods (236) and instrumentation rods
(20). These fuel rods contain “fresh” fuel (only uranium) as well as “burned” mixtures of fuel
(uranium with plutonium and other heavy metals). Detailed information about each assembly,
from their temperature during fission to their composition of the fuel cladding, was provided for
the simulation.

2.2

Detector

The SONGS detector, commissioned and operated by LLNL and Sandia Laboratory, contains
approximately 0.64 metric ton of gadolinium-doped scintillator, located 24.5 meters from the
SONGS reactor core. The detection mechanism uses the tried-and-true inverse β decay process,
whose products produce a delayed coincidence signal between the annihilating positron and the
neutron capture; the very high thermal capture cross section of gadolinium enhances this signal.
The overall detection efficiency is 10.7%, which is itself known to approximately 10%. With this
information, we can now simulate the SONGS reactor, the topic to which we turn next.

3

The DRAGON Code

DRAGON is an open-source simulation package that allows one to study the behavior of neutrons
in a nuclear reactor. It allows one to determine the isotopic concentrations of radionuclides
during the burnup cycle, as well as to perform isotopic depletions. The open source nature of
this code is attractive not only because of cost factors, but also due to the relative ease of its
modification. Indeed, our DRAGON simulation package has been modified to output
the fission rates of the four most important isotopes in fissions, 235 U,238 U,239 P u, and
241 P u. Obtaining these fission rates as a function of time is the primary use of DRAGON.
Since DRAGON is a deterministic code, not a Monte Carlo code (such as MCNP), there is
no error associated with its calculations and we must estimate this ourselves. DRAGON is also
known as a “2D” code, since it only simulates a 2D cross section of the fuel assembly. A full 3D
solution of the multidimensional neutron diffusion equation is very expensive deterministically, so
DRAGON provides the option of interfacing its 2D solution with its companion code, DONJON,
to do a 3D calculation. However, as a first simplification, we have merely scaled the fission rates
from DRAGON by the height of the reactor (H = 381 cm). It has been checked that this
procedure is appropriate unit-wise. While it makes the assumption that the fission rates–and
thus the flux–will be uniform along the axial direction when they are not, we note that the
CHOOZ reactor simulations also made this uniform axial flux assumption 3 , and ours can be
relaxed in the future with DONJON. With the fission rates, we can calculate the antineutrino
rate.

4

The SONGS Detected Antineutrino Rate

DRAGON’s prediction of the rate detected at SONGS is given by
Z ∞
dNν
Np X
=
f
dEν σ(Eν )Si (Eν )
i
dt
4πD2 i
1.806

Here, i sums over the aforementioned isotopes, fi are fission rates, σ(Eν ) is the inverse β
decay cross section, D is the distance to the reactor, Np is the number of target protons (= 4.35
×1028 ) in the detector, and  is the detection efficiency. The functions Si are the parameterizations of the Schreckenbach spectra, which provide the number of antineutrinos produced per
fission, per radionuclide. This parameterization is provided by Petr Vogel 4 .
4.1

Discussion

The work on this rate calculation has progressed since the time of the conference and the plot
shown here differs greatly from the one shown there. The normalization concerns mentioned
during the author’s talk have been corrected. Also, this time two different fuel cycles are shown.
The SONGS data were taken at the latter half of Cycle 12; after the reactor was shut down and
refueled, data were taken for the first half of the subsequent Cycle 13. These cycles had different
fuel loadings and thus different rate predictions.
The plot here shows the prediction for Cycle 12 with a 2% error band (red band); 2% was
chosen as a broad estimate since American reactors must be certain that their power output is
within 2%. Due to the 10% uncertainty in the detector efficiency (blue band), it is difficult to
estimate DRAGON’s effectiveness at predicting the rate. However, there are other comparisons

that we can make; one of these is to ascertain if DRAGON predicts the same isotopic concentrations at the end of its fuel cycle as predicted by SCE itself. Work of this nature is underway.
Also, even if absolute normalization is lacking, information about the slope will suffice for some
rudimentary nonproliferation efforts.
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Observing Higgsless LSPs at the LHC
Alexander Knochel
Physikalisches Institut, Universität Freiburg, Hermann-Herder-Str. 3a
79104 Freiburg, Germany
We explore the LHC phenomenology of the dark matter candidate arising from the extension
of warped Higgsless models. In particular, we consider a model of warped supersymmetry
in the bulk and on the IR brane in which the lightest Neutralino is rendered stable by an R
parity and serves as a realistic cold dark matter candidate. The production of the LSP and
NLSP in association with third generation quarks is simulated using an implementation in
O’Mega/Whizard.

1

The Model

The model 5 is based on Higgsless models proposed in 2,3 . They are constructed in 5D using a
warped background inspired by the RSI scenario 1 , gµν = ηµν e−2Rky g55 = −R2 y ∈ [0, π].
The 5D gauge group Gbulk = SU (3)C × SU (2)L × SU (2)R × U (1)B−L is broken by boundary
conditions to GSM = SU (3)C × SU (2)L × U (1)Y on the UV brane and SU (3)C × SU (2)D ×
U (1)B−L on the IR brane. and thus only SU (3)C × U (1)EM survives as a conserved subgroup.
There are at least eight real supercharges in 5D relating it to 4D N = 2 SUSY, but half of the
symmetries are already broken by the background, leaving us with usual N = 1 SUSY after
Kaluza-Klein expansion. The action of 5D SYM theory broken by a warped background can be
written down using N = 1 superfields Aµ , λ1 , D ∈ V (vector), A5 , Σ, λ2 , FV ∈ χ (chiral), while
c
the hypermultiplet can be written down using one chiral and one antichiral superfield H, H .
The complete bulk superfield content is given in Table 1. To obtain the spectrum of the model,
we still have to assign boundary conditions. The IR brane (i. e. y = π) boundary conditions are

Table 1: The superfield content of the model and corresponding representations and quantum numbers with
respect to the bulk gauge group Gbulk = SU (3)C × SU (2)L × SU (2)R × U (1)B−L .

Superfield
V Ca , χCa
V Ri , χRi
L
Hl,g
Lc
Hl,g
L
Hq,g
Lc
Hq,g

Rep. Gbulk
8 of SU (3)C
3 of SU (2)R
(1, 2, 1, −1)
(1, 2, 1, 1)
(3, 2, 1, 1/3)
(3, 2, 1, −1/3)

Superfield
V Li , χLi
V X , χX
R
Hl,g
Rc
Hl,g
R
Hq,g
Rc
Hq,g

Rep. Gbulk
3 of SU (2)L
U (1)B−L
(1, 1, 2, −1)
(1, 1, 2, 1)
(3, 1, 2, 1/3)
(3, 1, 2, −1/3)

a straightforward generalization of the nonsupersymmetric boundary conditions 5 ,



 
 
∂y −∂y −2Rky χL
1 −1 V L
= 0,
=
e
V R y=π
1
1
χR y=π
∂y ∂y
∂y V X (π) = χX (π) = ∂y V C (π) = χC (π) = 0,

HgLc (π)

+

µg HgRc (π)

=

HgR (π) −

µg HgL (π)

=0

(1a)
(1b)
(1c)

where g = l1 . . . l3 , q1 . . . q3 runs over all leptons and quark generations, and µg ΛIR is the IR
Dirac boundary mass parameter of the gth doublet. As a contrast, the UV brane does not carry
SUSY which means that boundary conditions can differ within 4D multiplets. The physical
scalars hf , hcf , Σi thus get universal Dirichlet conditions, while the gauginos receive twisted and
mixing boundary conditions,
L
R12
=0
hf (0) = hcf (0) = Σi (0) = λC
1 (0) = λ1 = λ2

cos(θN )λX
1

+

sin(θN )λR3
1

=

cos(θN )λR3
2

−

sin(θN )λX
2

=0

(2a)
(2b)

While the parameter space of the model is still rather large, there are several reasonable assumptions that one can make. First of all, we impose (tree level) degeneracy of the pairs of
electroweak gaugino modes which will be lifted only at the loop level (no Majorana masses on
the UV brane). Furthermore, the splitting of the W and χ+ raises the KK scale and is therefore
assumed to be small (with the lightest charginos just above the experimental lower bounds). The
neutralino mixing angle θN is then fixed by the relic density 5 . The localization of the matter
hypermultiplets is controlled by the multiplet bulk mass c = M5 /k. The localization of the light
quarks is largely determined by the S parameter to be around cL ≈ 0.5 which also suppresses the
coupling to the heavy resonances. The third generation is naturally IR localized to generate the
heavy top. While this basically fixes the properties which are relevant to the LSP production
processes which we will discuss later, there is some freedom in these localization parameters
which strongly impact LHC phenomenology. Exactly delocalized light quarks (cL = −cR = 1/2)
have vanishing couplings to KK gluons, while a small deviation from delocalization introduces
nonzero couplings. At the same time, localized kinetic quark terms as they are used to split
the doublets introduce a localization effect on the UV brane which also shifts these effective
couplings to a nonzero value. Depending on the exact choices, the production of KK gluons
is irrelevant or observable in our study of LSP production at the LHC. Our minimal implementation of the third generation, though not addressing the Zbb problem, provides a simple
way to study the phenomenology of the t and b in LSP production for different scenarios from
strongly IR localized fields to the almost delocalized case. The introduction of a UV localized
kinetic term for the quarks shifts the effective localization. While the localization of the third
generation lets the mass of the first quark KK modes vary between extremely light (for almost
delocalized third generation fields requiring large IR Dirac masses) and heavy (≈ 3ke−Rkπ ), the
masses of the lightest t̃ and b̃ modes stay below 2ke−Rkπ ≈ 1100 GeV and can thus be pair
produced at LHC energies with appreciable cross sections.
2

Production of Missing Energy and heavy Quarks

We concentrate on a set of final states which is particularly favored in the model which we
consider in this work, the production of third generation quarks in association with missing
energy. In our scenario, the first stop mode t̃ is in a convenient mass range: it is still light
enough to be pair produced copiously at the LHC at 14 TeV, and at the same time heavy
enough (mt̃ − mχ − mt & 400 GeV) in all but the extreme cases to produce a strong missing
energy signal from the decay. Such a situation has been discussed in a generic way in 6 . The

Table 2: Points in bulk mass parameter space of the first and second (c1,2 ) and third (c3 ) generation of quarks.

Bulk Mass
cL1,2
cR1,2
cL3
cR3

P1
0.48
-0.48
1/3
-0.4

P2
0.48
-0.48
0.4
-1/3

P3
1/2
-1/2
0.4
-1/3

P4
0.48
-0.48
0.2
-0.2

analysis carried out by the authors is valid for our t̃ pair production contributions, but this is only
one of the contributions to this class of final states in our model, where the production of heavy
quark and gluon resonances proves to be important as well. Due to the size of the model, we rely
on simulations with four particle final states, which means that we do not consider the possible
decay modes of the t (hadronic, semileptonic, leptonic). We consider a set of points in parameter
space representing different localizations of light and heavy quarks (Table 2), while the IR scale
is assumed to be ΛIR ≈ 620 GeV and mχ0 = 88 GeV, mχ+ = 103 GeV. To proceed, we define a
number of cuts in addition to the standard cuts M (q, q) ∈ [10, ∞]; M (parton, q), M (parton, q) ∈
[−∞, −10]; E(parton) > 20; η(q), η(q) ∈ [−5, 5] to further suppress backgrounds. The ones used
here are PT (q), PT (q) > 100 GeV (II.1) and PT (q), PT (q) > 300 GeV (II.2). When judging the
results for the missing energy signal with t and b quarks in the final state, one therefore has
to remember the following points: The t pair production itself does not introduce P
/ T , but the
leptonic and semileptonic decay modes contain neutrinos, and considering the relative strength
of t pair production, this can constitute an important background. In addition to this, there
are SM processes with have final states distinguishable from our signal only by their kinematics,
for example pp → bbνljj 6 . While the analysis of these contributions is beyond the scope of
this work, there is a generic way to suppress these backgrounds as we can fortunately afford to
place rather strong PT and ∆φ cuts without losing too much of our signal. Some results for the
production of missing energy in association with top quarks are shown in Figure 1. At the 2 → 4
particle level we compare it to the production of missing energy via neutrinos (pp → ννtt), which
is the main SM background assuming perfect top quark reconstruction. The chargino NLSP in
the model discussed here has a mass barely above the current lower bound. As a consequence, it
is very narrow (Γ ≈ 10−7 GeV), decaying through an offshell W as χ+ → f fχ0 . Since ∆m ≈ 15
GeV, NLSP production should be visible as missing energy in association with leptons or rather
soft jets. As a first approximation, the total transverse momentum of the NLSP pair is shown
for cuts II.2 (Figure 1). The production of b pairs in association with missing energy turns out
to be not as well suited for this analysis. The SM background in this case is very large, and can
only be reduced by severe cuts on transverse momenta, effectively drowning the pp → χ0 χ0 bb
signal.
To conclude, models such as the higgsless supersymmetric scenario investigated in this work,
provide an interesting alternative way how electroweak symmetry breaking and dark matter
phenomenology can be linked. The discovery of such LSP dark matter candidates at the LHC
via production of missing energy in association with top quarks seems promising in large parts
of the parameter space. However, it is important to go beyond four particle final states to make
more precise statements about the observability of LSP production in this context at the LHC.
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Figure 1: Missing energy from LSP and neutrino production in association with top pairs for different quark
localizations and cuts on invariant masses and azimuthal angle. The line marked SM shows the missing energy
in pp → ννtt. Below are total transverse momenta and boosts of charginos produced in association with top and
bottom pairs for different quark localizations after cuts II.2. The total PT is shown as an approximation to P
/T
which will have further contributions from the decay products (all MSTW08).
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