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2013 RENCONTRES DE MORIOND

The XLVIIIth Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.
The first meeting took place at Moriond in the French Alps in 1966. There, experimental
as well as theoretical physicists not only shared their scientific preoccupations, but also
the household chores. The participants in the first meeting were mainly french physicists
interested in electromagnetic interactions. In subsequent years, a session on high energy
strong interactions was added.
The main purpose of these meetings is to discuss recent developments in contemporary
physics and also to promote effective collaboration between experimentalists and theorists in the field of elementary particle physics. By bringing together a relatively small
number of participants, the meeting helps develop better human relations as well as more
thorough and detailed discussion of the contributions.
Our wish to develop and to experiment with new channels of communication and dialogue,
which was the driving force behind the original Moriond meetings, led us to organize a
parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond
Astrophysics Meeting (1981). In the same spirit, we started a new series on Condensed
Matter physics in January 1994. Meetings between biologists, astrophysicists, condensed
matter physicists and high energy physicists are organized to study how the progress in
one field can lead to new developments in the others. We trust that these conferences and
lively discussions will lead to new analytical methods and new mathematical languages.
The XLVIIIth Rencontres de Moriond in 2013 comprised three physics sessions:
• March 2 - 9: “Electroweak Interactions and Unified Theories”
• March 9 - 16: “QCD and High Energy Hadronic Interactions”
• March 9 - 16: “Very High Energy Phenomena in the Universe”

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

STUDY OF HIGGS PRODUCTION
IN THE BOSONIC DECAY CHANNELS AT ATLAS
E. MOUNTRICHA
On behalf of the ATLAS Collaboration
Brookhaven National Laboratory, Department of Physics,
Upton, NY, United States

The latest results on the studies of the Higgs production in the bosonic decay channels at
ATLAS are reported, involving the H → γγ, H → ZZ (∗) , H → W W (∗) and H → Zγ
decay channels. The full 2011 and 2012 LHC data samples have been used corresponding to
√
√
4.6-4.8 fb−1 at s = 7 TeV and 20.7 fb−1 at s = 8 TeV, respectively.

1

Introduction

In summer 2012 the ATLAS and CMS collaborations announced the discovery of a Higgs-like
boson 1,2 . Since then, the LHC Run I has been completed and the full data samples have been
analyzed. The new particle’s properties (mass, spin/parity, couplings) have been studied. In
the following, the updated results on the signal strength and mass are presented, complemented
with the studies on the properties of the new particle.
2

Updated results in the H → γγ channel and properties measurement

H → γγ is a high mass resolution channel with the simple topology of two high ET isolated
photons. The signal-background discriminating variable is the di-photon invariant mass, mγγ ,
(Figure 1 (left)) with an expected resolution of 1.77 GeV 3 . The signal-over-background (S/B)
ratio is ∼3% in the mass region around mH = 125 GeV containing 90% of the expected signal.
The background processes are the irreducible di-photon continuum and events with jets misidentified as photons. To increase the sensitivity due to the different mass resolution and S/B ratio,
and to separate the different production modes (gluon fusion (ggF), vector boson fusion (VBF)
and associated production (VH)), 14 categories are used 3 . The excess observed at ∼126.5 GeV
is quantified by the p0 probability (Figure 1 (center)). The observed significance is 7.4 σ, while
the expected one is 4.1 σ.
In Figure 1 (right) the best fit value of mH and signal strength (µ), defined as the ratio of
the observed number of signal events to the expected one from the Standard Model (SM), are

Figure 1: Left: Invariant mass distribution of di-photon candidates along with the signal-plus-background fit to
the data. Center: The observed and expected local p0 as a function of mH . Right: The best-fit values of mH and
µ, and their 68% (blue) and 95% (red) CL contours. Ref. 3

Figure 2: Left: The best-fit values of µggF+tt̄H x B/BSM and µVBF+VH x B/BSM and their 68% (solid) and 95%
(dashed) CL contours. Center: Distribution of the background-subtracted data in the signal region as a function
of |cosθ∗ |. Right: Expected distributions of the test statistics q for the spin-0 and spin-2 hypotheses. Ref. 3,4

shown. The mass is measured to be 126.8 ± 0.2 (stat) ±0.7 (syst) GeV, where the systematic
uncertainty is dominated by the photon energy scale uncertainties. The measured µ is 1.65±0.24
(stat) +0.25
−0.18 (syst). In the VBF enriched category a 2.0 σ excess is observed at mH = 126.5 GeV.
The best fit signal strength grouped into the “bosonic” (VBF, VH) and “fermionic” (ggF, tt̄H)
production modes is in agreement with the SM expectation within 2 σ (Figure 2 (left)).
The new particle’s spin has been studied comparing the SM spin-0+ hypothesis to spin+
2m “graviton-like” with minimal couplings 4 . The discriminants used are the mγγ and the
angular distribution of the photons in the resonance rest frame, | cos θ∗ |, (Figure 2 (center)).
The observation is compatible with the spin-0+ hypothesis and spin-2+
m is excluded at 99.3%
+
CLs assuming the spin-2m resonance is produced purely via gluon fusion (Figure 2 (right)).
3

Updated results in the H → ZZ (∗) → 4` channel and properties measurement

H → ZZ (∗) → 4`, with ` = e, µ, is a high mass resolution channel with the very clean signature
of two pairs of same-flavor, opposite-charge leptons. The four-lepton invariant mass (m4` )

Figure 3: Left: The distribution of the four-lepton invariant mass, m4` , for the selected candidates. Center: The
observed and expected local p0 -value for the 2011 and 2012 data sets, and their combination. Right: Likelihood
ratio contours in the µ-mH plane that, in the asymptotic limit, correspond to 68% and 95% level contours. Ref. 5

Figure 4: Left: Distribution of the transverse mass, mT , for 8 TeV data for the eµ + µe channel in Njet = 0.
Center: The observed and expected local p0 -value. Right: Signal strength as a function of mH . Ref. 6

discriminant (Figure 3 (left)) provides an expected resolution of 1.9 GeV with a S/B ratio of 1.6
at mH = 125 GeV 5 . The background processes consist of the irreducible ZZ (∗) production and
the reducible tt̄ and Z+jets production estimated from control regions in data. To increase the
sensitivity, categories are used according to the lepton flavor. The excess observed at 124.3 GeV
(Figure 3 (center)) has a significance of 6.6 σ, while 4.4 σ is expected.
+0.5
The best fit value of mH is 124.3+0.6
−0.5 (stat) −0.3 (syst) GeV, where the systematic uncertainty
is dominated by the energy and momentum scale uncertainties while µ is 1.7+0.5
−0.4 (Figure 3
(right)). VBF and VH enriched categories have been added. The rates of various production
modes are in agreement with the SM expectation within 2 σ (Figure 3 (left)).
The spin of the new particle has been studied comparing the SM spin-0+ to other spin/parity
hypotheses. The discriminant (Jp -MELA) for this study is based on five production and decay
angles 5 , and the dilepton invariant masses (m12 , m34 ) (Figure 3 (center)). The observation is
compatible with the SM spin-0+ hypothesis while spin-0− and spin-1+ states are excluded at
97.8% CLs or higher in favour of spin-0+ (Figure 3 (right)).
4

Updated results in the H → W W (∗) → `ν`ν channel and properties measurement

H → W W (∗) → `ν`ν is a high rate but low mass resolution channel with the signature of two
miss ). Due to the presence of
opposite charged isolated leptons and missing transverse energy (ET
two neutrinos in the final state, a transverse mass is used as discriminant (mT ) (Figure 4 (left)).
The S/B ratio ranges from 0.15-0.26 6 . The background processes are W W (∗) , top, W +jets,
Drell-Yan and diboson production, estimated from control regions in data. Categories are used
based on the number of jets in the event and on the lepton flavor.
The significance of the observed excess at mH = 125 GeV is 3.8 σ, while 3.7 σ is expected
(Figure 4 (center)). At 125 GeV µ is 1.01 ± 0.21 (stat) ±0.19 (theory) ±0.12 (syst) ±0.04 (lumi)
(Figure 4 (right)), where the experimental systematic uncertainty is dominated by b-tagging
efficiency and jet energy scale/resolution. The inclusive cross section has been calculated for
√
s = 8 TeV and mH = 125 GeV to be σ·BR= 6.0 ± 1.1 (stat) ±0.8 (theory) ±0.7 (syst)
±0.3 (lumi) pb. An excess over background of 2.5 σ is observed in the VBF enriched category
assuming mH = 125 GeV. The rates of the different production modes are in agreement with
the SM expectation within 1 σ (Figure 5 (left)).

Figure 5: Left: Likelihood contours for separate ggF and VBF signal strength parameters. Center: The distribution for the spin analysis discriminant for spin-0+ hypothesis. Right: Test statistics distributions when assuming
6,8
the spin-0+ hypothesis and testing the spin-2+
m hypothesis. Ref.

The new particle’s spin has been studied using the 8 TeV data sample by comparing the SM
7
spin-0+ hypothesis to the spin-2+
m . The discriminants (BDT ) for this study are based on m`` ,
T
8
m`` , ∆φ`` and mT (Figure 5 (center)) . The observation is compatible with the SM spin-0+
hypothesis while spin-2+
m is excluded at more than 95% CLs (Figure 5 (right)).
5

First results on the H → Zγ channel

H → Zγ is a high resolution but low rate channel with two opposite charged, isolated leptons
and an isolated photon in the final state. The discriminant used in this channel is the ∆m =
m``γ − m`` and the mass resolution is ∼1.6 GeV. The background processes considered are the
irreducible Zγ production and events with Z and a jet misidentified as a photon. No excess has
been observed in data. The observed upper limit on the SM Higgs production cross section for
mH = 125 GeV is 18.2 σSM , while 13.5 σSM is the expected.
6

Summary

The first and preliminary results on the H → γγ, H → ZZ (∗) → 4`, H → W W (∗) → `ν`ν
and H → Zγ channels have been presented using the full LHC Run I ATLAS data. The signal
significance in the individual H → γγ and H → 4` channels is ∼ 7 σ. The signal strength and
rates of the different production modes are found to be consistent with the SM expectation
within 2σ, while observation is compatible with the spin-0+ hypothesis.
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Study of the Higgs Production in bosonic decays channels with the CMS detector
C. Ochando
Laboratoire Leprince-Ringuet, UMR 7638, Ecole Polytechnique,
91128 Palaiseau Cedex, France
The latest results on the standard model Higgs boson studies in bosonic decays from the CMS
experiment are reported. The analysis use pp collisions data recorded by the CMS detector
√
at the LHC, corresponding to integrated luminosities up to 5.1 fb−1 (19.6 fb−1 ) at s = 7
(8) TeV. The observation of a new boson at a mass near 126 GeV is confirmed and some of
its properties are shown.

1

Introduction

The standard model (SM) 1,2,3 relies on the existence of the Higgs boson (H, with mass mH ), a scalar
particle associated with the field responsible for the spontaneous electroweak symmetry breaking 4,5,6,7,8,9 .
In 2012, the ATLAS and CMS experiments reported the discovery a new boson at a mass around 125
GeV 10,11 , compatible with the SM Higgs boson.
This letter reports the latest results from CMS with the full available statistics of the RunI of the
LHC in the H → V V modes (where V stands for W , Z or γ). They have the largest sensitivity among
all Higgs decays, a very good precision on the mass and can provide informations on the spin-parity
state. The latter, as well as the combination of all measurements is provided elsewhere 12,13 . These
proceedings focus on low mass studies (mH <180 GeV) and only W → `ν and Z → `` (where ` is for
electron or muon) are considered.
2

H→WW→ 2`2ν analysis

In the H→WW→ 2`2ν channel 14 , we search for an excess of events with two high transverse momenta
(pT ) leptons of opposite charge and large missing transverse momentum (ETmiss ) due to undetected
neutrinos. As no mass peak can be fully reconstructed, a precise control of the backgrounds is mandatory.
The main one originates from non-resonant WW production. Additional contributions arise from DrellYan, top quark as well as W+jets or diboson processes (W Z, W γ (∗) , ZZ).
The event sample is split into categories of different background composition and signal-to- background ratios: same-flavor (SF) and different-flavor (DF) leptons, events with zero or one jet a . The
reconstructed transverse mass (mT ) distribution is shown on Fig. 1 (left) for the DF category and in
the 0-jet bin. A broad excess of events, compatible with the production of Higgs boson with mH =125
GeV, can be appreciated.
The final result is extracted using a two-dimensional (m`` , mT )b shape analysis for events belonging
to the DF category, and by a cut-based approach for the events falling into the SF category. The
observed (expected) significance is 4.0 (5.1) standard deviations (σ) for mH =125 GeV, as shown in
Fig. 1 (right). The signal strength µSM , relative to the expectation for the SM Higgs boson, is measured
to be µSM = 0.76 ± 0.21 at 125 GeV.
a
The category with at least two jets, dedicated to the Vector Boson Fusion (VBF) production mode, was not updated
in time for this conference.
b
m`` is the invariant mass of the dilepton pair, mT is the transverse mass reconstructed from the transverse momentum
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Figure 1: Distribution of the transverse mass mT for the DF category and 0-jet bin (left). Observed (blue) and expected
(dashed) statistical significance as a function of mH (right). The expected significance (black) under the presence of a
mH =125 GeV Higgs is also shown.

3

H→ ZZ → 4` analysis

The H→ ZZ → 4` analysis 15 exhibits a clean experimental signature consisting of a narrow resonance
over a small continuum background. The mass peak is built from four primary isolated and identified
leptons. As low signal yields are expected, this channel critically relies on the performances of the leptons
reconstruction and selection algorithms. The dominant irreducible background is from non-resonant ZZ
(or Zγ ∗ ) production. It is estimated from simulation. Additional reducible background sources arise from
Zbb̄, tt̄, Z+ jets or W Z+ jets events where at least one jet is misidentified as lepton. It is estimated
from real data.
The reconstructed four-lepton invariant-mass (m4l ) distribution is shown on Fig. 2 (left). A clear
peak around m4` = 126 GeV is seen. A matrix element likelihood approach 16,17,18 is used to build a
kinematic discriminant (KD ) so as to further improve the separation between signal and background.
To enhance the sensitivity to the production mechanisms, the event sample is split into two categories
based on the jet multiplicity: events with fewer than two jets (C1) and events with at least two jets
(C2).
Events / 3 GeV

CMS preliminary
Data
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Figure 2: Distribution of the four-lepton reconstructed mass (left).Points represent the data, shaded histograms represent
the background and the unshaded histogram the signal expectation. Expected (dashed) and observed (solid) local p-values
(right) as a function of the Higgs boson mass.

The final result is extracted using a three dimensional model (m4` , KD , X) where X is pT /m4`
in C1 and a linear discriminant formed combining VBF sensitive variables in C2. The local p-values,
representing the significance of local excesses relative to the background expectation are shown on Fig. 2
(right). The minimum is reached around m4` = 125.8 GeV and corresponds to an observed (expected)
local significance of 6.7 (7.1) σ. The signal strength µSM is measured to be µSM = 0.91+0.30
−0.24 at 125.8
GeV.
of the dilepton pair and the ETmiss vector.

4

H→ γγ analysis
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The H→ γγ analysis 19 searches for a narrow peak built from two high pT photons over a smoothly falling
background due to QCD prompt diphoton production and to events with at least on jet misidentified as
photon.
To increase the sensitivity, events are separated into mutually exclusive classes: diphoton events
without any tagging object (untagged), diphoton events with jets consistent with the VBF topology, and
diphoton events with leptons or large ETmiss , consistent with W/Z associated production (VH).
Two analyses are presented: one uses Multi-Variate-Analysis (MVA) techniques for both the photon
identification and the event classification for untagged or VBF-like classes while the other is using
cut-based approaches. The MVA classifier for the untagged category uses as input an event-by-event
estimate of the diphoton mass resolution, a photon identification score for each photon, and kinematic
informations about the photons and the diphoton system. Being the most sensitive, the MVA analysis
results are taken as baseline. The background in the signal region is estimated from fits to each of the
observed diphoton mass distributions in data.
The weighted diphoton invariant-mass distribution is shown on Fig. 3 for both analysis. A clear
peak around mH = 125 GeV is seen. The local p-values are shown on Fig. 4 for both analysis. The
minimum is reached around mH = 125 GeV and corresponds to a local significance of 3.2 (3.9) σ for an
expectation of 4.2 (3.5) σ for the MVA (cut-based) analysis. The signal strength µSM is measured to be
+0.30
µSM = 0.78+0.28
−0.26 (1.11−0.32 ) at 125 (124.5) GeV for the MVA (cut-based) analysis.
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5

Properties: mass and production mechanisms

The mass mX of the observed state is measured with the high resolution channels: ZZ → 4` and γγ.
The mass and its uncertainty are extracted from one-dimensional scan of the test statistic q(mX ). It is
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shown on Fig. 5 (left) for the two channels separately. The resulting fit gives mX = 125.8 ± 0.5 (stat)
±0.2 (syst) (mX = 125.4 ± 0.5 (stat) ±0.6 (syst)) for the ZZ → 4` (γγ) analysis.
The production mechanisms can be slit into two categories depending on whether the production
is induced by vector bosons (VBF, VH) or fermions (ggH, ttH). Two signal strength modifiers (µV ,
µF ) are introduced as scale factors to the SM expected cross section. A two-dimensional (µV , µF ) fit
is performed assuming the measured mass hypothesis in each channel. Fig. 5 shows the resulting fits
for the ZZ → 4` and γγ channels. The measured values are consistent with the expectations from the
production of a SM Higgs boson.
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Figure 5: 1D test statistics q(mX ) = −2∆lnL scan vs tested mX (left) for the ZZ (red) and γγ (green) channel. Likelihood
contours on the signal strength modifiers associated with fermions (µF ) and vector bosons (µV ) for the ZZ (middle) and
γγ (right) channels.

6

Conclusion

The latest results on the standard model Higgs boson studies in bosonic decays from the CMS experiment
has been presented, using data samples corresponding to integrated luminosities up to 5.1 fb−1 (19.6
√
fb−1 ) at s = 7 (8) TeV in pp collisions at LHC. The observation of a new boson at a mass near 126
GeV is confirmed and its properties are consistent so far with the production of a SM Higgs boson.
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Search for Standard Model Scalar Boson Decaying to Fermions at the LHC
Darren Puigh
Department of Physics, The Ohio State University,
Columbus, OH, U.S.A.
The results from searches for a Standard Model Higgs boson decaying to fermions at the LHC are
presented. Using a combination of data collected in proton-proton collisions at center-of-mass energies
of 7 TeV and 8 TeV by the ATLAS and CMS detectors, new limits are set on the cross section times
branching fractions of the Higgs boson decaying to bottom quarks, muons, and tau leptons for several
production mechanisms.

1

Introduction

With the recent observation 1,2 of a new boson with a mass near 125 GeV/c2 at the Large Hadron Collider (LHC), the focus of searches for the Standard Model (SM) Higgs boson has shifted to evaluating the
consistency of this new particle with SM expectations. Both the ATLAS 3 and the CMS 4 collaborations
presented preliminary results that the new particle is a Higgs boson 5,6,7,8,9 . These collaborations performed a number of measurements and found that the results prefer that the new particle have no spin
and positive parity, consistent with the SM Higgs boson. In addition, the measurements of the branching
ratios of the new particles to bosons (H → W W, ZZ, γγ) are consistent with SM expectation. In order
to determine if this new particle is the Higgs boson of the SM, we need to precisely measure its branching
ratio into all final states, including those with fermions.
2

Higgs decays to bottom quarks
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At a mass of 125 GeV/c2 , the SM Higgs boson decays predominantly into a bottom-antibottom quark
pair (bb̄). Therefore, the observation of H → bb̄ is essential to characterize the nature of the new boson.
However, the rate of bb̄ production at the LHC from the QCD multi-jet background is many orders of
magnitude larger than the rate of Higgs production. To reduce the backgrounds and investigate different
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Figure 1: The distribution of mbb̄ in data after subtraction of all backgrounds except diboson backgrounds for ATLAS (left)
and CMS (right). In both cases, the diboson background is visible and described well.
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Figure 2: Signal discriminant distributions of the tt̄H analysis for ATLAS (left) and CMS (right) after requiring one
well-identified lepton (electron or muon), ≥6 jets, and ≥4 b-tagged jets.

Higgs production mechanisms, the ATLAS and CMS experiments performed searches for the Higgs boson
produced in association with a vector boson (W H or ZH) or a top quark pair (tt̄H).
2.1

Higgs produced in association with vector bosons

The search for Higgs produced in association with a vector boson, W or Z, was performed in the decay
channels ZH → `+ `− bb̄, W H → `νbb̄, and ZH → ννbb̄, where ` refers to either an electron or a muon.
Events must also possess two jets that are identified as originating from a b quark (b-tagged). After
separating events based on the number of charged leptons, events are further sub-divided based on the
transverse momentum of the vector boson and either the number of additional jets (ATLAS) or the
tightness of the b-tag requirement (CMS). ATLAS used the mbb̄ distribution as its signal discriminator,
while CMS used the output discriminant of a boosted-decision-tree (BDT) algorithm 10 .
To show the validity of the Higgs search procedure, both experiments performed a fit of the mbb̄
distribution treating the diboson background as the signal of interest. Diboson production with a Z
boson decaying to bb̄ has a very similar signature to H → bb̄. Figure 1 shows the mbb̄ distribution in data
after subtraction of all backgrounds except diboson backgrounds for ATLAS and CMS, and the data are
consistent with the presence of a diboson signal with a rate approximately as expected from the SM 11,12 .
The experiments both used 5 fb−1 of 7 TeV data and about half of the available 8 TeV data (12-13
−1
fb ) in their search for V H production in the bb̄ channel. For mH = 125 GeV/c2 , ATLAS obtained
an observed (expected) upper limit on the production cross section times branching ratio of 1.8 (1.9)
times the SM prediction 11 . Similarly, CMS found an observed (expected) limit of 2.5 (1.2) times the SM
prediction, corresponding to a local significance of 2.2σ 12 .
2.2

Higgs produced in association with top quark pairs

The tt̄H mechanism is the only production mode directly sensitive to the top-Higgs Yukawa coupling.
Furthermore, searching for tt̄H can also be used to probe new physics models that predict increased rates
of tt̄H production without changing Higgs branching ratios 13,14 .
Events were split based on the decay of the tt̄ system: where one of the W bosons from the top
quark decays to a charged lepton and a neutrino and the other W boson decays to a quark-antiquark pair
(lepton+jets), or where both of the W bosons decay to charged leptons and neutrinos (dilepton). After
requiring an intitial event selection involving kinematics, object identification and quality cuts, events
were categorized based on the number of jets and the number of b-tagged jets they contain. A signal
discriminator is used to further improve signal sensitivity: ATLAS used either the scalar sum of the jet
transverse momentum or the reconstructed mbb̄ , depending on the category, and CMS used the output
discriminant of an artificial neural network (ANN) algorithm 15 . Figure 2 shows the signal discriminators
for the most sensitive categories of ATLAS and CMS.
Using 5 fb−1 of data at 7 TeV and focusing on the lepton+jets channel, ATLAS set an observed
(expected) upper limit on tt̄H production in the bb̄ channel of 13.1 (10.5) times the SM expectation 16 for
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Figure 3: Left: ATLAS result showing the best fit of the signal strength for vector boson fusion and associated production
of H → τ τ versus gluon fusion. Right: CMS result on the best fit of signal strength for total H → τ τ production compared
to the SM expectation as a function of the Higgs mass.

mH = 125 GeV/c2 . CMS combined 5 fb−1 of 8 TeV data with 5 fb−1 of 7 TeV data to set an observed
(expected) limit of 5.8 (5.2) times SM expectation 17 for the same mass.
3

Higgs decays to leptons

In addition to Higgs decaying to bb̄, the other experimentally accessible channels at the LHC for investigating Higgs decaying to fermions are H → µµ and H → τ τ .
3.1

Higgs decays to muons

The H → µµ decay provides an experimentally clean final-state signature with a good resolution on
the mass of the Higgs boson. It is also the best channel to investigate the Higgs coupling to second
generation fermions at the LHC. One of the difficulties of this channel is that there is a large background
from Z/γ ∗ → µµ. ATLAS performed a search in this channel by selecting events with two muons, where
the di-muon system was boosted, and then performed a fit on the invariant mass of the di-muon system
to extract a signal. Seeing no excess in 20 fb−1 of data at 8 TeV, the observed (expected) limit for
mH = 125 GeV/c2 was 9.8 (8.2) times the SM prediction 18 .
3.2

Higgs decays to tau leptons

The branching ratios for Higgs decaying to fermions are proportional to the square of the fermion mass.
Due to the large mτ , the H → τ τ decay is important for testing Yukawa couplings in the case of leptons.
The search strategies for H → τ τ were similar for ATLAS 19 and CMS 20,21 . Events were categorized
based on the number of jets, the boost of the system, the transverse momentum of the leptons (e, µ,
τh ), and the final-state signature (eµ, µµ, eτh , µτh , τh τh ). Selections on the event topology were made
to suppress background. The dominant background in this search was Z → τ τ , which was estimated by
taking Z → µµ events from data and replacing the muons by simulated τ decays.
Due to the neutrinos resulting from the tau decays, the invariant mass of the di-tau system (mτ τ ) is
not fully constrained. In order to get the best estimate for mτ τ , ATLAS used the Missing Mass Calculator
method 22 , and CMS used a maximum likelihood method (SVFit algorithm) 20 . A simultaneous fit of
mτ τ across the different categories and channels was used to extract the signal.
The ATLAS experiment used 5 fb−1 of data at 7 TeV and 13 fb−1 of data at 8 TeV, and the observed
(expected) limit on SM H → τ τ was found to be 1.9 (1.2) times the SM prediction 19 . Using 5 fb−1 of
data recorded at 7 TeV and 19 fb−1 of data at 8 TeV, an excess of events was observed by the CMS
experiment, with a maximum local significance of 2.9σ 20 at mH = 120 GeV/c2 . Figure 3 shows the best
fit of the signal strength for different H → τ τ production modes and as a function of mH .

4

Summary

ATLAS and CMS have performed searches for a Standard Model Higgs boson decaying to fermions.
Limits were set on the cross section times branching fraction of Higgs decaying to bottom quarks, muons,
and tau leptons. Excesses in the bb̄ and τ τ channels are consistent with SM Higgs expectations with local
significances 2.2σ and 2.9σ, respectively.
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Measurements of Higgs boson properties in ATLAS
Tim Adye, on behalf of the ATLAS Collaboration.
Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom

Combined measurements of the properties of the Higgs boson using the full pp collision data
sample recorded in 2011–2012 by the ATLAS experiment at the LHC are presented. The
combined mass measurement derived from the H→ γγ and H→ ZZ (∗) → 4` channels is mH =
125.5 ± 0.2 (stat) +0.5
−0.6 (sys) GeV. The signal strength, from the combination of the H→ γγ,
H→ ZZ (∗) → 4`, and H→ W W (∗) → `ν`ν channels, as well as the H → τ τ and H → bb̄ channels
using a partial dataset, is determined to be µ = 1.30±0.13 (stat)±0.14 (sys). The cross section
ratio between vector boson mediated and gluon initiated Higgs boson production processes is
found to be µVBF+V H /µggF+tt̄H = 1.2+0.7
−0.5 , with more than 3σ evidence for Higgs production
through vector-boson fusion. Measurements of relative branching fraction ratios, as well as
combined fits testing the fermion and vector boson couplings, ratio of couplings to W and Z,
and the possible contribution of new particles show no significant deviation from the Standard
Model expectation.

1

Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at
the LHC,1 reported by the ATLAS2, 3 and CMS4 Collaborations, is a milestone in the quest to
understand electroweak symmetry breaking.5–7 The ATLAS Collaboration has since reported
first measurements of the particle’s coupling properties,8 and updated measurements of its signal
strength9 and mass.10 Presented here11, 12 are new measurements of the mass, signal strengths,
and coupling properties from a combination of decay modes using 4.8 fb−1 of pp collision data
√
√
at s = 7 TeV and 20.7 fb−1 at s = 8 TeV for the three most sensitive channels H→ γγ,13, 14
√
H→ ZZ (∗) → 4`,13, 15 and H→ W W (∗) → `ν`ν;13, 16 and using 4.8 fb−1 at s = 7 TeV and 13 fb−1
√
at s = 8 TeV for the H → τ τ 17, 18 and H → bb̄17, 19 channels.
2

Mass measurements

The mass of the new particle can be measured precisely from fits to the data for the H→ γγ and
+0.5
H→ ZZ (∗) → 4` channels: mH = 126.8 ± 0.2 (stat) ± 0.7 (sys) GeV and 124.3+0.6
−0.5 (stat) −0.3 (sys)
GeV are found in the two cases, respectively.
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Figure 1: The profile likelihood ratio −2 ln Λ(mH ) as a function of (a) mH and (b) the mass difference, ∆mH =
4`
(∗)
mγγ
→ 4` channels and their combination. In both cases the signal strength
H − mH , for the H→ γγ and H→ ZZ
parameters, µγγ and µ4` , are allowed to vary independently.11

A combined measurement based on these two channels is obtained from the profile likelihood
ratio Λ(mH ),20 as shown in Figure 1(a). The signal strength is allowed to vary between the two
channels by treating µγγ and µ4` as independent nuisance parameters. The combined mass is
measured to be mH = 125.5 ± 0.2 (stat) +0.5
−0.6 (sys) GeV.
4`
To quantify the consistency between the fitted mγγ
H and mH values, the data are fitted
with the profile likelihood ratio Λ(∆mH ), where the parameter of interest is the mass difference
4`
∆mH = mγγ
H − mH . The average mass mH and the signal strengths µγγ and µ4` are treated
as independent nuisance parameters. As shown in Figure 1(b), the resulting estimated mass
difference is ∆mˆH = 2.3+0.6
−0.7 (stat) ± 0.6 (sys) GeV. The probability of a single Higgs boson
producing a value of Λ(∆mH ) disfavoring the ∆mH = 0 hypothesis by more than that observed
in the data is found to be 1.5% (2.4σ), using Monte Carlo ensemble tests.
The significance of the mass difference is also tested using rectangular pdfs for the systematic
mass scale uncertainties coming from the Z → ee calibration procedure, the material upstream
of the electromagnetic calorimeter, and the energy scale of the presampler detector. Rectangular
pdfs give a flat a priori likelihood in the range of the quoted ±1σ uncertainty intervals for these
three sources and a zero probability outside this range. With this treatment, the consistency
between the two mass measurements increases to 8% (1.7σ).
3

Signal strength

The Higgs boson production rate is measured in terms of the signal strength parameter µ, a
scale factor with respect to the SM predicted rate. The observed overall signal strength µ is
determined from a fit to the data where all channels are combined, using the profile likelihood
ratio Λ(µ). The mass is fixed to the measured value mH = 125.5 GeV. Figure 2(a) shows
the measured signal strengths for the individual channels as well as their combination, µ̂ =
1.30 ± 0.13 (stat) ± 0.14 (sys).
The compatibility between this measurement and the SM Higgs boson expectation (µ = 1)
is about 9%. It increases to about 40% if rectangular pdfs are used for the dominant theoretical systematic uncertainties from the gg → H QCD scale and PDF variations. The overall
compatibility between the signal strengths measured in the five individual channels and their
SM predictions is about 8%. The compatibility between the measured individual µ̂ values and
their combination is 13%. The dependence of the combined value of µ̂ on the assumed mH is
relatively weak: changing the mass hypothesis by ±1 GeV changes µ̂ by about ±4%.
In order to test which values of signal strength and Higgs mass are simultaneously consistent
with the data for the H→ γγ and H→ ZZ (∗) → 4` channels, the profile likelihood ratio Λ(µ, mH )
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Figure 2: (a) Measurements of the signal strength parameter µ at mH = 125.5 GeV for the individual channels
and their combination.12 (b) Confidence level intervals in the (µ, mH ) plane for the H→ ZZ (∗) → 4` and H→ γγ
channels and their combination, including all systematic uncertainties. The markers indicate the maximum
likelihood estimates (µ̂, m̂H ) in the corresponding channels.11

is used. The resulting 68% and 95% CL contours are shown in Figure 2(b).
4

Production and decay modes

The signal strengths of different production processes contributing to the same final state are
determined, exploiting the sensitivity offered by the use of event categories in the analyses of
each channel.
The data are fitted separating vector-boson-mediated processes (VBF and VH) from gluoninitiated processes (ggF and ttH) involving fermions (mainly top-quark loops). The signal
strength parameters, µggF+tt̄H = µggF = µtt̄H and µVBF+V H = µVBF = µV H , are measured for
each of the final states, H→ γγ, H → ZZ (∗) H→ W W (∗) → `ν`ν, and H → τ τ , as shown in
Figure 3(a).
The combination of these results can be made in a model-independent way (i.e. without
assumptions on the Higgs decay branching ratios) by measuring the ratio, µVBF+V H /µggF+tt̄H =
1.2+0.7
−0.5 . The results of the fit to the data for the individual channels and their combination are
shown in Figure 3(b). Good agreement with the SM expectations is observed.
To test the sensitivity to VBF production alone, the data are also fitted with the ratio
µVBF /µggF+tt̄H , profiling µV H . From the combination of the four channels, the same value of
µVBF /µggF+tt̄H = 1.2+0.7
−0.5 is obtained. This result provides 3.1σ evidence for VBF production,
with the p-value for vanishing VBF being 0.09%.
Conversely, to study the decay modes independently of the production modes, the ratio of
branching ratios, relative to their SM expectations are studied. The best-fit values for each decay
+0.7
+0.8
mode ratio is ργγ/ZZ = 1.1+0.4
−0.3 , ργγ/W W = 1.7−0.5 , and ρZZ/W W = 1.6−0.5 , all in agreement with
the SM expectation of 1.
5

Higgs couplings

A relative coupling, κi , is defined as the ratio of the measured coupling to the SM one. For
each observed final state of the SM Higgs boson, the production and decay rates involve several
couplings. For example in the gg → H→ γγ mode, the production rate from gluon fusion is
proportional to the square of the effective Higgs-gluon coupling, κg2 , where κg is itself a function
of the Higgs couplings to the particles running in the loops, principally the top, κt . The diphoton
decay rate is proportional to the square of the effective photon coupling, κγ2 , itself a function
of κW and κt , describing the interference between the W and top loops. The data do not
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Figure 3: (a) Likelihood contours for the H→ γγ, H→ ZZ (∗) → 4`, H→ W W (∗) → `ν`ν, and H → τ τ channels in
the (µggF+tt̄H , µVBF+V H ) plane. Both µggF+tt̄H and µVBF+V H are modified by the decay mode-specific branching ratio factors B/BSM . (b) Likelihood curves for the ratio µVBF+V H /µggF+tt̄H for these channels and their
combination (observed and SM expectation).12

allow a complete determination of all the elementary couplings, so a few benchmark models are
considered.21
5.1

Fermion versus vector couplings

In this model, all fermion (relative) couplings are taken equal (κF = κt = κb = κτ ), as are
the vector boson couplings (κV = κW = κZ ). The model assumes that gg → H production
and H→ γγ decays occur only through loops of SM particles and that there are no non-SM
decays contributing to the total width (additional models, measuring λF V = κF /κV , allow
these assumptions to be relaxed12 ). Figure 4(a) shows the corresponding likelihood contours in
the κV ,κF plane. The relative sign between κF and κV corresponds to the interference of the
top and W loops in H→ γγ decays, where κV > 0 by convention and κF < 0 would indicate
a non-SM interference. The 68% CL intervals, profiling over the other parameter, are κV ∈
[0.91, 0.97]∪[1.05, 1.21] and κF ∈ [−0.88, −0.75]∪[0.73, 1.07], with the SM-like minimum, κF > 0,
slightly favoured. The (2D) compatibility with the SM hypothesis 8%.
5.2

W and Z couplings (custodial symmetry)

Identical coupling scale factors for the W and Z are an important ingredient of the SM, often
referred to as custodial symmetry. From the previous model with the total width free, κW and
κZ are now separated, and their ratio, λWZ , is probed. Figure 4(b) shows the likelihood curve
for λWZ , while profiling λF Z = κF /κZ and κZZ = κZ · κZ /κH in the fit. The 68% CL interval is
λWZ ∈ [0.64, 0.87], with a (3D) compatibility with the SM hypothesis of 5%.
5.3

Contribution from non-SM particles

This model assumes that all couplings take their SM values (κi = 1), but the effective couplings
to gluons and photons, κg and κγ , are taken as independent, allowing for additional contributions
from new particles in the loops. As a first step, the model assumes that these particles do not
contribute to the total width through invisible or undetected decay modes. Figure 4(c) shows
the likelihood contours in the κg ,κγ plane. The best fit values, profiling over the other parameter,
are κg = 1.08 ± 0.14 and κγ = 1.23+0.16
−0.13 . The (2D) compatibility with the SM hypothesis is 5%.
In a second step, the assumption on the total width is released. The free parameters are
κg , κγ , and BRinv.,undet. , where the latter represents the branching ratio to possible invisible and
undetected decay modes. Figure 4(d) shows the likelihood as a function of BRinv.,undet. , profiling
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Figure 4: Fits to four benchmark coupling models: likelihood contours for (a) κF and κV (fermion and vector
couplings) and (c) κg and κγ (effective gg → H and H→ γγ couplings); and likelihood curves for (b) λWZ = κW /κZ
(couplings to W and Z) and (d) BRinv.,undet. (branching fraction to invisible or undetectable decay modes). The
dashed curves in (b) and (d) show the SM expectation. The thin dotted lines in (b) indicate the continuation of
the likelihood curve when restricting the parameters to either the positive or negative sector of λF Z . (e) Summary
of the coupling scale factor measurements. The best-fit values are represented by the solid vertical lines. The
measurements in the different coupling benchmark models are strongly correlated, as they are obtained from fits
to the same experimental data. They should not be considered as independent measurements.12

over κg and κγ . The 95% CL upper limit is BRinv.,undet. < 0.6, with a (3D) compatibility with
the SM hypothesis of 10%.
6

Conclusion

An update of the properties of the newly discovered Higgs-like boson using the full 2011–2012
data set for the three most sensitive channels H→ γγ, H→ ZZ (∗) → 4` and H→ W W (∗) → `ν`ν
is presented.
The measured mass, based on fits to the spectra of the H→ γγ and H→ ZZ (∗) → 4` channels,
is mH = 125.5 ± 0.2 (stat) +0.5
−0.6 (sys) GeV. The difference of the mass measurements between the
+0.6
two channels is 2.3−0.7 (stat) ± 0.6 (sys) GeV, corresponding to a probability of a common mass
of 1.5% (2.4σ) or 8% (1.7σ), depending on the treatment of mass scale systematic uncertainties.
A combined strength of µ̂ = 1.30 ± 0.13 (stat) ± 0.14 (sys) is obtained. The cross section
ratio between vector-boson mediated and gluon initiated Higgs boson production processes is
determined to be µVBF+V H /µggF+tt̄H = 1.2+0.7
−0.5 , with 3.1σ evidence for VBF production.
The compatibility of the measurements with the SM Higgs boson predictions is tested using
various coupling models. A summary of all coupling scale factor measurements is shown in Figure 4(e), all being compatible with the SM Higgs expectation at the 5–10% level. No significant
deviation from the SM prediction is observed in any of the fits performed.
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Higgs Candidate Property Measurements with the Compact Muon Solenoid
Andrew Whitbeck, on behalf of the CMS Collaboration
Department of Physics and Astronomy, Johns Hopkins University,
Baltimore 21218, USA
Property measurements of the Higgs boson candidate are presented using proton-proton collision data collected with the Compact Muon Solenoid (CMS) detector corresponding to in√
√
tegrated luminosities of 5.1 fb−1 at s=7 TeV and up to 19.6 fb−1 at s=8 TeV. Combined
mass measurements using the ZZ and γγ decay channels and consistency of couplings of the
observed boson with respect to those predicted from the SM Higgs boson is tested using data
√
√
corresponding to 5.1 fb−1 at s=7 TeV and up to 12.2 fb−1 at s=8 TeV. The spin-parity
of the boson is studied using the ZZ and WW decay channels.

1

Introduction

The Standard Model (SM) of electroweak interaction1,2,3 utilizes a complex doublet scalar field
to spontaneously break electroweak symmetry in order for the weak gauge bosons to acquire
mass and predicts a massive neutral scalar, the Higgs boson4,5,6,7 . In July 2012, the CMS and
ATLAS collaborations announced8,9 the discovery of a new Higgs-like boson at a mass around
125 GeV. These proceedings present property measurements of this Higgs-like resonance using
the CMS detector10 . Combining different channels we present the mass measurement as well as
the consistency of production and decay rates and couplings with respect to expectation from
√
SM Higgs using 5.1 (12.2) fb−1 of data at s =7 (8) TeV. Finally, the consistency of data with
respect several different spin-parity hypotheses is tested.
2

Combined properties

The combination of signal strength measurements in different channels can provide information
about the properties of the observed resonance. In this section, results combining a number
of channels to measure or constrain resonance properties are presented. These results were
obtained using up to 5.1 (12.2) fb−1 of the 7 (8) TeV datasetsa . The details of each individual
channel can be found elsewhere11,12,13,14,15,16,17 .
2.1

Mass measurement

The measurement of the resonance mass is done by simultaneously fitting for the mass, mX , and
the signal strength, µ, in both the ZZ and γγ channels, the two high resolution decay channels.
The 68% CL contours are shown as a function of µ and mX in the left plot of figure 1. The
red and green contours correspond to the individual scan in the ZZ and γγ channel respectively
while the black is the combination of the two. The relative signal strength in the two channels
is fixed to SM expectation.
a

Results obtained from the γγ channel correspond to 5.3 fb−1 of the 8 TeV dataset.
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To be more model independent, the 1D -2lnL scan of mX is done by profiling µ separately
in the ZZ channel as well as in the untagged and di-jet categories of the γγ channel. The 1D
-2lnL scan for this measurement is shown in the right plot of figure 1 and the 68% CL interval
is found to be mX = 125.8±0.4 (stat) ±0.4 (syst) GeV.
2.2

Signal strengths

The compatibility of the observed excess with the SM Higgs prediction can be first assessed by
measuring the combined signal strength and the signal strength channel by channel. Figure 2
shows the 68% CL interval of the combined signal strength, green band, and the 68% CL interval
of the signal strength measured by individual channels. All channels individually as well as the
combination of all channels are consistent with SM expectation. The 68% CL interval for the
combined signal strength is found to be 0.88±0.21 when mX = 125.8 GeV.
2.3

Compatibility of data with SM Higgs couplings

The total event yield in any channel can be related to the partial and total width of the Higgs
as follows
Γ Γyy
N (xx → H → yy) ∼ σ(xx → H) × B(H → yy) ∼ xx
Γtot .
Thus, there are eight parameters, ΓW W , ΓZZ , Γtt , Γbb , Γτ τ , Γgg , Γγγ , Γtot , which describe the rates
of the current searches. Testing for possible deviations from SM Higgs expectations can be
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formulated in terms of scale factors, κi , which represent deviations with respect to the SM Higgs
partial widths, e.g. κ2W = ΓW W /ΓSM
W W . Any deviations from κi = 1 would imply physics beyond
the SM. The measurements presented in this section are following the prescription of the LHC
Higgs Cross Section Working Group21 .
By requiring an approximate custodial symmetry, tree-level relations between the W and
Z masses as well as the W and Z couplings to the Higgs boson can be protected against large
radiative corrections. Thus, large discrepancies of the ratio of the W and Z couplings to Higgs
are an indication of physics beyond the standard model. To test this, we fit for the ratio
λW Z = κW /κZ . In order to properly account for small differences in the VBF fraction between
the H → ZZ and H → W W channels, κZ is profiled. The fits are then done in two different
ways, using only the H → ZZ and H → W W channels, left plot of figure 3, and using all
channels profiling κfb in addition to κZ , middle plot of figure 3. We find that in both cases λW Z
is consistent with SM expectation and fix it to unity for all subsequent measurements. The 95%
CL interval for λW Z using the ZZ and WW channels is [0.57,1.65], and [0.67,1.55] using the
combination of all channels.
We also test the compatibility of data with respect to the SM Higgs using two parameters,
κv and κf , which are scaling factors for all W/Z couplings and fermionic couplings respectively.
Since Γγγ is induced via a W and top loop, it scales as |ακV + βκf |2 . As such, the γγ channel
is the only channel sensitive to the relative sign between κV and κf . The right plot of figure 3
shows the -2lnL scan vs κV , κf . The global minimum lies in the (+,-) quadrant because of
the excess in the γγ channel. However, the data is still consistent with the standard model
within 2σ. Fixing κV (κf ) to unity, the 95% CL interval for κf (κV ) is found to be [0.40,1.12]
([0.78,1.19]).
Since H →γγ and gg → H are induced through loops, κγ and κg are sensitive to the presence
of new particles. The left plot of figure 4 shows the -2lnL scan for κγ and κg and is consistent
with the SM to within 2σ. Profiling either κγ (κg ), we find that the 95% CL interval for κg (κγ ) is
[0.55,1.07] ([0.98,1.92]). BSM decay channels can be probed by fitting for BRBSM = ΓBSM /Γtot .
When profiling κγ and κg the 95% CL interval for BRBSM is found to be [0.00,0.62].
We can also test for asymmetries between either quark and lepton or up-type and down-type
fermions. These deviation can occur in different flavors of two Higgs doublet models. Two ratios
are constructed to test these hypotheses, λdu = κd /κu and λ`q = κ` /κq . The middle plot of
figure 4 shows the -2lnL scan vs λdu with κV and κu profiled. The 95% CL interval for λdu is
[0.45,1.66]. The right plot of figure 4 shows the -2lnL scan vs λ`q with κV and κq profiled. The
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JP
0−
0+
h
2+
mgg
2+
mqq
1−
1+

production
gg → X
gg → X
gg → X
q q̄ → X
q q̄ → X
q q̄ → X

comment
pseudoscalar
higher dim operator
minimal couplings
minimal couplings
exotic vector
exotic pseudovector

expect (µ = 1)
2.6σ(2.8σ)
1.7σ(1.8σ)
1.8σ(1.9σ)
1.7σ(1.9σ)
2.8σ(3.1σ)
2.3σ(2.6σ)

obs. 0+
0.5σ
0.0σ
0.8σ
1.8σ
1.4σ
1.7σ

obs. J P
3.3σ
1.7σ
2.7σ
4.0σ
> 4.0σ
> 4.0σ

CLs
0.16%
8.1%
1.5%
< 0.1%
< 0.1%
< 0.1%

Table 1: List of models used in analysis of spin-parity hypothesis corresponding to the pure states of the type
noted. The expected separation is quoted for two scenarios, when the signal strength for each hypothesis is predetermined from the fit to data and when events are generated with SM expectation for the signal yield (µ = 1).
The observed separation quotes consistency of the observation with the 0+ model or J P model, and corresponds
to the scenario when the signal is pre-determined from the fit to data. The last column quotes the CLs criterion
for the J P models.

95% CL interval for λ`q is [0.00,2.11]. Both measurements are consistent with SM expectation.
3

Spin-Parity

Understanding the spin and quantum numbers of the new boson is an important check of the
SM. Different J P quantum numbers and different couplings manifest themselves in the angular
and mass correlations of di-boson decays allowing ZZ and WW events to be used to constrain
the spin and parity of the boson. Using hypothesis testing, we evaluated the consistency of data
with respect to either the SM Higgs hypothesis or six alternative J P hypotheses. The alternative
models tested are outline in Table 1 and discussed in detail elsewhere20 . Results presented in
this section are using up to 5.1 (19.6) fb−1 for the 7 (8) TeV dataset.
3.1

ZZ

The ZZ spin-parity analysis is done using a 2D unbinned likelihood to describe data. Analogous
to how the signal strength measurement is performed18 , events are described using two variables.
The first variable is a kinematic discriminant (KD) to separate signal from background, Dbkg ,
built from the combination of m4` and the KD used in the signal strength measurements18 . The
second is a KD which separates SM Higgs from some alternative J P signal and is built from the
seven dimensional probability for either SM Higgs, PSM , or an alternative model, PJ P ,
DJ P =

PSM
PSM +PJ P

= [1 +

~ 4` )
PSM (mZ1 ,mZ2 ,Ω;m
]−1 ,
~
P P (mZ ,mZ ,Ω;m4` )
J
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where Ω represents the five decay angles. The D0− distributions after selecting events where
Dbkg > 0.5 are shown in figure 5 along with the 2D distributions Dbkg vs. D0− for background, SM Higgs, and pseudoscalar MC. All distributions are shown in the mass range 106<
m4` <141 GeV.
Hypothesis tests were performed testing the SM Higgs hypothesis against each of the six
+
+ − +
alternative hypotheses, J P =0− , 0+
h , 1 , 1 , 2mgg , 2mq q̄ . Toys were generated according to each
hypothesis assuming either the SM Higgs cross section (µ = 1) or using the best-fit signal
strength from data for each hypothesis. The test statistic (q = -2ln(LJ P /LSM )) distributions
for each measurement are shown in figure 6. A CLs criterion is defined as
CLs = P(q ≥ qobs |J P )/P(q ≥ qobs |SM ).
Table 1 shows the expected separation, the observed separation assuming either the J P or the
0+ hypothesis, and the CLs value for each of the six alternative hypotheses. The expected
separations range from 1.7-2.8σ while the CLs values range from 0.1%-10% when generating
toys from the best-fit µ.
A fit for the continuous parameter, fa3 , was also performed. This parameter represents the
amount of CP-violation present in data and can be defined as
fa3 = |A3 |2 /(|A1 |2 + |A3 |2 ).
A1 , A2 , and A3 are defined in terms of the most general amplitude for a scalar decaying to two
vector bosons,
∗ν
2
α β
A = v −1 ∗µ
1 2 (a1 gµν mH + a2 qµ qν + a3 µναβ q1 q2 ) = A1 + A2 + A3 ,
where i are the Z boson polarization vectors, qi the Z boson momenta, ai couplings, mH the
mass of the resonance, and µναβ the Levi-Civita tensor. In this measurement, we fix A2 = 0.

0

Non-zero contributions from the A3 term imply fa3 will be non-zero while if the resonance is
either a pure SM Higgs (pseudoscalar), fa3 would be 0 (1). It should be stressed that fa3 is not
a parameter which defines the mixture of parity-even and parity-odd states. The latter would
require a model-dependent interpretation of the fa3 measurement. The best-fit value is found
to be fa3 =0.00+0.23
−0.00 and the 95% CL interval is [0.0,0.58].
3.2

WW

The WW spin-parity analysis is done using a 2D binned likelihood, m`` vs mT19 , to describe data.
The SM Higgs hypothesis is tested only against the minimal coupling graviton model produced
through gluon-gluon fusion, J P = 2+
/LSM )
mgg . Distributions of the test statistic q = -2ln(L2+
mgg
are shown for SM Higgs hypothesis (purple) and the alternative hypothesis (blue) in the right
plot of figure 6. The expected separation is 1.9 σ while the observed significance is 1.3 (0.9)
+
+
σ with respect to the 2+
mgg (0 ) hypothesis, slightly disfavoring the 2mgg hypothesis, which
corresponds to a CLs value of 12% when generating toys from the best-fit µ.
4

Conclusions

Property measurements have been presented for the Higgs-like resonance. The best-fit mass is
found to be 125.8 ±0.4(stat) ±0.4 (syst) GeV. The best-fit signal strength combining all channels
is found to be 0.88 ±0.21 measured at the best-fit mass. The consistency of the couplings of the
observed boson with respect to SM Higgs expectation is tested in various ways and no significant
deviation is found.
Consistency of kinematic distributions with respect to either the SM Higgs hypothesis and
several alternative signal hypotheses of various spin and parity has been tested. In all cases, data
+
+
is found to disfavor the alternative hypotheses. We find that data disfavors the 0− , 2+
mgg , 2mqq , 1 ,
−
and 1 hypotheses at more than 2σ.
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COMPOSITE OR ELEMENTARY? PROBING THE NATURE OF THE HIGGS
ANNA KAMIŃSKA
Rudolf Peierls Centre for Theoretical Physics, University of Oxford, 1 Keble Road, OX1 3NP, Oxford,
UK

I discuss consequences of electroweak symmetry breaking by strong dynamics, assuming the
existence of a light composite scalar appearing as a pseudo-Goldstone boson of some global
symmetry of the new strongly interacting sector. In such a scenario, the composite scalar
has properties very similar to the Standard Model Higgs, but the existence of additional
resonances with different spins is also expected. Properties and phenomenology of lightest
spin-1 resonances are considered in a simple general effective Lagrangian description. The
question whether the effects of spin-1 resonances can be observed at the LHC, shedding light
on the nature of the Higgs boson, is addressed.

1

Introduction

A composite Higgs boson originating from electroweak symmetry breaking induced by some new
strongly interacting sector is a viable alterative to an elementary, Standard Model (SM) - like
Higgs scenario. It does not suffer under the hierarchy problem and its properties at energies
low with respect to the scale of strong dynamics can be very similar to the properties of the SM
scalar. Moreover, the composite Higgs boson can be made naturally light with respect to the
compositeness scale when it appears as a pseudo-Goldstone boson (PGB) of the global symmetry
breaking of the strong sector. The minimal model of this kind is based on the SO(5) → SO(4)
global symmetry breaking pattern 1 , which produces a full pseudo-Goldstone composite Higgs
doublet.
In order to gain a better understanding of the electroweak symmetry breaking mechanism
it is crucial to look for signatures distinguishing a composite Higgs boson from an elementary
Higgs boson. First of all, the couplings of a PGB composite Higgs to W and Z gauge bosons
and to fermions are modified with respect to the couplings of an elementary Higgs boson. The
modification is scaled by the parameter ξ = (v/fπ )2 , which describes the squared ratio of the
electroweak scale to the scale of strong dynamics. In the minimal composite Higgs model the
couplings of the composite scalar to W and Z gauge bosons is given by
L

(2)

v2
1
= ∂µ h∂ µ h +
2
4

 n

o
h
h2
1 + 2a + b 2 + ... Tr Dµ U Dµ U †
v
v

(1)

a

a

where U = eiπ (x)σ /v parameterizes Goldstone bosons corresponding to longitudinal W and Z
†
and transforms as gL U√
gR
under the global SU (2)L × SU (2)R group gauged by the electroweak
group. Couplings a = 1 − ξ, b = 1 − 2ξ reproduce the Standard Model values aSM = bSM = 1
in the limit ξ → 0 with v = const. Hence, we expect ξ to be small, ξ . 0.3. In fact, the
departure from SM-like Higgs couplings might not be detectable at the LHC. Hence it is worth
to look simultaneously for other signatures of strong electroweak breaking related to resonances
of different spins. Both spin-1/2 and spin-1 resonances should contribute to indirect (electroweak
precision tests, flavor observables) and direct signals of physics beyond the Standard Model. Here
I focus on effects of spin-1 resonances, constructing a simple, general and self-consistent effective
framework to study their properties and LHC phenomenology.

2

Building the effective Lagrangian

In order to introduce spin-1 resonances into the effective description I use the formalism of
hidden local symmetry 2 , which works very well for the description of vector resonances in low
energy QCD. Generalizing this formalism to arbitrary global symmetry breaking patterns G → H
means that in order to write down the effective Lagrangian for the analogue of vector resonances
one has to add a new ’hidden’ gauge group Hlocal , which gauge bosons provide the degrees of
freedom needed for the description of spin-1 resonances. Then the new building block for the
effective Lagrangian is a sigma-model field S related to G × Hlocal → H symmetry breaking and
transforming as
S → g S h† ,

g ∈ G, h ∈ Hlocal ,

hSi = 1.

(2)

The leading order effective Lagrangian term
o
n
L 3 v12 Tr Dµ SDµ S †

(3)

introduces through covariant derivatives of S mixing terms and interactions between gauge fields
of the Standard Model electroweak group sitting in G and the new ’hidden’ local group. The
symmetry breaking pattern can be further modified to take into account more and more spin-1
states. Eigenstates in the spin-1 sector are now combinations of Wµa , Bµ and hidden gauge
ρµ fields. However, if we assume a hierarchy of couplings g, g 0  gρ , the lightest eigenstates
correspond at the leading order in g/gρ to Standard Model W , Z and photon fields, while the
heavy eigenstates correspond at the leading order to ρ fields. Moreover, for small values of
ξ, there exists a ’pairing up’ between gauge bosons corresponding to SU (2)L (SU (2)R ) and
SU (2)L hidden (SU (2)R hidden ) groups respectively, which leads to the conclusion that ρL and ρR
resonances have the strongest interactions with Standard Model particles and are most important
from the point of view of LHC phenomenology.

3

LHC phenomenology

In this section we will focus on the minimal SO(5) → SO(4) composite Higgs model with lightest
vector resonances ρL and ρR corresponding to SO(4)hidden . This setup should be representative
for the LHC phenomenology of spin-1 resonances in general composite Higgs models. The most
general leading order effective Lagrangian related to SO(5) × SO(4)hidden → SO(4) has 3 free
parameters, which can be chosen as ξ, gρ and gρππ , where gρ is the ’hidden’ gauge coupling and
gρππ describes the mean interaction of a single ρ resonance with two pions corresponding to WL
and ZL . The mass of spin-1 resonances is given by m2ρ ≈ 2gρ gρππ v 2 /ξ. Interactions of heavy
spin-1 eigenstates with SM matter fields are introduced by the admixture of heavy ρ̃L and ρ̃R

eigenstates in Standard Model fields
√

Wµ±
Zµ
Aµ

2p
g
−
2 − ξ ρ̃±
2
gρ L µ
√
√
g 02
2 − ξ g 2 − g 02
2 2 − 2ξ
0
p
p
≈ Z̃µ − √
ρ̃L µ −
ρ̃0R µ
3/2
2
02
2 gρ g 2 + g 02
g
g
+
g
(2 − ξ)
ρ
s
r
2 e
2 − 2ξ e
ρ̃L µ +
ρ̃R µ .
≈ Ãµ −
2 − ξ gρ
2 − ξ gρ
≈

W̃µ±

(4)

The couplings of ρ resonances with the third generation of fermions can be enhanced by partial
compositeness, but we neglect this effect here. One can notice that the coupling of a ρ resonance
to two fermions is enhanced for small values of ξ, while for a given value of mρ and gρ the
coupling of a ρ resonance to two SM gauge bosons scales down with ξ. Numerical analysis
shows that spin-1 resonances are mainly produced in the Drell-Yan process. The production
cross section of neutral (smooth line) and charged (dashed line) ρL resonances at the LHC at
8 TeV and 14 TeV is given in Fig. 1 for ξ = 0.2 and gρ = 4. Branching ratios of a neutral
resonance with these parameters are given in Fig. 2. One can notice that while the width
is dominated by the production of SM gauge boson pairs or a Higgs boson accompanied by a
gauge boson, branching ratios into quark pairs and lepton pairs are non-negligible. As it turns
out, due to low backgrounds, LHC searches for dilepton resonances 3 give at present the most
stringent exclusion limits for spin-1 resonances. The impact of LHC searches on the parameter
space of spin-1 resonances spanned by gρ and gρππ can be seen in Fig. 3 for ξ = 0.2 and in
Fig. 4 for ξ = 0.07. The various colors in these figures describe the approximate cutoff of
the effective description derived by the analysis of perturbative unitarity of longitudinal gauge
boson scattering (numbers on yellow background give the energy of the cutoff in TeV). Black
curves and numbers on white background correspond to the ρ resonance mass, also in TeV.
White regions are excluded because the cutoff drops below the resonance mass. Black regions
are excluded by direct LHC searches. One can notice that the exclusion limits go up to 1.5 TeV
for ξ = 0.2 and 2 TeV for ξ = 0.07. They go down with growing values of gρ , as the interaction
with SM matter fields become suppressed.
It is interesting to compare exclusion limits from direct searches with the ones originating
g2
form electroweak precision tests. Figures 5 and 6 show the Ŝ = 16π
S parameter for ξ = 0.2 and
ξ = 0.07 (black curves with labels on white background). It can be seen that the LHC direct
searches are already exploring the parameter space consistent with electroweak precision data.
4

Conclusions

Properties and LHC phenomenology of spin-1 resonances were studied using a simple, general
effective description built using the hidden local symmetry formalism. It shows that for small
values of ξ the spin-1 resonance coupling to two fermions is enhanced. The resonances are
mainly Drell-Yan produced and they decay mostly to SM gauge boson pairs or a Higgs boson
accompanied by a gauge boson, but branching ratios into fermion pairs are non-negligible. The
most stringent exclusion limits are obtained from searches for resonant dilepton production at
the LHC. Direct searches are already probing the parameter space of spin-1 resonances allowed
by electroweak precision data.
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6.0

0

6

0

0.004

11

7

0015

1.0
0.5

6.0

99

2.0
1.5

d!0

0.003

0

5.5

10

2.5
003

5.0

0.0005

6

g ΡΠΠ

g ΡΠΠ

Ξ ! 0.07

3.5

2.5

1.5

4.5
gΡ

4.0

Ξ ! 0.2

3.0

2.0

4.0

Figure 4: LHC exclusion limits for ξ = 0.07.

4

3.5

3.5

0

3.0

3.5

0.001

4.0

4.5
gΡ

5.0

5.5

6.0

Figure 6: Values of Ŝ for ξ = 0.07.
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Determination of Higgs Spin and Parity at the LHC
M. M. Mühlleitner
Institut für Theoretische Physik, KIT, D-76049 Karlsruhe, Germany
After the discovery of a new scalar particle by the Large Hadron Collider (LHC) experiments
ATLAS and CMS, its properties have to be determined, in order to clarify if it is really the
Higgs boson, i.e. the particle related to the Higgs mechanism. This requires the measurement
of its couplings to the Standard Model (SM) particles, the determination of its spin and
parity quantum numbers and finally the extraction of the Higgs boson trilinear and quartic
self-couplings. In this contribution it will be shown how spin and parity quantum numbers of
the SM Higgs boson can unambiguously be determined at the LHC.

1

Introduction

The discovery of a 125 GeV Higgs boson 1,2 has triggered a large number of investigations on
the Higgs boson properties, among which the determination of the spin (J), parity (P ) and
charge conjugation (C) quantum numbers 3, which are for the SM Higgs boson J P C = 0++ . The
Higgs sector of extensions beyond the SM, like i.e. supersymmetry, may additionally contain
CP -odd scalar (pseudoscalar) particles or Higgs states which are CP -violating mixtures between
CP -even and CP -odd components.
The charge conjugation quantum number C = + follows from the observation of decays into
γγ for pure states in a C-invariant theory.
The spin/parity quantum numbers can be investigated in a systematic way by analyzing the
helicity amplitudes of production and decay processes. They do not only provide necessary and
sufficient conditions to assign the J P C quantum numbers of real states but also test possible
CP -violating Higgs bosons. On the production side gluon and vector boson fusion and Higgsstrahlung give access to the spin/parity quantum numbers. For the decays systematic analyses
have been performed in Z ∗ Z decays with subsequent leptonic Z ∗ and Z decays, in γγ decays
and in CP -violating decays into fermions or massive gauge bosons. In the following the decays
into virtual and real Z bosons and into photon final states will be analyzed with respect to the
determination of the CP quantum numbers. It will be shown that the spin and parity of the SM
Higgs boson can be unambiguously determined and that negative parity assignment and higher
spin states can be ruled out by combining angular correlations with threshold distributions.
2

Higgs Boson Decay into ZZ ∗

The decay of a general pure spin/parity unpolarized boson state H J into a pair of a virtual Z ∗
and a real Z boson which subsequently decay into leptons l i± (i = 1, 2),
H J → Z ∗ Z → (l1+ l1− )(l2+ l2− ) ,

(1)

gives access to the spin/parity quantum numbers of H J . Denoting the polar angles of the leptons
−
l1,2
in the rest frame of the virtual and real Z bosons by θ 1,2 , see Fig. 1(a), the differential
decay distribution of the polar angles can be expressed in terms of four independent helicity

∗
Figure 1: (a) Definition of the polar angles θi (i = 1, 2) of the leptons `−
1,2 in the rest frame of the virtual Z and
− +
− +
J
∗
real Z bosons and of the azimuthal angle φ for the decay H → Z Z → (`1 `1 )(`2 `2 ). (b) Higgs production
through gluon fusion/vector boson fusion (V = W ± , Z) with subsequent decay into γγ and Z ∗ Z in the Higgs rest
frame.

amplitudes 4
1
dΓ
Γ d cos θ1 d cos θ2

= N

−1



1
sin2 θ1 sin2 θ2 |T00 |2 + (1 + cos2 θ1 )(1 + cos2 θ2 )[|T11 |2 + |T1,−1 |2 ]
2
2

2

2

2

2

+ (1 + cos θ1 ) sin θ2 |T10 | + sin θ1 (1 + cos θ2 ) |T01 |

2



,

(2)

fixing the mass squared M∗2 of the virtual Z ∗ boson and suppressing the quartic term involving
the P -violating parameters which are small for leptonic Z decays. By N we denote the normalisation factor. Bose symmetry implies for the helicity amplitudes the relations T λλ0 = nH T−λ,−λ0
and Tλλ0 [Z, Z ∗ ] = (−1)J Tλ0 λ [Z ∗ , Z], with the normality given by nH = P (−1)J . The azimuthal
distribution of the Z-decay planes is given by
1 dΓ
Γ dφ

=

1
1 + nH |ζ1 | cos 2φ
2π




h X

with |ζ1 | = |T11 |2 / 2

i

|Tλλ0 |2 ,

(3)

again suppressing the terms proportional to the small P -violating parameters. The normality
of the Higgs state uniquely determines the sign of the φ modulation. Figure 2(a) shows the
characteristic behaviour of the azimuthal angle between the Z decay planes. The distributions
of the positive (SM) and negative parity decay are mutually anti-cyclic. Such behaviour is also
given in jet-jet correlations of electroweak gauge bosons and gluon fusion 3 .
In the SM, by angular momentum conservation only two decay helicity amplitudes are non2 − M 2 − M 2 )/(2M M ) and T
vanishing, T00 = (MH
∗ Z
11 = −1, so that the angular distributions
∗
Z
4
read
1
dΓH
ΓH d cos θ1 cos θ2
1 dΓH
ΓH dφ

=

1
9
1
γ 4 sin2 θ1 sin2 θ2 + (1 + cos2 θ1 )(1 + cos2 θ2 )
4
16 γ + 2
2

=

1
1
1
cos 2φ
1+
2π
2 γ4 + 2







,



(4)
(5)

2 − M 2 − M 2 )/(2M M ). At the Z ∗ Z threshold the rise of the distribution in
with γ 2 = (MH
∗ Z
∗
Z
the Z ∗ invariant mass becomes

dΓ[H → Z ∗ Z]
dM∗2

⇒ β ∼

q

(MH − MZ )2 − M∗2 /MH for M∗ ⇒ MH − MZ .

(6)
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Figure 2: (a) Azimuthal angular distribution between the two Z decay planes for spin = 0 with positive parity
in the SM compared with negative parity; (b) Threshold distribution of the decay width H J → Z ∗ Z for the SM
and spin-2 even normality bosons, with a Higgs boson mass of 125 GeV.

The necessary conditions for the spin-zero character of the SM Higgs boson are hence given
by the observation of the angular distributions associated with the helicity amplitudes T 00 , T11
and of the steep threshold rise ∼ β. They are also sufficient, as any other spin/parity combination necessarily generates different combinations of threshold power and angular correlations
for any pure state, see also 4 . Ambiguities in the angular correlations for higher spin states
can be resolved if supplemented by suppression at the threshold. If (1 + cos θ 12 ) sin2 θ2 and
sin2 θ1 (1 + cos2 θ2 ) polar-angle correlations are absent, there is a pronounced difference in the
threshold behaviour of the spin-0 SM and spin-2 even normality bosons with identical 4` angular
correlations, cf. Fig. 2(b).
3

Higgs Boson Decay into γγ

Furthermore, information on any spin of the Higgs boson can be obtained from the combination
of Higgs boson production in gluon fusion with the decay into photons 3 ,
gg → H J → γγ .

(7)

The information on the spin is given by the distribution in the polar angle Θ of the final state
photons with respect to the incoming partons in the Higgs boson rest frame. Both initial state
helicities µ − µ0 and final state helicities λ − λ0 take the values 0 and ±2 and add up incoherently
in the differential distribution
h
i
1 dσ[gg → H J → γγ]
J
J
J
J
= (2J + 1) X0 Y0 D00
+ X0 Y2 D02
+ X2 Y0 D20
+ X2 Y2 D22
,
σ
d cos Θ

(8)

with the probabilities for production X 0,2 and decay Y0,2 derived from the gg → H J production
J = 1 {[dJ (Θ)]2 +
and H J → γγ decay helicity amplitudes. The squared Wigner functions D mλ
mλ
2
[dJm,−λ (Θ)]2 } generally take the non-trivial maximum power of
D J ∼ cos2J Θ ,

(9)

independently of the helicity indices 0 or 2. The angular distribution of the photon axis hence
provides a characteristic signal of the involved Higgs spin. The spin zero of the Higgs boson
manifests itself in an isotropic distribution. Any other spin assignment leads to non-trivial
polar angular distributions. Figure 3 for the polar angular distributions shows, that while spinzero Higgs production is isotropic, any other spin assignment entails non-trivial polar angular
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Figure 3: Polar angular distributions of the γγ axes in the rest frame of the Higgs boson: the flat SM Higgs signal
compared with potential spin-2 distributions; (a) the 0 scalar assignment 0 {2; 00} and (b) the 0 tensor assignment 0
0
0
{2; 22} and
√ the mixed assignments , {2; 02} and {2; 20} (all distributions normalized over the interval | cos Θ| ≤
1/ 2). The upper indices denote the allowed parity associated with the distributions in γγ decays.

0 = 1
distributions. The figure compares the angular distribution of a SM Higgs boson with D 00
(X0 = Y0 = 1) with those of spin-2 particles for the ’scalar assignment’ {2; 00} and the ’tensor
assignment’ {2; 22}. The polar angular distribution can therefore be exploited, whenever a
diphoton final state is observed as demanded for a Higgs boson, to determine the spin of the
decaying particle and eventually rule out any non-zero spin assignment. Analogously, the decay
into ZZ ∗ can be analyzed if the angular distribution of the ZZ ∗ axis is measured.

4

Conclusions

It has been shown that spin and parity of the SM Higgs boson can be unambiguously determined
at the LHC: The coefficients of the angular distributions of the Higgs boson decay into ZZ ∗
have to be measured and compared with the unique SM predictions. Additionally the threshold
behaviour has to be shown to be linear in the gauge boson helicity as predicted in the SM case.
All other states 0− , 1± , 2± , ... are excluded by proving the absence of specific angular correlations
(supplemented by high-power threshold factors for even normality states). The observation of
isotropic angular correlations between the Z ∗ Z or γγ final state axes and the initial-state parton
axis strengthens the conclusion of observing a Higgs boson with spin zero and positive parity.
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Efficient, Automatic and Accurate QCD predictions for Higgs (and alike)
production at the LHC
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We present a new approach for the determination of the newly discovered resonance at the
LHC. This approach is completely generic and model-independent, and it is based on an
effective field theory approach. In this approach one can test the different spin and parity
hypotheses for the new resonance, with the possibility of including in a consistent manner
QCD corrections. We present results at NLO matched with parton shower obtained within
the automatic aMC@NLO framework and we compare them with MLM merged samples,
showing general good agreement in production and decay related observables.

1

Introduction

After the enthusiasm for the discovery of the new boson at the LHC1,2 , the attention is rapidly
shifting towards the measurement of its properties, to assess whether it is or not the Higgs boson
as predicted by the Standard Model (SM). These studies consist in systematically testing the
various hypotheses and validating them against the data. Any of such hypotheses (e.g. spin
and/or parity of this new resonance) needs to be translated into a prediction for the relevant
observables. To this aim, two different approaches can be followed: the first approach, implemented e.g. in the JHU code3,4 consists in introducing all possible couplings, the only constraint
being Lorentz symmetry, without any assumption on new physical states. This approach has the
limitations of having a large number of free parameters, and, most important, of not allowing
the inclusion of higher order corrections in the computation. An alternative approach is the
one of building an effective theory, based on the symmetries of the SM, assuming its validity
up to a cutoff scale Λ. The number of extra parameters can be therefore reduced by imposing
symmetries and by keeping only the lowest dimension operators. This approach has the advantage of providing a theory which is renormalizable order by order in 1/Λ, therefore allowing the
inclusion of higher order QCD corrections.
Using the effective theory approach, we will present results for the various spin/parity hypotheses, both at NLO matched to parton shower, employing aMC@NLO, and following the
MLM merging prescription5 , as automatically implemented in MadGraph 56 , to include matrixelement description up to two extra jets. The two approaches are found to reasonably agree for
all the studied observables.

2

The Lagrangian

The effective field theory Lagrangian7 can be written in terms of spin 0, 1 and 2 sectors, corresponding to the possible hypotheses on the nature of the new resonance X, (Higgs boson from
now on). Again, we stress that any other new state in the theory is supposed to be heavier than
the cutoff Λ.
2.1

Spin 0

The construction of the effective Lagrangian for the spin-0 states is obtained by requiring that
the parameterization should i) allow to easily recover the SM case, ii) include 0− state couplings
typical of SUSY or generic 2HDM, iii) allow CP -mixing between 0+ and 0− states (parameterized
by an angle α, iv) cover the minimal higher dimensional operator beyond the SM for the 0+
state.
The interaction Lagrangian with fermions and vector-bosons for the spin-0 case is given by
Lf0 = −[cα κHf f gHf f ψ̄f ψf + sα κAf f gAf f ψ̄f iγ5 ψf ]X0 ,

(1)

and
LV0


=
−
−


1
eµν
cα κHγγ gHγγ Aµν Aµν + sα κAγγ gAγγ Aµν A
2
4



1
ea,µν
eµν − 1 cα κHgg gHgg Gaµν Ga,µν + sα κAgg gAgg Gaµν G
cα κHZγ gHZγ Zµν Aµν + sα κAZγ gAZγ Zµν A
2
4

 1 1

1 1
µν
+
−µν
+ f−µν
µν
e
cα κHZZ Zµν Z + sα κAZZ Zµν Z
−
cα κHW W Wµν W
+ sα κAW W Wµν W
X0 , (2)
4Λ
2Λ
cα κSM

1

gHZZ Zµ Z µ + gHW W Wµ+ W −µ −



where the (reduced) field strength tensors are
Vµν = ∂µ Vν − ∂ν Vµ

(V = A, Z, W ± ),

Gaµν = ∂µ Gaν − ∂ν Gaµ + gs f abc Gbµ Gcν ,

(3)

and the dual tensor is

1
(4)
Veµν = µνρσ V ρσ .
2
This parametrization allows to describe the mixing between CP -even and CP -odd states via the
cα parameter and correspondingly to give an effective description of a reasonably ample range
of CP -violating scenarios, such as those arising in SUSY or in a generic 2HDM.

2.2

Spin 1

The spin-1 X interaction Lagrangian with fermions is
Lf1 =

X

ψ̄f γµ (κfa af − κfb bf γ5 )ψf X1µ ,

(5)

f =u,d

where u and d denote the up-type and down-type quarks, respectively. The af and bf are by
default set to their SM-like value, i.e.
au =

g 1 4 2 
− s ,
2cW 2 3 W

bu =

g 1
,
2cW 2

ad =

g  1 2 2 
− + sW ,
2cW
2 3

bd = −

g 1
.
2cW 2

(6)

The XW W interaction at the lowest dimension is in general 8
LW
1

+
−
= +iκV1 gW W Z (Wµν
W −µ − Wµν
W +µ )X1ν + iκV2 gW W Z Wµ+ Wν− X1µν

e µν
− κV3 Wµ+ Wν− (∂ µ X1ν + ∂ ν X1µ ) + iκV4 Wµ+ Wν− X
1
µ

ν

µ

ν

− κV5 µνρσ [W + (∂ ρ W − ) − (∂ ρ W + )W − ]X1σ ,

(7)

where gW W Z = e cot θW . Similarly, the XZZ interaction is given by 9
LZ
1

= −κV3 X1µ (∂ ν Zµ )Zν − κV5 µνρσ X1µ Z ν (∂ ρ Z σ ).

(8)

For the X1 = 1− case (in parity-conserving scenarios) the non vanishing κ parameters are:
κfa ,V1 ,V2 ,V3 6= 0.

(9)

Conversely, for the X1 = 1+ case one has:
κfb ,V4 ,V5 6= 0.
2.3

(10)

Spin 2

The spin-2 X interaction Lagrangian starts from the dimension-five terms 10,11,12,13 :
Lf2 = −

1 X
f
κf Tµν
X2µν ,
Λ f =q,`

(11)

and

1
1
1
V
γ
g
κV Tµν
X2µν − κγ Tµν
X2µν − κg Tµν
X2µν ,
(12)
Λ
Λ
Λ
i is the energy-momentum tensor of the SM fields; see e.g. 14 for the
where V = Z, W ± and Tµν
explicit forms. The even higher dimensional terms 4 , dimension-seven, are also implemented.
In these proceedings we will only consider the lowest dimension X2 = 2+ case. The common
Randall-Sundrum (RS) case corresponds to the graviton coupling universally to the different
energy-momentum tensors, i.e.
κf = κg = κγ = κV 6= 0 .
(13)
LV2 = −

In general, there is no real constraint (such as gauge invariance, for example) that enforces this
condition, and one may be interested in probing different coupling strengths to the different
parts of the energy momentum tensor. We will show and comment these results in Sec. 3.2.
3

Results

We now turn to the presentation of some illustrative result. As said, our approach allows to
consistently include effects of extra QCD radiation, both by merging different matrix-element
multiplicities with the MLM scheme, or by matching NLO computations with parton showers
in the aMC@NLO framework.
3.1

aMC@NLO vs. MLM merging

Fig. 1 shows prediction for the transverse momentum of the Higgs boson, in different spin/parity
hypotheses: the main frames show curves obtained with the MLM merging procedure, while the
lower frames show the ratio of each curve over the corresponding NLO matched to parton
shower prediction. The employed parton shower is Pythia 6 (pT -ordered), and distributions are
all normalised to 1. Differences in the main frame can be traced to the different initial state
which are probed. At the LO, 0± are only gg-initiated, 2+ receives most of its contribution
from gg initial state (∼ 95%), while 1± are only q q̄-initiated. This turns into harder (more
central) transverse momentum (pseudorapidity) distributions for 0± and 2+ with respect to 1± .
The comparison between MLM and aMCatNLO samples shows nice agreement between the
two, their ratios always being close to unity, with the exception of the pT distribution at large
values of the transverse momentum, where MLM samples are slightly harder, as a consequence
of the inclusion of matrix-elements up to 2 extra jets, multiplicity not covered by the NLO
computation.

Figure 1: Higgs boson transverse momentum (left) and pseudorapidity(right) distributions for different spin/parity
hypotheses. The upper frame shows the MLM-merged curves (including up to two extra jets), whereas the lower
plot shows, for each prediction, the ratio of the curve in the upper plot over the corresponding one obtained with
aMC@NLO. Events are showered with Pythia 6 (pT -ordered).

This general good agreement between the two methods is also confirmed when one studies the
decay products (decay to γγ, 4l, 2l2ν final states can be included keeping all spin-correlation
effects). For the sake of brevity, we will not show plots relative to decay products here.

3.2

Different coupling strength for the spin-2 case

After the presentation of the results for the different spin/parity cases, we turn to discuss the
possibility of changing, in the spin-2 case, the strength of the coupling to the different parts
of the energy-momentum tensor. Since, as said in Sec. 3.1, the spin-2 case is almost entirely
gluon-initiated, one would expect, at least at the LO, almost no change when the coupling
to quarks, κq , is suppressed. In the other extreme case, when instead the coupling to gluons
(κg ) is suppressed, one would expect a behaviour similar to that of the quark-initiated spin-1
cases. Even if this is correct at LO, NLO corrections completely change the picture, as shown
by Fig. 2 (where the aMC@NLO predictions, matched with Herwig 615,16 , are shown): as soon
as one moves away from the equal-coupling case, the transverse momentum distribution shows
a very hard tail. This tail is the consequence of a unitarity-violating behaviour of the realemission matrix-elements (to which terms proportional to both κq and κg contribute, arising
when κq 6= κg . In this case, the LO (+PS) prediction does not catch this feature.
4

Conclusion

We have outlined a new approach to study the properties of the Higgs boson, within an effective
theory approach. Our approach is generic and model independent, the only assumption being
the possible new states of the theory to be heavier than our theory cutoff Λ. We have shown
predictions for the different spin/parity cases, finding good agreement between MLM merging
and aMC@NLO matching procedures.Due to the lack of space, we have not presented in these
proceedings any plot relative to observables related with the decay products. Nevertheless the
decay of the Higgs boson can be included in the computation keeping full spin-correlations. MLM
matched samples can be generated automatically by MadGraph 5 and special aMC@NLO codes
have been prepared and made available, for the different spin/parity cases and with different
decays of the Higgs boson, on the aMC@NLO website17 .

Figure 2: Transverse momentum distribution for a spin-2 Higgs boson, with various values of the coupling strength
to quarks and gluons. Distributions are obtained with aMC@NLO and showered with Herwig 6.
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HIGGS COUPLINGS AFTER MORIOND
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Performing fits to all publicly available data, we analyze the extent to which the latest results
from the LHC and Tevatron (including new results presented at the Rencontres de Moriond)
constrain the couplings of the Higgs boson-like state at ∼ 125 GeV, as well as possible decays
into invisible particles.

1

Setup of the analysis

The recent discovery 1,2 of a new particle with mass around 125 GeV and properties consistent
with a Standard Model (SM) Higgs boson is clearly the most significant news from the Large
Hadron Collider (LHC). This discovery was supported by consistent measurements by the CDF
and D0 collaborations at the Tevatron 3 and completes our picture of the SM. However, the SM
leaves many fundamental questions open—perhaps the most pressing issue being that the SM
does not explain the value of the electroweak scale, i.e. the Higgs mass, itself. Clearly, a prime
goal after the discovery is to thoroughly test the SM nature for this Higgs-like signal.
The experimental collaborations have presented detailed results for several different channels,
including γγ, ZZ (∗) , W W (∗) , bb̄, τ τ final states and invisible decays. With these measurements,
a comprehensive study of the properties of the Higgs-like state becomes possible and has the
potential for revealing whether or not the Higgs sector is as simple as envisioned in the SM, see
e.g. 4 and references therein. Here, we provide an update of the Higgs couplings fits of 4 , based
on the most recent results from the LHC and Tevatron presented at this conference. (A long
paper 5 is in preparation.)
Following 4 , we parametrize deviations from the SM couplings by the Lagrangian


L = g CV



mZ
mτ
mt
mb
mW Wµ W +
Z µ Z µ − CU
t̄t − CD
b̄b − CD
τ̄ τ H .
cos θW
2mW
2mW
2mW
µ





(1)

where we introduce scaling factors CI . We assume a single CW = CZ ≡ CV and that the reduced
couplings to up-type and down-type fermions, CU and CD , are independent parameters. In
general, the CI can take on negative as well as positive values; there is one overall sign ambiguity
which we fix by taking CV > 0.
In addition to the tree-level couplings given above, the H has couplings to γγ and gg that
are first induced at one loop and are completely computable in terms of CU , CD and CV if
only loops containing SM particles are present. We define C γ and C g to be the ratio of these
couplings so computed to the SM (i.e. CU = CV = CV = 1) values. However, in some of our fits
we will also allow for additional loop contributions ∆Cγ and ∆Cg from new particles; in this
case Cγ = C γ + ∆Cγ and Cg = C g + ∆Cg . The largest set of independent parameters in our
fits is thus CU , CD , CV , ∆Cγ , ∆Cg .
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Figure 1: Two parameter fit of ∆Cγ and ∆Cg , assuming CU = CD = CV = 1 (Fit I). The red, orange and yellow
ellipses show the 68%, 95% and 99.7% CL regions, respectively. The white star marks the best-fit point.

The experimental results are given in terms of signal strengths µ(X, Y ), the ratio of the
observed rate for some process X → H → Y relative to the prediction for the SM Higgs. As
in 4 , we adopt the simple technique of computing the χ2 associated with a given choice of the
input parameters following the standard definition:
χ2 =

X (µk − µk )2
k

∆µ2k

,

(2)

where k runs over all the experimentally defined production/decay channels employed, µk is the
observed signal strength for a channel k, µk is the value predicted for that channel for a given
choice of parameters and ∆µk is the experimental error for that channel. The µk associated with
P
bi , where the Tki give
each experimentally defined channel is further decomposed as µk = Tki µ
the amount of contribution to the experimental channel k coming from the theoretically defined
bi is the prediction for that channel for a given choice of CU , CD , CV and (for
channel i and µ
bi including NLO
fits where treated as independent) Cγ and Cg . For the computation of the µ
corrections we follow the procedure recommended by the LHC Higgs Cross Section Working
Group 6 .
2

Results

In order to probe the SM nature of the observed Higgs boson, we perform the following fits:
I) fit of ∆Cγ and ∆Cg , assuming CU = CD = CV = 1;
II) fit of CU , CD and CV , assuming ∆Cγ = ∆Cg = 0;
III) fit of CU , CD , CV , ∆Cγ and ∆Cg , restricted to CU > 0 and CD > 0.
2.1

Fit I: ∆Cγ and ∆Cg

In this first case, we allow for additional new physics contributions to the γγ and gg couplings,
parameterized by ∆Cγ and ∆Cg , coming from loops involving non-SM particles. This fit, which
we refer to as Fit I, is designed to determine if the case where all tree-level Higgs couplings are
equal to their SM values can be consistent with the data. For example, such a fit is relevant in
the context of UED models where the tree-level couplings of the Higgs are SM-like 7,8 .
Figure 1 displays the results of this fit in the ∆Cg versus ∆Cγ plane. The best fit is obtained
for ∆Cγ = 0.14, ∆Cg = −0.06, and has χ2min = 17.6 for 20 degrees of freedom (d.o.f.), giving a
p-value of 0.61. We note that the SM (i.e. CU = CD = CV = 1, ∆Cγ = ∆Cg = 0) has χ2 = 19.0
for 22 d.o.f., implying a p-value of 0.65.
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Figure 2: Two-dimensional χ2 distributions for the three parameter fit of CU , CD , CV with Cγ and Cg as
computed in terms of CU , CD , CV (Fit II). Color code as in the previous figure.
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Figure 3: One-dimensional χ2 distributions for the five parameter fit of CU , CD , CV , ∆Cγ and ∆Cg (Fit III).

2.2

Fit II: CU , CD and CV

Next, we let CU , CD and CV vary, assuming there are no new particles contributing to the
effective Higgs couplings to gluons and photons, i.e. we take ∆Cγ = ∆Cg = 0, implying Cγ and
Cg as computed from the SM particle loops. Such parametrization is relevant in the context
of 2HDM with a heavy charged Higgs, that does not contribute to the loop-induced H → γγ
process.
Our results are shown in Fig. 2. We consider two best fits points, having positive and
negative CD . The one with CD > 0 is located at CU = 0.89, CD = 0.99, CV = 1.07, and
CU = 0.84, and has χ2min = 17.7 for 19 d.o.f., giving a p-value of 0.54. (The one with CD < 0
is almost equivalent—the sign of CD only affects mildly the loop-induced processes—and has
χ2min = 17.6.) Contrary to the situation at the end of 2012 4 we note that the regions having
CU < 0, in which the H → γγ rate is significantly enhanced, are disfavored at the level of 2.4σ.
This mainly comes from the update of the CMS H → γγ results presented at this conference 9 .
2.3

Fit III: CU , CD , CV , ∆Cγ and ∆Cg

Finally, in Fit III, we allow for new particles entering the loop, parametrized by ∆Cγ and ∆Cg , in
addition to the tree-level parameters CU , CD and CV , leading therefore to five free parameters.
This encompasses a very broad class of models. The associated 1d plots are given in Fig. 3.
The main differences as compared to Fit II is that CU is only weakly constrained by the
data. Allowing for additional contributions to H → γγ and gluon fusion, parametrized by ∆Cγ
and ∆Cg , account for the observed rates of these processes. CU is then only determined from

10

∆χ 2

8
6
4
2
0
0

0.2

0.4

0.6

B(H → invisible)
Figure 4: ∆χ2 distributions for the branching ratio of invisible Higgs decays. The full, dashed, and dotted lines
correspond, respectively, to the cases of 1) SM couplings, 2) arbitrary ∆Cγ and ∆Cg (Fit I), and 3) deviations of
CU , CD , CV from 1 (Fit II). We also show as dash-dotted line the variant of case 3) with CU , CD > 0 and CV ≤ 1.

the results on associated top pair production. The best fit is at CU = 0, CD = 1.02, CV = 1.04,
∆Cγ = −0.16, ∆Cg = 0.82 and has χ2min = 17.2 for 17 d.o.f., giving a p-value of 0.44.
2.4

Limits on invisible decays of the Higgs

The current measurements can also be used to derive limits on the invisible decays of the Higgs,
as was done in 10 . We also include in our fit the ATLAS limit on ZH → `` + invisible 11 . Our
results are shown in Fig. 4. The 95% CL limits on B(H → invisible) range from 18% to 35%,
depending on our assumption on the couplings of the Higgs boson.
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The global electroweak Standard Model fit after the Higgs discovery
M. Baaka , R. Koglerb (for the Gfitter group)
a
CERN, Geneva, Switzerland
b
Institut für Experimentalphysik, Universität Hamburg, Germany
We present an update of the global Standard Model (SM) fit to electroweak precision data
under the assumption that the new particle discovered at the LHC is the SM Higgs boson.
In this scenario all parameters entering the calculations of electroweak precision observalbes
are known, allowing, for the first time, to over-constrain the SM at the electroweak scale and
assert its validity. Within the SM the W boson mass and the effective weak mixing angle can
be accurately predicted from the global fit. The results are compatible with, and exceed in
precision, the direct measurements. An updated determination of the S, T and U parameters,
which parametrize the oblique vacuum corrections, is given. The obtained values show good
consistency with the SM expectation and no direct signs of new physics are seen. We conclude
with an outlook to the global electroweak fit for a future e+ e− collider.

1

Introduction

The electroweak fit of the Standard Model (SM) has a long tradition in particle physics. It relies
on the predictability of the SM, where all electroweak observables can be expressed as functions
of five parameters. A tremendous amount of pioneering work from the theoretical community
in the calculation of radiative corrections, as well as from the experimental community in the
measurement of electroweak precision observables, led to a correct prediction [1] of the topquark mass mt before its actual discovery in 1995 [2, 3]a . This success has given confidence in
the calculations of radiative corrections, including loop-contributions from the Higgs boson.
The discovery of the top quark left the Higgs boson mass MH as the last free parameter of
the SM without experimental constraints. The focus of the electroweak fits shifted to precisely
predicting MH from electroweak precision observables (EWPO). However, while the loop corrections to the W - and Z-propagators involving the top quark lead to an approximate quadratic
dependence, MH enters only logarithmically in the calculation of electroweak observables, leading to weaker constraints on MH than on mt . Nevertheless, improvements in theoretical and
experimental precision, especially on mt , MW and the hadronic contribution to the running
(5)
of the electromagnetic coupling for the five light quarks ∆αhad (s), led to a rather precise SM
prediction of MH = 96+31
−24 GeV [5].
This was the status of the electroweak fit at the discovery of the new Higgs-like boson
reported by the ATLAS and CMS collaborations [6, 7] The predicted value is in very good
agreement with its measured mass of ∼ 126 GeV. Most recent measurements and analyses of the
properties of this newly discovered boson, as presented at this conference, show good consistency
with the assumption that the new particle is indeed the SM Higgs boson [8].
The observed top quark mass was 176±8(stat)±10(sys.)GeV and 199+19
−21 (stat.)±22(sys.)GeV as measured by
the CDF and D0 collaborations. This is in very good agreement with the SM prediction of mt = 178+19
−22 GeV [4],
as obtained from electroweak precision data.
a

Supposing that the new particle is the SM Higgs boson, all parameters entering electroweak
precision observables are known, allowing a full assessment of the consistency of the SM at the
electroweak scale [9]. We interpret the new particle as the SM Higgs boson and present an
update of the SM electroweak fit using the Gfitter framework [10]. The Gfitter results shown
here have been recently published elsewhere [11].
A detailed study of the implications of the value of MH as input to the electroweak fit
shows an improvement in precision on the predictions of MW and the effective weak mixing
` . We also report updated constraints on the oblique parameters S, T, U , which
angle sin2 θeff
parametrize possible contributions to oblique vacuum corrections from physics beyond the SM
(BSM) and hence allow to constrain new models through EWPO. We also use the projected
experimental uncertainties from a future e+ e− facility to derive the expected precision of SM
predictions for electroweak observables.

2

The global electroweak fit with Gfitter

A detailed description of the calculations and experimental input used in the electroweak fit is
given elsewhere [11] and only the most important features are given here. The mass of the W
boson and the effective weak mixing angle are calculated at two-loop order, including leading
terms beyond the two loop calculation [12–14]. We use the full O(αS4 ) calculation [15, 16] of the
QCD Adler function, which stabilizes the perturbative QCD expansion in the calculation of the
Z-boson width. An improved prediction of Rb0 , the hadronic partial decay width of Z → bb,
is used, which includes the complete calculation of fermionic two-loop corrections [17]. The
f
and gVf , used in the calculation of the
calculation of the vector and axial-vector couplings, gA
partial and total widths of the Z and W bosons, relies on accurate parametrizations [18–21].
Theoretical uncertainties are implemented using the Rfit scheme, which corresponds to a linear
addition of theoretical and experimental uncertainties. The two uncertainties considered are due
` and have been estimated to be
to missing higher orders in the calculations of MW and sin2 θeff
2
`
−5
δth MW = 4 MeV [12] and δth sin θeff = 4.7 · 10 [13].
The experimental input used in the fit include the electroweak precision data measured at the
Z-pole together with their correlations [22]. For the mass and width of the W boson the latest
world average is used, MW = 80.385 ± 0.015 GeV and ΓW = 2.085 ± 0.042 GeV, obtained from
measurements by the LEP and Tevatron experiments [23]. While the leptonic contribution to
the running of the electromagnetic coupling strength can be calculated with very high precision,
the value of the hadronic contribution is obtained from a fit to experimental data supplemented
(5)
by perturbative calculations, ∆αhad (MZ2 ) = (2757 ± 10) · 10−5 [24].
For the mass of the top quark we use the average from the direct measurements by the
Tevatron experiments mt = 173.18 ± 0.94 GeV [25]. Biases in the measurement of mt due
to a mis-modeling of non-perturbative color-reconnection effects in the fragmentation process,
initial and final state radiation and kinematics of the b-quark, have been studied by the CMS
collaboration [26]. With the current precision no significant deviation is observed between the
measured values and the predictions using different models. An additional ambiguity in the
interpretation of mt originates from the top’s finite decay width, with additional uncertainty
which is difficult to estimate quantitatively. The effect of an additional theoretical uncertainty
of 0.5 GeV on mt has been studied, and the fit shows only a slight deterioration in precision.
This uncertainty is not included in the standard fit setup.
A naı̈ve combination of the measured values of MH from the ATLAS and CMS experiments
as reported in [6, 7], gives MH = 125.7 ± 0.4 GeV, where the systematic uncertainties are treated
as fully uncorrelated. Treating them as fully correlated only changes the uncertainty to 0.5 GeV,
with a negligible effect on the fit result due to the weak dependence on MH .

3

The SM fit

SM
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The SM electroweak fit is performed in three scenarios [11]. In the first scenario all input parameters are
with MH measurement
w/o MH measurement
used, allowing to test the validity of the SM. The results are compared to the second scenario, where the fit
G fitter
MH
0.0 (-1.5)
MW
is performed without the inclusion of MH to assess the
-1.2 (-0.3)
ΓW
0.2 (0.2)
effect of knowing MH in the electroweak fit. In the third
MZ
0.2 (0.0)
scenario individual observables are removed one by one
ΓZ
0.1 (0.3)
from the fit which allows for an indirect determination
σ0had
-1.7 (-1.7)
of these with an accurate uncertainty calculation.
R0lep
-1.1 (-1.0)
0,l
The SM fit including all input data converges with a
-0.8 (-0.7)
AFB
minimum value of the test statistics of χ2min = 21.8, obAl(LEP)
0.2 (0.4)
Al(SLD)
tained for 14 degrees of freedom. Calculating the naı̈ve
-1.9 (-1.7)
2 lept
-0.7 (-0.8)
p-value gives Prob(21.8, 14) = 0.08. The smallness of sin Θeff (QFB)
0,c
0.9 (1.0)
A
the p-value with respect to previous results [5] is not
FB
0,b
2.5 (2.7)
AFB
due to the inclusion of MH , but rather due to the new
Ac
0.0 (0.0)
0
calculation of Rb which has a very small dependence on
Ab
0.6 (0.6)
MH , as described below.
0
Rc
0.0 (0.0)
Performing the fit without MH as input parameR0b
-2.4 (-2.3)
ter, the fit converges at a minimum of χ2min = 20.3
mc
0.0 (0.0)
mb
0.0 (0.0)
for 13 degrees of freedom, corresponding to a p-value
mt
0.4 (0.0)
of 0.09. In this case the fit converges for a value of
(5)
∆αhad(M2)
(0.0)
+25
-0.1
Z
MH = 94−22 GeV, in good agreement with the direct
-3 -2 -1 0
1
2
3
measurement.
(O
O
)
/
σ
meas
meas
The result of the fit is shown in Fig. 1 in terms of the
fit
Plot inspired by Eberhardt et al. [arXiv:1209.1101]
pull value, which is defined as deviation between the SM
prediction and the measured parameter in units of the Figure 1: Differences between the SM
measurement uncertainty. The fit results are shown for prediction and the measured parameter, in
both scenarios, including the MH measurement (colored units of the uncertainty for the fit includbars) and without MH (grey bars), where in general the ing MH (color) and without MH (grey).
result of the fit does not change significantly between
the two scenarios. Very small pull values, as for example
observed for the light quark masses but also for MH , indicate that the input accuracy exceeds
the fit requirements. No single pull value exceeds 3σ, showing an overall satisfying consistency
of the SM.
The largest deviations between the SM prediction and the measurements are observed in
the b-sector. Both observables directly sensitive to Z → bb, the forward-backward asymmetry
0
A0,b
FB and the partial width Rb , show large deviations of 2.5σ and −2.4σ, respectively. While
0
the effect in A0,b
FB has been known for a long time, the large deviation in Rb is new, owing to
the improved two-loop calculation which exhibits an unexpected large negative correction [17].
Using the one-loop result for Rb0 only, the pull value is −0.8σ. Both parameters show only very
little dependence on the inclusion of MH , with deviations of 2.7σ and −2.3σ in the fit scenario
without including MH .b
In order to assess the validity of the fit we use Monte Carlo simulation to generate pseudo
experiments. For each simulation we generate SM parameters according to Gaussian distributed
values around their expected values with standard deviations equal to the full experimental
uncertainty. The obtained χ2min distribution for all toy datasets is shown in Fig. 2(a). Good
agreement between the MC simulation and the idealized distribution for 14 degrees of freedom
b
It is intriguing to observe that an increase of the right-handed coupling of the Z → bb vertex of 25%, while
leaving the left-handed coupling unchanged, can resolve both deviations.

1200

Toy analysis incl. theo. errors
0.8

Toy analysis excl. theo. errors

1000

p-value incl. theo. errors
p-value excl. theo. errors

800

0.6

(a)

600

0.4

400
0.2
200
0

p-value = 0.083 ± 0.002

χ2min,data = 21.80
0

5

10

15

20

p-value = 0.071 ± 0.002
25

30

35

40

45

p-value for ( data | SM )

χ distribution for ndof=14

1

2

(b)
Al(LEP)

G fitter

SM

109 +248
-66

Sep 12

Number of toy experiments

Sep 12

G fitter SM

1400

27 +47
-15

Al(SLD)
AFB

0,b

387 +585
-169

MW

60 +56
-19

Fit w/o MH

94 +25
-22
125.7 ± 0.4

LHC average

0

χ2

min

6 10 20

10 2×10
10
MH [GeV]
2

2

3

Figure 2: Distribution of the χ2min value obtained from pseudo Monte Carlo simulations (a). Shown are
distributions obtained by including (hatched) and excluding (green) the theory uncertainties δth , compared with the idealized χ2 distribution assuming Gaussian distributed errors with 14 degrees of freedom.
The arrows indicate the χ2min value obtained from the fit to data. The result from a determination of
MH using only the given observable is shown in (b).

is found. The result from the fit to data is indicated as red arrow and the obtained p-value is
consistent between the MC simulation and the idealized χ2 distribution. The influence of the
theoretical uncertainties on the p-value of the full SM fit amounts to about 0.01.
Except for the value of MH itself, the largest change in the result due to the inclusion of MH
is the prediction of MW . For this observable the pull value changes from −0.3 to −1.2, due to the
small value of MH preferred by the MW measurement. This effect is shown in Fig. 2(b), where
indirect determinations of MH are displayed, obtained by removing all sensitive observables
from the fit except the given one. For comparison, also the indirect fit result using all input
parameters except for MH (grey band) and the direct measurement (green line) are shown. The
values obtained from the fit including the measurements of the leptonic asymmetries A` , as
measured by the LEP and SLD collaborations, and MW show good agreement. The value of
MH obtained from the hadronic forward-backward asymmetry A0,b
FB shows a tendency towards
large values of MH , with a discrepancy of 2.5σ.
4

Predictions for key observables

The inclusion of MH in the fit results in a large improvement in precision for the indirect determination of several SM parameters. Without the inclusion of MH , the indirect determination
of the top mass gives mt = 171.5+8.9
−5.3 GeV. Including the knowledge about MH , the fit value
obtained is
mt = 175.8 +2.7
−2.4 GeV,

(1)

where the uncertainty is reduced by a factor of 2–3. The value of mt agrees well with the direct
determination [25] and the cross-section based determination under the assumption that there
is no new physics contributing to the cross section measurement [27].
` without using the corresponding measurements
The ∆χ2 profiles versus MW and sin2 θeff
` all observables directly sensitive
are shown in Fig. 3. For the indirect determination of sin2 θeff
2
`
to sin θeff , like asymmetry parameters and the full and partial decay widths, are excluded
from the fit. Solid blue lines show the result of the fit including MH , where the effect of
the theory uncertainty is shown as blue band. The same fit, without information on MH is
shown in grey. An improvement in precision of more than a factor of two can be observed
` . Also shown are the direct measurements
for the indirect determination of MW and sin2 θeff
of the aforementioned W mass and the LEP/SLD average of the effective weak mixing angle
` = 0.23153 ± 0.00016 [22], which show good agreement with the obtained values.
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Figure 3: ∆χ2 profiles for the indirect determination of MW (a) and sin2 θeff
(b). The result from a fit
including MH as input parameter is shown in blue and the fit without MH is shown in grey. The dotted
lines indicate the fit result by setting the theoretical uncertainties δth to zero and the band corresponds
to the full result. Also shown are the direct measurements and the SM prediction using a minimal set of
parameters (black solid lines).

The fit value obtained for MW is
MW

= (80.3593 ± 0.0056mt ± 0.0026MZ ± 0.0018∆αhad
± 0.0017αS ± 0.0002MH ± 0.0040theo ) GeV ,
= (80.359 ± 0.011tot ) GeV ,

(2)

which exceeds the experimental world average in precision. The different uncertainty contributions originate from the uncertainties in the input values of the fit. The dominant uncertainty
is due to the top quark mass, followed by the theory uncertainty of 4 MeV. Due to the weak,
logarithmic dependence on MH the contribution from the uncertainty on the Higgs mass is very
small compared to the other sources of uncertainty. The deviation between the value of MW
obtained from the fit and the direct measurement is not significant with the current precision
(1.2σ). However, improvements in the determination of mt as well as reduced theoretical uncertainties from higher-order calculations and a more precise direct determination of MW – as
expected from the analyses of the full dataset recorded by the Tevatron experiments – will reduce
the uncertainties significantly.
` gives
The indirect determination of sin2 θeff
`
sin2 θeff

= 0.231496 ± 0.000030mt ± 0.000015MZ ± 0.000035∆αhad
± 0.000010αS ± 0.000002MH ± 0.000047theo ,
= 0.23150 ± 0.00010tot ,

(3)

which is compatible and more precise than the average of the LEP/SLD measurements. The total
uncertainty is dominated by that from the measurements of ∆αhad and mt . The contribution
from the uncertainty in MH is again very small.
The measurement of MH allows for a first time to predict SM observables with a minimal
set of parameters. A fit using only this minimal set of input measurements (here chosen to be
(5)
MH , αS (MZ2 ), the fermion masses and MZ , GF and ∆αhad (MZ2 ) for the electroweak sector) is
shown by the solid black lines in Fig. 3. The agreement in central value and precision of these
results with those from Eq. (2) and (3) illustrates the marginal additional information provided
by the other observables once MH is known.
An important consistency test of the SM is the simultaneous, indirect determination of mt
and MW . This is particularly interesting since contributions from new physics may lead to
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Figure 4: 68% and 95% confidence level (CL) contours in the mt –MW plane for the fit including MH
(blue) and excluding MH (grey). In both cases the direct measurements of MW and mt were excluded
from the fit. The values of the direct measurements are shown as green bands with their one standard
deviations. The dashed diagonal lines show the SM prediction for MW as function of mt for different
assumptions of MH .

discrepancies between the measured values and the predictions in the mt –MW plane. A scan of
the ∆χ2 profile is shown in Fig. 4 for the scenario including MH in the fit (blue) and without
MH (grey). The knowledge of MH improves the precision of the indirect determination of MW
and mt significantly. Very good agreement between the indirect determinations of MW and mt
and the direct measurements is observed, showing impressively the consistency of the SM and
leaving little room for signs of new physics.
5

Oblique Parameters

If the scale of new physics (NP) is much higher than the mass of the W and Z bosons, beyond the
SM physics appears dominantly through vacuum polarization corrections, also known as oblique
corrections, in the calculation of EWPO. Their effects on the electroweak precision observables
can be parametrized by three gauge self-energy parameters (S, T, U ) introduced by Peskin and
Takeuchi [28, 29]. The parameter S describes new physics contributions to neutral current
processes at different energy scales. T is sensitive to isospin violation and U (S + U ) is sensitive
to new physics (NP) contributions to charged currents. U is only sensitive to the W mass and
width, and is usually very small in NP models (often: U = 0).
Constraints on the S, T, U parameters are derived from the global fit to the electroweak
precision data, namely from the difference between the oblique vacuum corrections determined
from the experimental data and the corrections expected in a reference SM (defined by fixing mt
and MH ). The reference SM for the S, T, U calculation is now updated to MH,ref = 126 GeV
and mt,ref = 173 GeV. With this one finds for S, T, U :
S = 0.03 ± 0.10 ,

T = 0.05 ± 0.12 ,

U = 0.03 ± 0.10 ,

(4)

with correlation coefficients of +0.89 between S and T , and −0.54 (−0.83) between S and U
(T and U ). Fixing U = 0 one obtains S|U =0 = 0.05 ± 0.09 and T |U =0 = 0.08 ± 0.07, with a
correlation coefficient of +0.91.
Fig. 5 shows the 68%, 95% and 99% CL allowed regions in the (S, T ) plane for freely varying
U (a) and the constraints found when fixing U = 0 (b). For illustration purposes, also the SM
prediction is shown. The MH measurement reduces the allowed SM area from the grey sickle,
defined by letting MH float within the range of [100, 1000] GeV, to the narrow black strip. The
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Figure 5: Experimental constraints on the S and T parameters with respect to the SM reference
(MH,ref = 126 GeV and mt,ref = 173 GeV). Shown are the 68%, 95% and 99% CL allowed regions, where
the third parameter U is left unconstrained (a) or fixed to 0 (b). The prediction in the SM is given by
the black (grey) area when including (excluding) the MH measurements.

experimental constraints on S, T, U can be compared now to specific NP model predictions.
Since the oblique parameters are found to be small and consistent with zero, possible NP models
may only affect the electroweak observables weakly.
Prospects of the SM fit for a future e+ e− collider

6

The SM leaves many questions open which can only be addressed by BSM physics, which is
expected to play a role at the electroweak scale of O(1) TeV. So far no direct signs of new
physics have been observed at the LHC and also the SM shows good self-consistency at the
loop-level up to very high precision. A future e+ e− facility would help tremendously to precisely
measure the production mechanisms and branching ratios of the Higgs boson. Furthermore, it
` , R0 and M , to further
would allow for precise measurements of the EWPO, such as mt , sin2 θeff
W
`
assert the validity of the SM through the electroweak fit.
In the following we study the impact of expected EWPO measurements on the SM electroweak fit assuming the design parameters and predicted precisions obtained for the International Linear Collider (ILC) with the GigaZ option [30–32]. This study aims at a comparison
of the accuracies of the measured and predicted electroweak observables. Two scenarios are
considered. In the first scenario the central values of the input observables are chosen to agree
with the SM prediction for a Higgs mass of 125.8 GeV according to the present measurement.
In the second scenario it is assumed that the central value of the SM prediction for MH does
not change and all SM parameters are chosen to agree with MH = 94 GeV.
` , 4 · 10−3 for R0 , and
Total experimental uncertainties of 6 MeV for MW , 13 · 10−5 for sin2 θeff
`
100 MeV for mt (interpreted as pole mass) are assumed [31]. The exact achieved precision on
the Higgs mass is irrelevant for this study. For the hadronic contribution to the running of the
(5)
QED fine structure constant at the Z pole, ∆αhad (MZ2 ), an uncertainty of 4.7 · 10−5 is assumed,c
compared to the currently used uncertainty of 10 · 10−5 [24]. The other input observables to the
electroweak fit are taken to be unchanged from the current settings.
The most important theoretical uncertainties in the fit are those affecting the MW and
` predictions arising from unknown higher-order corrections. We assume in the following
sin2 θeff
that theoretical developments have led to improved uncertainties of only half the present values,
c

(5)

The uncertainty on ∆αhad (MZ2 ) will benefit below the charm threshold from the completion of BABAR
analyses and the ongoing program at VEPP-2000. At higher energies improvements are expected from charmonium
resonance data from BES-3, and a better knowledge of αS from the R`0 measurement and reliable lattice QCD
predictions [33].
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Figure 6: ILC projection of the ∆χ2 profiles as a function of the Higgs mass for electroweak fits
compatible with an SM Higgs boson of mass 125.8 GeV (a) and 94 GeV (b). The measured Higgs
boson mass is not used as input in the fit. The grey bands show the results obtained using present
uncertainties [11], and the yellow bands indicate the results for the hypothetical future scenario (a) and
corresponding input data shifted to accommodate a 94 GeV Higgs boson but unchanged uncertainties
(b). The thickness of the bands indicates the effect from the theoretical uncertainties treated according
to the Rfit prescription. The long-dashed line in each plot shows the curves when treating the adding
the theoretical uncertainties in according to Gaussian distributed values.
` = 1.5 · 10−5 .
δth MW = 2 MeV and δth sin2 θeff
The indirect prediction of the Higgs mass at 126 GeV achieves an uncertainty of +12
−10 GeV.
2
`
Keeping the present theoretical uncertainties in the prediction of MW and sin θeff would worsen
the accuracy of the MH prediction to +20
−17 GeV, whereas neglecting theoretical uncertainties
altogether would improve it to ±7 GeV. This emphasizes the importance of theoretical updates.
For MW the prediction with an estimated uncertainty of 5 MeV is similarly accurate as
` with an uncertainty of 4 · 10−5 is
the assumed measurement, while the prediction of sin2 θeff
three times less accurate than the expected experimental precision. The fit would therefore
particularly benefit from additional experimental improvement in MW . The accuracy of the
indirect determination of the top mass is 1.2 GeV, which is similar to that of the present experimental determination. The fit would therefore benefit significantly from a reduction of the
uncertainty on mt to a value of about 100 MeV. The measurement of R`0 would result in a precision measurement of the strong coupling constant with an experimental uncertainty of 0.4%
and a theoretical uncertainty of only 0.1%, which has been achieved already today owing to the
full O(αS4 ) calculation of the QCD Adler function [15, 16].
Profiles of ∆χ2 as a function of the Higgs mass for present and future electroweak fits compatible with a SM Higgs boson of mass 125.8 GeV and 94 GeV are shown in Fig. 6(a) and (b),
respectively. The measured Higgs boson mass is not used as input in these fits. If the experimental input data, currently predicting MH = 94 +25
−22 GeV, were left unchanged with respect to
the present values, but had uncertainties according to the ILC expectations, a deviation of the
measured MH exceeding 4σ could be established with the fit, see Fig. 6(b). Such a conclusion
does not strongly depend on the treatment of the theoretical uncertainties (Rfit versus Gaussian,
i.e. quadratic addition) as can be seen by comparison of the solid yellow and the long-dashed
yellow ∆χ2 profiles.
Additionally to establishing a precise statement about the compatibility of the directly measured value of MH and the SM prediction, the high precision measurements of EWPO at the
ILC would significantly improve the indirect determination of SM parameters which has a high
sensitivity to additional contributions of new physics on the loop-level and complements direct
searches for new physics. Prospects for the precision of the simultaneous indirect determination
of mt and MW are shown in Fig. 7(a) together with the present and expected precision of the
mt and MW measurements. The gain in precision of the indirect measurements is about a factor
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Figure 7: ILC projection of the contour lines of 68%, 95% CL allowed regions in the mt –MH plane.
Shown are the current indirect determinations (blue) and the expected precision using prospects for
ILC measurements of EWPO (orange). The present direct measurements together with the experimental
uncertainties are shown as light green bands, the prospects for the uncertainties on mt and MH are shown
as dark green bands. Contour lines of 68%, 95% and 99% CL allowed regions on the S and T parameters
for U = 0 with respect to the SM reference (MH,ref = 126 GeV and mt,ref = 173 GeV) (b). The prediction
in the SM is given by the black (grey) area when including (excluding) the MH measurements.

of three with respect to the current determinations. Assuming that the central values of mt and
MW do not change from their present values, a deviation between the SM prediction and the
direct measurements would be prominently visible.
The precisely measured EWPO would also help to constrain new physics through oblique
corrections. The expected constraints on the S and T parameters are shown in Fig. 7(b), where
an improvement of more than a factor of 3 seems to be possible.
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Conclusion

Assuming the newly discovered particle at ∼126 GeV to be the Standard Model (SM) Higgs
boson, all SM parameters entering electroweak precision observables are known. For the first
time, the fit can over-constrain the SM at the electroweak scale and evaluate its validity. We
reported here on the most recent results from the electroweak fit [11].
The measured value of the Higgs mass agrees at 1.3σ with the indirect prediction from the
electroweak fit. The global fit to all the electroweak precision data and the measured Higgs
mass results in a goodness-of-fit p-value of 7%. Only a fraction of the contribution to the
“incompatibility” stems from the Higgs mass. The largest deviation between the best fit result
0
and the data is introduced by A0,b
FB – a known tension – and by Rb . A revisit of these two
quantities would be very interesting, both theoretically and experimentally.
The knowledge of the Higgs mass dramatically improves the SM predictions of several key
` . The predicted uncertainties
observables, in particular of the top mass, the W -mass, and sin2 θeff
decrease by a factor of ∼ 2.5, from 6.2 to 2.5 GeV, 28 to 11 MeV, and 2.3 · 10−5 to 1.0 ·
10−5 respectively. Theoretical uncertainties due to unknown higher-order electroweak and QCD
` predictions.
corrections contribute approximately half of the uncertainties in the MW and sin2 θeff
The observed agreement of these quantities between the indirect determinations and measurements demonstrates the impressive consistency of the SM. The improved accuracy of the
indirect determination of MW sets a benchmark for new direct measurements.
Updated values for the oblique parameters S, T, U have been presented, using the measured
value of the Higgs mass as a reference, and indicate that possible new physics models may affect
the electroweak observables only weakly.
Finally, the perspectives of the electroweak fit considering a future e+ e− collider running

also at energies at the Z-pole have been analyzed. Assuming a good control over systematic
`
effects results in improved accuracy of the predictions for the top mass, the W -mass, sin2 θeff
and αS (MZ2 ) with a factor of three or greater. We point out that, in order to fully exploit the
experimental potential, theoretical developments are mandatory, in particular in the accuracy
` , requiring the calculation of higher order electroweak and QCD corrections.
of MW and sin2 θeff
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Abstract
A brief overview of LHC operations over the last 3 years is provided. Luminosity performance
has been satisfactory and the factors that have been exploited are outlined. Availability and
operational efficiency are discussed. Finally a brief overview of the planned long shutdown is
given and estimates of the potential post shutdown performance are briefly enumerated.

1

Introduction

The LHC re-started initial commissioning with beam at the end of 2009. Since then the LHC
has had three years of operations as summarized in Table 1. Essentially, 2010 was devoted to
commissioning and establishing confidence in the critical machine protection system. 2011 saw
the start of exploitation and the exploration of performance limits. Pushing these limits, outlined
below, allowed the instantaneous luminosity performance to be increased throughout 2011. 2012
was a production year at an increased center of mass (COM) energy of 8 TeV. Again limits were
pushed revealing some challenging issues at high bunch and total beam intensity.
The integrated luminosity performance over the 3 years can be regarded as good, with the LHC
delivering enough integrated luminosity to enable ATLAS and CMS to announce the discovery of a
Higgs-like boson on July 4th 2012.
Table 1: LHC operations 2010 - 2012

Year

Overview

2010
2011
2012

Commissioning
Exploring limits
Production

COM energy
7 TeV
7 TeV
8 TeV

ATLAS/CMS
integrated luminosity [fb-1 ]
0.04
6.1
23.1

One of the main features of operations in 2011 and 2012 was the use of high bunch intensity
with 50 ns bunch spacing. As discussed below, this gave good instantaneous luminosity performance
but at the cost of high pile-up to the high luminosity experiments. In 2011 the mean number of
collision per crossing (mu) was around 12 with Poisson tails up to approximately 20. In 2012 mu had
increased to around 30 collisions/crossing at the beginning of a fill with tails up to approximately
40.
Besides the delivery of high instantaneous and integrated luminosity to ATLAS and CMS, the
LHC team was also able to deliver physics to a number of other users.
• 2010 and 2011 saw lead-lead ion runs which delivered 9.7 and 166 µb-1 respectively at an
energy of 3.5Z TeV. Here the clients were ALICE, ATLAS and CMS.

• Luminosity levelling at around 4×1032 cm-2 s-1 via transverse separation, with a tilted crossing
angle, enabled LHCb to collect 1.2 and 2.2 fb-1 in 2011 and 2012 respectively.
• ALICE enjoyed some sustained proton-proton running in 2012 at around 5×1030 cm-2 s-1 with
collisions between enhanced satellite bunches and the main bunches.
• There was a successful β ∗ = 1 km run for TOTEM and ALFA. With tmin of approximately
0.0004 GeV2 this was the first LHC measurement in Coulomb-Nuclear Interference region.
• The three years operational period culminated in successful proton-lead run at the start of
2013. Here the clients were ALICE, ATLAS, CMS and LHCb.
2

Performance

Basic variations on the equation for the luminosity of a collider are shown in Eq. 1, assuming round
beams and equal values of the beta function for both beams in both planes in the latter equation.
L=

N 2 kb f
N 2 kb f γ
F
=
F
4πσx∗ σy∗
4πn β ∗

(1)

Here N is the number of particles per bunch, kb is the number of bunches, f is the revolution
frequency, γ is the usual relativistic factor, σx∗ and σy∗ are the horizontal and vertical beam sizes at
the interaction point, n is the normalized transverse emittance, β ∗ is the value of the beta function
at the interaction point and F is the geometrical reduction factor arising from the crossing angle.
The corresponding values for these parameters at the peak performance of the LHC (so far)
are shown in Table 2. The design report values are displayed for comparison. Remembering that
the beam size is naturally larger at lower energy, it can be seen that the LHC has achieved 77% of
design luminosity at 4 sevenths of the design energy with a β ∗ of 0.6 m (cf. design value of 0.55 m)
with half nominal number of bunches.
Table 2: Performance related parameter overview

Parameter
Beam energy [TeV]
β ∗ in IP 1,2,5,8 [m]
Bunch spacing [ns]
Number of bunches
Average bunch intensity
[protons per bunch]
Normalized emittance at
start of collision [µm]
Peak luminosity [cm-2 s-1 ]
Max. mean number of collisions per bunch crossing
Stored beam energy [MJ]

Value in 2012
4
0.6,3.0,0.6,3.0
50
1374
1.6 - 1.7×1011

Design value
7
0.55
25
2808
1.15×1011

2.5

3.75

7.7×1033
≈40

1×1034
19

≈140

362

One of the main reasons for the impressive luminosity has been the excellent beam quality
delivered by the injectors. As shown in Table 3 the injector complex has succeeded in delivering
beam with significantly more protons per bunch (ppb) than nominal with lower emittances than
nominal. This is particularly significant for the 50 ns beam.
The LHC has proven capable of absorbing these brighter beams, notably from a beam-beam
perspective. The clear cost has been increased pile-up for the high luminosity experiments which
they have successfully learnt to deal with.
In brief the LHC has achieved good luminosity performance via the following.
• Exploiting the important advantage that high bunch intensities bring (with luminosity proportional to Nb2 ). Here the bunch intensity has been up to 150% of nominal with the 50 ns
bunch spacing.

Table 3: 2012 values of beam parameters at exit of SPS

Bunch spacing [ns]
50
25

Bunch intensity [ppb]
1.7 × 1011
1.2 × 1011

Emittance [µm]
1.8
2.7

• The normalized emittance going into collisions has been around 2.5 µm, thanks to very good
injector performance and ability to conserve the emittance through the Booster, PS, and SPS.
Some systematic blow-up at injection and in the ramp is seen in the LHC.
• It has proved possible to squeeze to a β ∗ of 60 cm thanks to measurement of a very good
aperture in the interaction regions (credit to alignment, respect of mechanical tolerances,
optics measurement and correction, and orbit correction).
• The total intensity has reached 2.2×1014 i.e. 70% of nominal. Here a fully trustworthy
machine protection has been instrumental in providing the confidence to routinely deal with
140 MJ beams.
3

Overview of Machine Characteristics

The performance described above is on the back of some excellent system performance and some
fundamental characteristics of the LHC 1 .
• There is excellent single beam lifetime and on the whole the LHC enjoys excellent vacuum
conditions.
• There is excellent field quality, coupled with good correction of non-linearities.
• Head-on beam-beam is not a limitation although long range has to be taken reasonably seriously with enough separation at the long range encounters guaranteed by sufficiently large
crossing angles.
• Collective effects have been seen with the high bunch intensities. Single and coupled bunch
instabilities have been surpressed using a range of tools (high chromaticity, Landau damping
octupoles and transverse feedback).
Very good understanding of the beam physics and a good level of operational control has been
established.
• There is better than expected aperture due excellent alignment and respect of mechanical
tolerances.
• The β ∗ reach has been established and exploited. Reduction has been pursued aggressively,
exploiting: the better than specified available aperture; tight collimator settings; and very
good stability and reproducibility.
The complex operational cycle is now well established and is robust.
• The pre-cycle, injection process, 450 GeV machine, ramp, squeeze, collide are largely sequencer
driven. There is generally good beam lifetime throughout the whole process.
• A strict pre-cycling regime means the magnetic machine is remarkably reproducible. This is
reflected in the optics, orbit, collimator set-up, tune and chromaticity.
• Operations is unpinned by superb performance of machine protection and associated systems (beam interlock system, beam dump system, beam loss monitors, and collimation system). There is rigorous machine protection follow-up, qualification, and monitoring; all nonconformities are examined rigorously. The importance of this to the success of the LHC so
far cannot be over stressed - there has been a move from commissioning to real confidence in
less than two years.
Availability has, in general, been very good considering the size, complexity and operating
principles of the LHC. An outline of 2012’s availability is shown in Table 4. The percent of scheduled
physics time spent in “Stable beams” in 2012 was around 36% of a total scheduled time for protonproton physics of around 200 days. This is encouraging for a machine only 3 years into its operational
lifetime. The machine is performing well and a huge amount of experience and understanding has

been gained. There is good system performance, excellent tools, and reasonable availability following
targeted consolidation. This is the legacy for post long shutdown 1 operation.
Table 4: LHC availability 2012

Mode
Access
Setup
Beam in
Ramp and squeeze
Stable beams

4

% of scheduled time
13.8%
27.6%
15.0%
7.1%
36.5%

Long Shutdown 1 (LS1)

The primary aim of LS1 is the consolidation of the superconducting splices in the magnet interconnects following the incident of 2008. This will allow the current in the main dipole and quadrupole
circuits to be increased to the 6.5 and then 7 TeV level. Besides this a huge amount of maintenance
and other consolidation work is to be performed. Some key LS1 work packages are outlined below
1.
• Measure all splices and repair the defective ones. Repeat for the 6 splices per interconnect (2
splices for the main dipoles and 4 for the 2 main quadrupole circuits). There are approximately
1700 interconnects in the machine.
• Consolidate interconnects with a new design (clamp, shunt)
• Finish installation of pressure release mechanisms on cryostats not yet so equipped
• Magnet consolidation: the exchange of weak cryo-magnets
• Consolidation of the current lead feed-boxes (DFBAs)
• Install collimators with integrated button BPMs (tertiary collimators and a few secondary
collimators)
• Extensive experiments consolidation and upgrades
• Plus a lot of other maintenance work covering cryogenics, quench protection, electrical infrastructure, cooling and ventilation, Radio Frequency, beam dump absorber and magnet, change
of dump switches (radiation), electron cloud mitigations
5

Possible Limitations for Post LS1

The most important issue to be discussed here is that of electron cloud. Although this has not been
a serious issue with the 50 ns beam, there are potential problems with the 25 ns foreseen for post
LS1 operation.
There were 3.5 days of scrubbing with 25 ns beams at 450 GeV between 6 and 9 December
2012. The tests saw regular filling of the ring with up to 2748 bunches with a total intensity per
beam of up to 2.7×1014 . Scrubbing effects in the arcs saw quite rapid conditioning observed in the
first stages. The secondary electron yield (SEY) evolution significantly slows down during the last
scrubbing fills (more than expected by estimates from laboratory measurements and simulations)
and preliminary conclusions 4 are that an electron cloud free environment with 25 ns beam after
scrubbing at 450 GeV seem not be reachable in acceptable time. Operation with high heat load and
electron cloud density (with blow-up) seems to be unavoidable with a corresponding slow intensity
ramp-up. (In 2015 following the warm-up and opening of the entire ring to atmosphere, the SEY
and vacuum conditions will be reset and initial re-conditioning will be required.)
UFOs (Unidentified Falling Objects) have now been exquisitely well studied and simulated 3 .
There were occasional dumps in 2012 following adjustment of BLM thresholds at the appropriate
time-scales (the beam loss spike caused by a UFO is typically of order 1 ms). With the increase

in energy to 6.5 TeV and the proposed move to 25 ns there is potentially serious problem with the
UFOs become harder (energy) and potentially more frequent (25 ns). Investigations have continued
and potentially encouraging results from the 2013 quench test program are noted 3 .
6
6.1

Post LS1 Operational Scenarios
Beam from the Injectors LS1 to LS2

The bunch spacings and associated performance on offer from the injectors post LS1 are shown in
Table 5. 50 ns proved a good choice in 2011 and 2012 opening the way to an increased number of
bunches and the excellent performance in terms of emittance and bunch intensity. The best that
was taken into collisions in 2012 was around 1.7 ×1011 ppb with an emittance of around 2.5 µm
going into collision. Further imaginative developments on the PS side have led to the creation of
the so-called BCMS (Batch Compression and (bunch) Merging and (bunch) Splittings) scheme 5
which offer remarkably low emittance coupled with healthy bunch intensity as shown in Table 5.
Table 5: Post LS1 beam parameters at the exit of SPS

Scheme
25
25
50
50

6.2

ns
ns BCMS
ns
ns BCMS

Bunch intensity
[1011 ppb]
1.15
1.15
1.65
1.6

Emittance
exit SPS [µm]
2.8
1.4
1.7
1.2

Emittance
into collisions [µm]
3.75
1.9
2.3
1.6

50 versus 25 ns

50 ns offers:
• lower total beam current;
• higher bunch intensity (at the cost of having to wrestle with beam instabilities);
• lower emittance.
However the perhaps crippling cost at 6.5 TeV is the very high pile-up which will certainly require
levelling to be operationally useful. On the other hand 25 ns has a number of negative points which
include:
• more long range collisions: requiring a larger crossing angle and thus higher β ∗ ;
• higher emittance;
• seriously more electron cloud with the need for scrubbing;
• higher UFO rate;
• higher injected bunch train intensity;
• higher total beam current.
However, the push will be to go for 25 ns to avoid the inefficiencies and cost of high pile-up.
6.3

Potential Performance

The potential performance for four scenarios enumerated in Table 5 are shown in Table 6. The
estimates assume:
• a beam energy of 6.5 TeV;
• a 1.1 ns bunch length (nominal);
• a scheduled 150 days of proton physics with a reasonable optimistic availability (Hübner factor
≈ 0.2);
• 85 mb visible cross-section.
It should be noted that the 50 ns options necessitates the use of a levelling scheme of some sort, as
yet unproven operationally.
From Table 6 one notes the following.

Table 6: Post LS1 performance estimates - usual caveats apply

Bunch
intensity
[1011 ppb]
1.15
1.15
1.6

βx∗ [cm]/βy∗ [cm]/
half crossing
angle [µrad]
55/43/189
45/43/149
42/43/136

Emittance
[µm]

Peak
luminosity

Pile-up

25 ns
25 ns BCMS
50 ns

Number
of
bunches
2760
2520
1380

3.75
1.9
2.3

50 ns BCMS

1260

1.6

38/43/115

1.6

9.3×1033
1.7×1034
1.6×1034
level to
0.8×1034
2.3×1034
level to
0.8×1034

25
52
87
level to
44
138
level to
44

Scheme

Int.
lumi.
fb-1
24
45
40

40

• The nominal 25 ns parameters gives more-or-less nominal luminosity at 6.5 TeV as might be
expected.
• The BCMS 25 ns scheme gives peak luminosities of 1.7×1034 cm-2 s-1 with peak <mu> of
around 50 with 83% of the nominal intensity.
• The now operational 50 ns scheme gives a virtual luminosity of 1.6×1034 cm-2 s-1 but with a
pile-up of over 70 making levelling mandatory.
• The BCMS 50 ns scheme gives a virtual luminosity of 2.3×1034 cm-2 s-1 with a pile-up of over
100 making levelling even more mandatory.
7

Conclusions

The LHC has shown the results of excellent design, construction, and installation. Operation is
now well bedded in and both instantaneous and integrated luminosity performance is healthy. The
injector complex has performed very well and delivered 50 ns beam with high bunch intensities and
low emittance. Machine availability has been reasonable for a machine the size and complexity of
the LHC.
The LHC carries forward a wealth of experience from operation at 3.5 and 4 TeV, and is
anticipating operation at 6.5 TeV in 2015 following a two year shutdown. There are potential
issues. Measures to address and mitigate these are under examination.
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New Phenomena

Searches for BSM Higgs Bosons at the LHC
M. Boehler on behalf of the ATLAS and CMS collaborations
Albert-Ludwigs-Universität Freiburg, Physikalisches Institut, Hermann-Herder-Str.3 ,
D-79104 Freiburg, Germany
Searches for Higgs bosons in different extensions of the Standard Model which predict additional neutral and charged Higgs bosons are presented. These include the Minimal Supersymmetric extension of the Standard Model (MSSM), the next-to Minimal Supersymmetric
extension of the Standard Model (nMSSM), two Higgs doublet models, four-generation and
fermiophobic models. Results are based on data collected by the ATLAS and CMS experiments in proton-proton collisions at centre-of-mass energies of 7 TeV and 8 TeV. No excess
is found in either charged nor neutral Higgs Boson searches. Model-independent and modeldependent exclusion limits are presented for these searches.

1

Introduction

The ATLAS and CMS experiments have performed many searches for beyond the standard
model (BSM) Higgs bosons at the LHC. An overview of the most recent results focusing on
analyses with an integrated lumiosity above 1 fb−1 is presented, classified as charged or neutral
Higgs boson searches.
2
2.1

Charged Higgs Boson Searches
Charged Higgs Boson Searches for H + → τ ν

Both ATLAS and CMS perform searches for light charged Higgs bosons that assume mH + <
mtop , where the charged Higgs bosons are produced in top-quark decays. Since H + decays
predominantly into τ + ν, top-quark pair events with tau lepton final states are investigated.
√
The ATLAS analysis1 is based on 4.6 fb−1 of pp collisions at s = 7 TeV. The final states
jets+τlep , τlep +τhad and τhad + jets are considered. The results agree with SM expectations
and 95% CL upper limits on BR(t → bH + ) between 5% and 1% are set for 90 GeV < m+
H <
150 GeV, assuming BR(H + → τ ν) = 100%. An update of this analysis2 exploits the fact that
top-quark pair decays with charged Higgs bosons would violate the lepton universality due to the
enhanced coupling to the tau leptons. The ratio of event yields with and without tau leptons are
compared with SM expectations, reducing systematic uncertainties while improving the upper
limit on the BR(t → H + b) to 0.8%-3.4% after combining with the τhad +jets final state from
Ref1 . Limits in the Minimal Supersymmetric extension of the Standard Model (MSSM) are set
for the mmax
scenario4 , shown in Figure 1 (left).
h
The analogous CMS search3 uses 2 fb−1 of data in four final states: eτhad , µτhad , eµ, and
τhad +jets. Upper limits on BR(t → H + b) in the range of 2-4% are achieved. In the mmax
h
scenario, tan(β) values above 16 can be excluded (Fig 1(right)). An update in the µτhad channel5
with a luminosity of 4.9 fb−1 improves the upper limits on BR(t → H + b) to 2-3% for 90 < m+
H <
160 GeV.

tan β

60
50

Median expected exclusion

Re+µ + τ +jets

Observed exclusion 95% CL

Data 2011

Observed +1σ theory

40
30

Observed -1σ theory

ATLAS
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s=7 TeV
h

∫Ldt = 4.6 fb

-1

20
10
90

100

110

120 130 140 150 160
mH+ [GeV]

Figure 1: Limits for charged Higgs boson production from top-quark decays in the mH + -tan β plane. ATLAS
results2 (left) are derived using τhad +jets events and the ratio Re+µ , while CMS results3 (right) are shown in the
context of the mmax
scenario of the MSSM.
h

2.2

Doubly-charged Higgs Boson Searches

√
ATLAS and CMS searches for doubly-charged Higgs bosons use 4.9 fb−1 of data at s = 7 TeV.
The CMS analysis6 uses three and more charged leptons of any flavour and is sensitive to pairproduced φ++ ,φ−− and φ±± ,φ∓ associated production with degenerate masses. No excess is
observed and both upper limits at 95 % CL on the φ++ production cross section and lower
bounds on the φ±± masses are reported. For BR(φ±± → `± `± ) = 100% in the different lepton
final states, doubly-charged Higgs boson masses between 204 and 459 GeV can be excluded.
Four benchmark scenarios with different BR are studied and doubly-charged Higgs boson masses
between 383 and 408 GeV are excluded.
The ATLAS analysis7 searches for a narrow resonance in the mass spectrum of prompt,
high-pT leptons pairs with the same electric charge. Lower bounds on doubly-charged Higgs
bosons masses of 409, 409, and 398 GeV are obtained, assuming pair production, coupling to
left-handed fermions, and a branching ratio of 100% for final states ee, eµ, and µµ, respectively.
3
3.1

Neutral Higgs Boson Searches
Neutral Higgs Boson Searches for φ → τ τ

The ATLAS analysis8 uses up to 4.9 fb−1 of 7 TeV data to search for Higgs Boson decays into
muon or tau lepton pairs. No significant excess is observed and exclusion limits for the production
cross-section at 95% CL are derived separately for a generic Higgs boson φ as a function of the
mass for both gluon-gluon fusion and b-quark associated production (see Fig. 2(left)). Exclusion
limits in the mmax
scenario as a function mA and tan β are also set.
h
The CMS analysis9 focuses on di-tau final states, based on the data corresponding to the
integrated luminosities of 4.9 fb−1 at 7 TeV and 12.1 fb−1 at 8 TeV. Final states with and without
additional b-quarks are considered. No excess is observed in the di-tau mass-spectra and exclusion limits are interpreted in the mmax
scenario. The combined limit is shown in Fig. 2(right),
h
where tan β values down to 5 are excluded for mA < 220 GeV.
3.2

Searches for invisible Higgs boson decays

The ATLAS search for invisible Higgs decays13 considers events with Higgs bosons produced
in association with a Z boson. Leptonic Z boson decays are used to tag the events. The
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Figure 2: Expected (dashed line) and observed (solid line) ATLAS 95% CL limits on the cross-section for gluonfusion and b-associated Higgs boson production times the branching ratio into τ and µ pairs, respectively8 (left).
CMS exclusion at 95% CL in the tan β-mA parameter space for the MSSM mmax
scenario9 (right).
h
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Figure 3: Exclusion contours at the 95% and 99% CL are determined in the cos α-mH -plane for different values
of tan β ranging from 1 to 50 (here the plots for tan β = 1 are shown) for type-I (a) and type-II (b) 2HDMs10 .

miss variable is used to search for an excess in 4.7 fb−1 and 13.0 fb−1 of 7 TeV and 8 TeV data.
ET
Assuming a ZH production rate for a SM Higgs boson with mh = 125 GeV, branching fractions
for invisible Higgs decays greater than 65% are excluded at 95% CL. Limits are also set on the
cross section times invisible branching fraction of a possible additional Higgs-like boson exclude
masses from 170–300 GeV at 95% CL.

3.3

Searches for Higgs bosons in Two Higgs Doublet Models

Given the observation a Higgs boson with mH = 125 GeV, searches for additional neutral Higgs
bosons in extensions such as two-Higgs-doublet models (2HDM) are important. The ATLAS
analysis10 searches for a heavier CP-even scalar boson in H → W W → eνµν decay modes
in 13.0 fb−1 of data at 8 TeV. To maximise the sensitivity of the analysis, an artificial neural
network technique is used. No evidence for a second scalar boson is observed in the mass range
135 to 300 GeV. Exclusion limits are set for 2HDM of type-I and type-II11,12 as a function of
the two mixing angles α and β and the Higgs mass mH . Figure 3 shows the exclusion limits in
the mH -cos α plane for tan β = 1 for a 2HDM of type-I (a) and type-II (b).

3.4

Four-generation and Fermiophobic Higgs Searches

CMS searches for Higgs bosons in the context of the SM extension including a fourth generation
of fermions with masses up to 600 GeV (SM4) and in fermiophobic models14 . The searches include up to 5.1 fb−1 of 7 TeV and up to 5.1 fb−1 of 8 TeV data. Three decay modes (τ τ , W W and
ZZ) are investigated and combined to exclude a SM4 Higgs boson in the mass range 110-600 GeV
at 99% CL. The fermiophobic analysis exploits diphoton decays, excluding a fermiophobic Higgs
boson in the mass range 110-147 GeV at 95% CL.
The ATLAS SM4 Higgs search15 analyses up to 2.3 fb−1 of data at 7 TeV, and Higgs boson
masses are excluded at 95% CL between 119-593 GeV. The fermiophobic search16 uses 4.7 fb−1
at 7 TeV and excludes Higgs masses between 110-118.0 GeV and 119.5-121.0 GeV.
3.5

Searches for Higgs Boson Decays to light CP-odd Scalars

In some extensions of the SM, such as Minimal Composite Higgs Model or Next-to-Minimal
Supersymmetric Standard Model, the Higgs boson can couple to light CP-odd scalar particles.
The ATLAS experiment presents a study17 of Higgs decays with di-photon final states based on
4.9 fb−1 of 7 TeV data. The Higgs decays via H → aa, where a is a light CP-odd scalar that
decays in two collimated photons, mimicking di-photon final states. Using a modified photon
identification for this topology, exclusion limits of 0.1, 0.1 and 0.2 pb are set on the Higgs
production cross-section times BR(H → aa → 4γ) in the range of 110 GeV < mH < 150 GeV
for the ma = 100, 200, and 400 MeV, respectively.
The CMS analysis18 studies Higgs bosons decays into a pair of new light bosons decaying
into di-muons with 5.3 fb−1 of 7 TeV data. An upper limit of 0.78±0.05 fb on the production
cross section times BR times acceptance is obtained.
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Almost all data collected at the LHC during the 7 and 8 TeV runs has now been analysed
by the ATLAS and CMS collaborations. Its consistency with the Standard Model (SM)
predictions has cornered the CP-conserving two-Higgs doublet model (2HDM) into the SM
limit, sin(β − α) = 1. However, there are still allowed regions of the 2HDM parameter space
away from this limit. In this work we discuss how the 2HDM is performing in view of the
LHC data together with the remaining available experimental and theoretical constraints.

1

Introduction

The discovery of a neutral Higgs boson 1 at CERN’s Large Hadron Collider (LHC) has now been
confirmed. Hence, all extensions of the Standard Model (SM) have to abide to the existence
of a Higgs boson with SM like properties and with a mass of around 125 GeV. The two-Higgs
doublet model (2HDM) is one of the simplest extension of the SM. It is built with the addition
of a second complex scalar doublet to the SM field content. Consequently, one obtains a richer
particle spectrum with one charged and three neutral scalars. All neutral scalars could in
principle be the scalar discovered at the LHC 2 . However, a pure pseudo-scalar state with a 125
GeV mass has now been experimentally ruled out 3 . In the next section we present the 2HDM
model and in the following sections we discuss how well the most common CP-conserving 2HDM
can accommodate the LHC data.

2

The Model

The addition of a second complex scalar doublet to the SM’s Yukawa Lagrangian gives rise
to the appearance of scalar exchange flavour changing neutral currents (FCNCs) which are
known to be strongly constrained by experiment. Avoiding those dangerous FCNCs can be
accomplished by simply imposing a Z2 symmetry on the scalar doublets, Φ1 → Φ1 , Φ2 → −Φ2 ,
and a corresponding symmetry to the fermion fields. This leads to the well known four Yukawa
model types I, II, Y (III, Flipped) and X (IV, Lepton Specific) 4 . The scalar potential in a softly
broken Z2 symmetric 2HDM can be written as
1
1
V (Φ1 , Φ2 ) = m21 Φ†1 Φ1 + m22 Φ†2 Φ2 + (m212 Φ†1 Φ2 + h.c.) + λ1 (Φ†1 Φ1 )2 + λ2 (Φ†2 Φ2 )2
2
2
1
†
†
†
†
†
2
+λ3 (Φ1 Φ1 )(Φ2 Φ2 ) + λ4 (Φ1 Φ2 )(Φ2 Φ1 ) + λ5 [(Φ1 Φ2 ) + h.c.] ,
(1)
2
where Φi , i = 1, 2 are complex SU(2) doublets. All parameters except for m212 and λ5 are real as
a consequence of the hermiticity of the potential. We will focus on the CP-conserving potential
where m212 , λ5 and the VEVs are all real. In this model the three CP-eigenstates are usually
denoted by h and H (CP-even) and A (CP-odd). As shown in 5 , once a CP-conserving vacuum
configuration is chosen, all charge breaking stationary points are saddle points with higher
energy. Hence, the 2HDM is stable at tree-level against charge breaking and once a non-charge
breaking vacuum is chosen the model has two charged Higgs bosons that complete the 2HDM
particle spectrum. We choose as free parameters of the model, the four masses, the rotation
angle in the CP-even sector, α, the ratio of the vacuum expectation values, tan β = v2 /v1 ,
and the soft breaking parameter redefined as M 2 = m212 /(sin β cos β) (see 6 for a review of the
model). The remaining theoretical and experimental constraints used in this work were recently
discussed in 7 .
3

Results and discussion

Figure 1: Points in the (sin α, tan β) plane that passed all the constraints in model type I using the ATLAS data
analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey).
Also shown is the line for the SM limit sin(β − α) = 1.

We randomly generate points in the model’s parameter space such that mh = 125 GeV, 90
GeV ≤ mA ≤ 900 GeV, mh < mH ≤ 900 GeV, 1 ≤ tan β ≤ 40, −(900)2 GeV2 ≤ m212 ≤ 9002
GeV2 and −π/2 ≤ α ≤ π/2. In order to respect the flavour constraints we take 90 GeV
≤ mH ± ≤ 900 GeV for type I while for type II the allowed range is 360 GeV ≤ mH ± ≤ 900
GeV. We define the quantities Rf as the ratio of the number of events predicted in the 2HDM

to that obtained in the SM for a given final state f .
Rf =

σ(pp → h)2HDM BR(h → f )2HDM
,
σ(pp → hSM ) BR(hSM → f )

(2)

where h is the lightest CP-even Higgs (125 GeV), σ is the Higgs production cross section, BR
the branching ratio, and hSM is the SM Higgs boson. In our analysis, we include all Higgs
production mechanisms, namely, gluon-gluon fusion using HIGLU at NLO 8 , vector boson fusion
(VBF) 9 , Higgs production in association with either W , Z or tt̄ 9 , and bb̄ fusion 10 . A number
of similar studies where LHC data was used to constrain the 2HDM were presented in 11 .

Figure 2: Points in the (sin α, tan β) plane that passed all the constraints in model type II using the ATLAS data
analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey).
Also shown are the lines for the SM limit sin(β − α) = 1 (negative sin α) and for the limit sin(β + α) = 1.

Figure 3: Points in the (sin(β − α), tan β) plane that passed all the constraints in model type II using the ATLAS
data analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey).
Also shown are the lines for the SM limit sin(β − α) = 1 and for the limit sin(β + α) = 1.

In figure 1 we present the results for the type I model in the (sin α, tan β) plane using the
ATLAS data 12 (left) and the CMS data 13 (right). The differences between the two plots are
easy to understand. The ATLAS data analysis forces RZZ to be large but as we have previously
shown 7 RZZ can never be above one in type I. Consequently, no points survive at 1σ. With
the CMS data analysis plenty of 1σ points survive because all RV V are below one. The 1σ
region is slightly away from the SM limit because the central values of RV V are below one.
Further, we see in both plots a large dispersion of values around the SM limit. The reason is
that RV V ≈ sin2 (β − α) in the limit where BR(h → bb̄) ≈ 1 and this function is very sensitive
from deviations from 1.

In figure 2 we now show similar plots for the type II model. In type II, RV V is not a sensitive
quantity 7 . Therefore both the 1σ and the 2σ points are very close to the two limiting lines. The
difference between the two plots is that the points tend to concentrate below the limiting lines for
ATLAS and above the same lines for CMS. This is of course a consequence of the central values
of the ATLAS RV V being above the SM while the CMS ones are below the SM expectation.
Finally we present in figure 3 plots similar to the ones in figure 2 but now in the (sin(β − α),
tan β) plane. Again we see the same trend with the allowed points on opposite sides of the
limiting lines, sin(β − α) = 1 and sin(β + α) = 1. We should point out that remarkably (even
being very conservative), we can already say that values of sin(β − α) below 0.5 are excluded at
2σ. Even more interesting is that for values of sin(β − α) below say 0.8 tan β has to be below
4. Hence, in type II large values of tan β are only allowed close to the SM limit.
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We construct weak basis invariants which can give insight into the physical implications of
any flavour model, written in an arbitrary weak basis (WB) in the context of 2HDM.

1

Introduction

The LHC has started the “Higgs Era” with the discovery of a scalar boson with a mass of
approximately 126 GeV 1 , 2 , which seems to behave like the Standard Model (SM) Higgs boson.
There are very good motivations to consider models with two Higgs doublets 3 , 4 despite the
fact that the SM is a very successful theory. Most observations in the hadronic sector are
in agreement with the SM predictions apart from a few anomalies and tensions. However, in
the leptonic sector the SM has to be extended in order to accommodate neutrino masses and
leptonic mixing. Furthermore, accounting for the baryon asymmetry of the Universe requires
new sources of CP violation thus providing a possible motivation to consider two Higgs doublet
models. Supersymmetry, if discovered, will also require the existence of two Higgs doublets. The
discovery of a charged Higgs at the LHC in the future would be an important step towards the
experimental confirmation of the need to extend the Higgs sector of the SM.
Models with two Higgs doublets have potentially large Higgs mediated flavour changing
neutral currents (FCNC). Experimentally FCNC are strongly constrained. There are several
possible ways of suppressing these currents. Natural flavour conservation 5 or the imposition of
alignment 6 eliminate tree level Higgs FCNC. In alternative, one may have FCNC at tree level
suppressed by small entries of the Cabibbo– Kobayashi – Maskawa matrix, VCKM . The first
models of this type based on a symmetry were built by Branco, Grimus and Lavoura 7 and later
on extended in Refs 8 , 9 . This talk is based on work done in collaboration with Botella and
Branco 10 .

2

General Framework

The flavour structure of two Higgs doublet models is given by the Yukawa interactions:
LY = −Q0L Γ1 Φ1 d0R − Q0L Γ2 Φ2 d0R − Q0L ∆1 Φ˜1 u0R − Q0L ∆2 Φ˜2 u0R + h. c.

(1)

where Γi and ∆i denote the Yukawa couplings of the lefthanded quark doublets Q0L to the
righthanded quarks d0R , u0R and the Higgs doublets Φj . The quark mass matrices generated
after spontaneous gauge symmetry breaking are given by:
1
Md = √ (v1 Γ1 + v2 eiα Γ2 ),
2

1
Mu = √ (v1 ∆1 + v2 eiα ∆2 ),
2

(2)

where vi ≡ | < 0|φ0i |0 > | and α denotes the relative phase of the vacuum expectation values
(vevs) of the neutral components of Φi . The matrices Md , Mu are diagonalized by the usual
bi-unitary transformations:
†
UdL
Md UdR = Dd ≡ diag (md , ms , mb )

(3)

†
UuL
Mu UuR

(4)

= Du ≡ diag (mu , mc , mt )

The neutral and the charged Higgs interactions obtained from Eq. (1) are of the form
1
LY (quark, Higgs) = −d0L [Md H 0 + Nd0 R + iNd0 I] d0R −
v
1
− u0L [Mu H 0 + Nu0 R + iNu0 I] u0R −
√v +
2H
†
(u0L Nd0 d0R − u0R Nu0 d0L ) + h.c.
−
v

(5)

q

where v ≡ v12 + v22 ≈ 246 GeV, and H 0 , R are orthogonal combinations of the fields ρj ,
arising when one expands 11 the neutral scalar fields around their vacuum expectation values,
iαj
φ0j = e√2 (vj + ρj + iηj ), choosing H 0 in such a way that it has couplings to the quarks which are
proportional to the mass matrices, as can be seen from Eq. (5). Similarly, I denotes the linear
combination of ηj orthogonal to the neutral Goldstone boson. The matrices Nd0 , Nu0 are given
by:
1
Nd0 = √ (v2 Γ1 − v1 eiα Γ2 ),
2

1
Nu0 = √ (v2 ∆1 − v1 e−iα ∆2 )
2

(6)

The flavour structure of the quark sector of two Higgs doublet models is thus fully specified in
terms of the four matrices Md , Mu , Nd0 , Nu0 . The physical neutral Higgs fields are combinations
of H 0 , R and I. Flavour changing neutral currents are controlled by Nd0 and Nu0 .
3

Weak Basis Invariants

The four flavour matrices Md , Mu , Nd0 , Nu0 contain a large redundancy of parameters which
results from the fact that under a weak basis (WB) transformation they change transforming as
Md → Md0 = WL† Md WRd ,
0

Nd0 → Nd0 = WL† Nd0 WRd ,

Mu → Mu0 = WL† Mu WRu ,
0

Nu0 → Nu0 = WL† Nu0 WRu

(7)

without altering their physical content. Different Lagrangians related to each other by WB
transformations describe the same physics. In view of the above redundancy, it is of great
interest to construct WB invariants which can be very useful in the analysis of the physical

content of the flavour sector of two Higgs doublet models 10 by following the technique that was
introduced in 12 to the study of CP violation in the SM. This technique was later generalized to
many different scenarios, in particular to the study of explicit CP violation in the scalar sector
of multi-Higgs doublet models prior to gauge symmetry breaking 13 as well as CP violation in
the scalar sector after this breaking 14 and also taking into account both the scalar and the
fermionic sector 15 .
In this framework, it is clear that one can build new WB basis invariants which do not arise
in the SM by evaluating traces of blocks of matrices involving the up and down quark sector, like
for example Mγ Nγ0† or Nγ0 Nγ0† . For definiteness let us consider the WB invariant tr(Md Nd0† ) and
note that its physical significance becomes transparent in the WB where Md is diagonal, real,
since in this basis the matrix Nd0 already coincides with the couplings to the physical quarks.
In this basis one has:
I1 ≡ tr(Md Nd0† ) = md (Nd∗ )11 + ms (Nd∗ )22 + mb (Nb∗ )33

(8)

We denote Nd , the matrix Nd0 in the basis where it couples to the physical quarks. This invariant
is not sensitive to Higgs-mediated FCNC, but Im(I1 ) is specially important, since it probes the
phases of (Nd )jj which contribute to the electric dipole moment of down-type quarks. Obviously,
one can construct an analogous invariant for the up-quark sector, namely tr(Mu Nu0† ). Let us
now consider a WB invariant which is sensitive to the off-diagonal elements of Nd , namely:
h

I2 ≡ tr Md Nd0† , Md Md†

i2

= −2md ms (m2s − m2d )2 (Nd∗ )12 (Nd∗ )21 −

−2md mb (m2b − m2d )2 (Nd∗ )13 (Nd∗ )31 − 2ms mb (m2b − m2s )2 (Nd∗ )23 (Nd∗ )32 ,

(9)

where we have kept the notation used in Eq. (8), having evaluated I2 in the WB where Md
is real and diagonal. WB invariants are also important to study CP violation. In the SM a
necessary and sufficient condition for CP invariance is the vanishing of the WB invariant 12 :
I1CP ≡ tr [Hu , Hd ]3 = 6i(m2t − m2c )(m2t − m2u )(m2c − m2u ) ×
×(m2b − m2s )(m2b − m2d )(m2s − m2d )ImQuscb

(10)

†
where Hd,u ≡ (Md,u Md,u
), Q stands for a rephasing invariant quartet of VCKM , defined by
†
∗ V ∗ (α 6= β, i 6= j) with V
Qαiβj ≡ Vαi Vβj Vαj
CKM ≡ UuL UdL . The fact that VCKM is not the
βi
identity reflects the fact that UdL 6= UuL , i.e. that there is misalignment of the matrices Hd ,
Hu in flavour space. For three generations I1CP is proportional to det[Hu , Hd ], introduced in
Ref. 16 . In the present framework there are four matrices relevant for flavour rather than the
two mass matrices of the SM, therefore we can generalise the definition of I1CP to diferent WB
invariants sensitive to the misalignment of different pairs of Hermitian matrices, such as, for

h

i3

h

i3

example I2CP ≡ tr Hu , HN 0 or I3CP ≡ tr Hd , HN 0 , with HN 0 ≡ Nd0 Nd0† .
d
d
d
In the SM the lowest order WB invariant sensitive to CP violation is given by Eq. (10) and
has dimension twelve in powers of mass. The richer flavour structure of models with two Higgs
doublets allows for lower order invariants sensitive to CP violation, namely, for instance:
h

I9CP ≡ Im tr Md Nd0† Md Md† Mu Mu† Md Md†

i

(11)

In generic two Higgs doublet models one may even have lower order invariants sensitive to CP
violation. However, with the imposition of a symmetry in order to suppress Higgs mediated
FCNC such lower other invariants may become trivial.
Flavour symmetries and/or texture zeros reduce the number of free parameters and have
physical implications. However symmetries and textures are introduced in a specific WB. Under
a change of WB these will in principle cease to be apparent. In this respect the computation of
weak basis invariants is a very useful tool to recognize properties related to special symmetries

or textures that may not be apparent. In Ref. 10 the summary presented here is extended and
applied to two special cases: models of the type proposed by Branco, Grimus and Lavoura 7 and
a special implementation of nearest – neighbour – interaction (NNI) textures 17 in the context
of two Higgs doublet models based on an Abelian symmetry18 .
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THIRD GENERATION SUSY SEARCHES AT THE LHC
ANDREA FAVARETO
On behalf of the ATLAS and CMS Collaborations
Università degli Studi di Milano & INFN Milano
The ATLAS and CMS experiments have recently searched for evidence of third generation
squark production in a variety of final states, using proton-proton collision data from the
√
Large Hadron Collider (LHC) operating at s = 8 TeV. A summary of the most recent
results obtained in these searches is presented.

1

Introduction

Supersymmetry (SUSY 1 ) is an extension of the Standard Model (SM) which naturally resolves the hierarchy problem by introducing supersymmetric partners to the known fermions
and bosons. In the framework of a generic R-parity conserving minimal supersymmetric extension of the SM (MSSM), SUSY particles are produced in pairs and the lightest supersymmetric
particle (LSP) is stable. In a large variety of models the LSP is the lightest neutralino,χ̃01 , which
only interacts weakly. The scalar partners of right-handed and left-handed quarks (squarks) can
mix to form two mass eigenstates (q̃1 , q̃2 ).
Naturalness arguments for weak-scale supersymmetry favour supersymmetric partners of the
third generation quarks with masses not too far from those of their Standard Model counterparts.
Production of third generation squarks (stop and sbottom, t̃, b̃) via decay of a gluino can be
significant at the LHC if the mass of the gluino does not exceed the TeV scale. Stop and
sbottoms with masses of a few hundred GeV can also give rise to direct pair production rates
that can be observed in the data sample recorded by the ATLAS 2 and the CMS 3 detectors.
ATLAS and CMS have an extensive search program for third generation SUSY particles.
These proceedings focus on new results that are interpreted in two simplified SUSY scenarios
stemming from assumptions made regarding the mass spectrum: gluino-mediated and direct
production of stops and sbottoms.
Production via gluino decay dominates if gluinos are not too heavy, i.e. less than about 1
TeV, and if the gluino decay branching fractions into stops or sbottoms are large. Assuming that
the stop and sbottom squarks are heavier than the gluino (g̃), and additionally that the gluino
is also heavier than the neutralino, indirect production is possible. The processes g̃g̃ → tt̄χ̃01 tt̄χ̃01
via an off-shell stop (Gtt scenario) and g̃g̃ → bb̄χ̃01 bb̄χ̃01 via an off-shell sbottom (Gbb scenario)
are studied. Results are interpreted in this case in the g̃ − χ̃01 mass plane.
In the direct production of third generation quarks scenario, four models of squark decay
modes are considered. The sbottom can decay either via b̃ → bχ̃01 or b̃ → tχ̃±
1 . For top squarks,
±
0
the decays t̃ → tχ̃1 or t̃ → bχ̃1 are studied.
The final states of third generation squark production are typically extremely rich, they
might include leptons (electrons or muons), multiple jets (some of which may be b-tagged), and

missing transverse energy (ETmiss ). The signal is seeked in complementary search channels.
The dominant backgrounds are estimated by normalising the event yields in background
dominated control regions to reduce their systematic uncertainties. Sub-dominant backgrounds
(such as diboson or tt̄ + W/Z production) are estimated using the MC simulation.
Where no significant signal is observed, limits can be set on SUSY models. The numbers
of predicted and measured events in each signal region are translated into 95% confidence-level
(CL) upper limits on contributions from new physics using the CLs prescription 4 with a profile
log-likelihood ratio as a test statistic. The correlation of the systematic uncertainties between
the signal and background is taken into account where appropriate.
√
All the analyses described below are performed using proton-proton collision data at s = 8
TeV, unless stated otherwise.
2

Gluino-mediated stop and sbottom searches

One of the most sensitive analyses to the indirect production of sbottom and stop quarks specifically selects events with b-tagged jets, because the final state is rich in b-jets and top quarks.
Both the ATLAS and CMS experiments have recently published some new results for gluinomediated stop and sbottom production. In particular CMS published two new analyses selecting
respectively all-hadronic 5 and single lepton 6 events. While ATLAS published a new analysis
based on a same-sign dilepton selection 7 .
The all-hadronic CMS analysis is based on events with large missing transverse energy, no
isolated electron or muon, and at least three jets, at least one of which must be identified as
a b-jet. A simultaneous examination of the number of events in exclusive bins of HT , missing
transverse energy, and b-jet multiplicity is performed, where HT is the scalar sum of jet transverse
momenta. The sample consists of an integrated luminosity of 19.4 fb−1 of proton-proton collision
data recorded at a center-of-mass energy of 8 TeV. The results are interpreted in the context of
the Gtt and Gbb models.
The analysis of final states with a single lepton (electron or muon) is also sensitive to the Gtt
model. The same data sample of the all-hadronic analysis has been considered. Events with large
missing transverse energy and multiple jets, at least two of which are tagged as originating from
b-quarks, are used. The distributions of several kinematic variables are examined to discriminate
signal from background using two complementary methods: the Lepton Spectrum method (LS)
and the Delta Phi method (DP). In the LS method, the ETmiss distribution is examined in events
with a high HT , while in the DP method, the angle between the lepton
and W momentum
p
lep
vectors, ∆φ(W, l), and the leptonic mass scale of the event, ST = pT (W )2 + MT (W )2 , are
used to suppress the tt̄ background.
In both these analyses, based on 19.4 fb−1 , the event yields observed across several kinematic
regions are consistent with SM backgrounds predicted using a mix of simulated event samples
and control samples in the data.
The new ATLAS analysis presents the search for the production of supersymmetric particles
decaying into final states with jets, b-jets, ETmiss and two isolated leptons, e or µ, with the
same electric charge (same-sign leptons). Three event classes are distinguished depending on
the number of jets identified as originating from b-quark decays; zero (b-jet veto), at least 1 or
3 b-jets. The sample consists of an integrated luminosity of 20.7 fb−1 . No deviation from the
Standard Model expectation is observed. In particular, focusing on processes that involve third
generation susy particles, limits for the Gtt scenario are set.
Previous results from other additional channels are used to set limits in both the Gbb and
Gtt scenarios. CMS presented an analysis using events with isolated same-sign leptons and at
least two b-jets in the final state 8 , which uses 10.5 fb−1 . The summary of observed and expected
limits of the CMS dedicated searches for gluino pair production with gluino decaying via the

3-body decay top anti-top neutralino is shown in Fig. 1(a).
ATLAS published two all-hadronic analyses 9,10 , which use respectively 12.8 fb−1 and 5.8
−1
fb . The former requires events with large ETmiss , at least 4 or 6 jets and at least three jets
originating from b-quarks, and the latter requires ETmiss and from at least 6 to at least 9 jets.
ATLAS also presented an analysis 11 based on 13.0 fb−1 that uses events with three leptons, at
least 4 jets, and ETmiss .
3

Direct stop and sbottom searches

The new ATLAS two same-sign lepton analysis described in Sec. 2 is also used to set limits on
±
± 0
direct sbottom pair production, via the decay channel b̃ → tχ̃±
1 followed by χ̃1 → W χ̃1 . Two
scenarios are considered which make different assumptions about the mass relationship between
the chargino and neutralino. In the first case, the assumption mχ̃± = 2 × mχ̃0 is made, and
1
1
in the second scenario, the neutralino mass is fixed to mχ̃0 = 60 GeV. Final states consist of
1
pairs of top quarks, W bosons (real or virtual) and missing transverse momentum. Same-sign
dilepton combinations arise from the decays of the top quarks and the W bosons. Limits are
expressed as a function of the b̃ and χ̃±
1 masses. Under the assumption mχ̃01 = 60 GeV, sbottom
masses of 470-480 GeV are excluded with 95% CL for chargino masses below 280 GeV. Similar
limits on bottom squark masses are obtained in the other model for chargino masses up to 250
GeV.
ATLAS and CMS also presented other searches for direct sbottom pair production in both
0
the b̃ → tχ̃±
1 and b̃ → bχ̃1 . In particular ATLAS presented a search for direct pair production
of bottom squarks, each decaying into a bottom quark and a neutralino, in events with large
missing transverse momentum and 2 b-jets in the final state 12 using 12.8 fb−1 . The CMS two
same-sign lepton analysis cited in Sec. 2 includes also a search for direct sbottom pair production
0
decaying in b̃ → tχ̃±
1 . CMS also presented an analysis focusing on the b̃ → bχ̃1 scenario selecting
final states with 2 or 3 jets, one or two of which must be identified as a b-jet, and missing
transverse energy 13 . The data sample corresponds to an integrated luminosity of 11.7 fb−1 .
Direct stop production has been covered in ATLAS and CMS by multiple dedicated searches,
targeting different stop masses and decays. New results have been recently published. CMS
presented a search for direct stop pair production in susy R-Parity Violation models (RPV)
with leptons 14 , while ATLAS presented two new analyses selecting respectively all-hadronic 15
and leptons in association with Z boson 16 .
The new CMS analysis presents a search for pair production of top squarks in multilepton
(at least three isolated leptons) events with one or more b-jets. The data used in this analysis
correspond to 19.5 fb−1 . The search results are interpreted in the context of supersymmetric
models with diminished missing transverse energy signatures arising from light stop pair production with RPV decays of the lightest supersymmetric particle. No excesses above the Standard
Model expectations are observed.
The all-hadronic ATLAS analysis is conducted in events with large missing transverse momentum and at least 6 jets, at least two of which b-jet. The data sample correspons to an
integrated luminosity of 20.5 fb−1 . Observations are consistent with SM expectations and exclusion limits have been placed in a model of top squark pair production, followed by the decay
t̃ → tχ̃01 .
The other new ATLAS analysis uses events with a Z boson, b-jets and large missing transverse momentum in final states with two or three leptons forming a same-flavour opposite-sign
lepton pair with invariant mass consistent with the Z boson mass. The analysis is performed
with 20.7 fb−1 . Also in this case no excess beyond the Standard Model expectation is observed.
Interpretations of this result are provided for two different scenarios. The first one consist in
natural gauge-mediated supersymmetry breaking scenarios where the neutralino, coming from

±
± 0
t̃ → bχ̃±
1 with χ̃1 → W χ̃1 , is the next-to-lightest supersymmetric particle (NLSP) producing a
Z boson and a gravitino (G̃) in the χ̃01 → Z G̃ decay. The neutralino and chargino masses are
assumed to be similar. The second scenario addresses models based on the direct production
of heavy stop states (t̃2 ) that decay to stop states (t̃1 ) via t̃2 → Z t̃1 . In this scenario the first
limits of this kind are set excluding with 95% confidence level the parameter space regions with
mt̃2 < 530 GeV and mχ̃0 < 245 GeV.
1
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Several analyses in different final states are used to set exclusion limits in direct stop pair
production scenarios, targeting again different stop masses and decay. CMS presented two
analyses using respectively events with ETmiss , one lepton and at least 4 jets (at least 1 b-jet) 17
with 9.7 fb−1 , and all-hadronic multijet events with ETmiss 18 with 4.98 fb−1 collected with proton√
proton collision data at s = 7 TeV. ATLAS published three analyses based on events with
respectively two leptons and ETmiss 19 with 13.0 fb−1 , one lepton, at least 4 jets and ETmiss 20 with
13.0 fb−1 , and zero leptons, 2 b-jets and ETmiss 21 with 12.8 fb−1 . The summary of observed and
expected limits of the ATLAS dedicated searches for direct stop pair production is shown in
Fig. 1(b).
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Figure 1: CMS: summary of observed and expected limits of the dedicated searches for gluino pair production
with gluino decaying via the 3-body decay top anti-top neutralino (a) 22 ; ATLAS: summary of observed and
expected limits of the dedicated searches for direct stop pair production (b) 23

4

Conclusions

ATLAS and CMS are conducting a comprehensive set of searches sensitive to both indirect
and direct production of third generation squarks. These proceedings give a summary of such
searches, with emphasis on new results. The individual searches are sensitive to different complementary regions of the SUSY parameter space with sufficient overlap. Observed data are
consistent with the SM background expectation, and exclusion limits are set on squark masses
for the Gbb, Gtt and direct production models. The parameter space given by the naturalness argument is being filled up, but many other results using the complete 2012 data set are
forthcoming.
There is so far no sign of physics beyond the SM. However, much of the parameter space
remains to be probed, and the search for SUSY at the LHC will continue to be vigorously
pursued.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

S. P. Martin, arXiv:hep-ph/9709356
ATLAS Collaboration, 2008 JINST 3 S08003
CMS Collaboration, 2008 JINST 3 S08004
A.L. Read, J. Phys. G28, 2693 (2002)
CMS Collaboration, CMS-PAS-SUS-12-024, http://cds.cern.ch/record/1523623
CMS Collaboration, CMS-PAS-SUS-13-007, http://cds.cern.ch/record/1523786
ATLAS Collaboration, ATLAS-CONF-2013-007, https://cds.cern.ch/record/1522430
CMS Collaboration, JHEP03 (2013) 037
ATLAS Collaboration, ATLAS-CONF-2012-145, http://cds.cern.ch/record/1493484
ATLAS Collaboration, ATLAS-CONF-2012-103, http://cds.cern.ch/record/1472672
ATLAS Collaboration, ATLAS-CONF-2012-151, http://cds.cern.ch/record/1493490
ATLAS Collaboration, ATLAS-CONF-2012-165, http://cds.cern.ch/record/1497668
CMS Collaboration, arXiv:1303.2985, Submitted to EPJC1527115
CMS Collaboration, CMS-PAS-SUS-13-003, http://cds.cern.ch/record/1525539
ATLAS Collaboration, ATLAS-CONF-2013-024, https://cds.cern.ch/record/1525880
ATLAS Collaboration, ATLAS-CONF-2013-025, https://cds.cern.ch/record/1525881
CMS Collaboration, CMS-PAS-SUS-12-023, http://cds.cern.ch/record/1494074
CMS Collaboration, CMS-PAS-SUS-11-030, http://cds.cern.ch/record/1494575
ATLAS Collaboration, ATLAS-CONF-2012-167, http://cds.cern.ch/record/1497733
ATLAS Collaboration, ATLAS-CONF-2012-166, http://cds.cern.ch/record/1497732
ATLAS Collaboration, ATLAS-CONF-2013-001, http://cds.cern.ch/record/1503233
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

	
  

SUSY Searches for Inclusive Squark and Gluino Production at the LHC
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A selection of recent searches for Supersymmetry conducted by the ATLAS and CMS collaborations is presented, summarizing the relevant results for inclusive squark and gluino
production at the LHC. No indication for the existence of Supersymmetry in terms of an
excess above the Standard Model background is seen by any analysis, therefore limits are
reported on parameters of the various models used to interpret the findings.

1

Introduction

After a long and successful data-taking period from 2010 through 2012, the first run of the
Large Hadron Collider (LHC) at CERN has come to an end. In 2012, both the ATLAS and the
√
CMS collaboration have taken about 22 fb−1 of data at s = 8 TeV, about four times the data
√
available from 2010 and 2011 at a lower center-of-mass energy of s = 7 TeV.
Already with the first proton-proton collision data from 2010 of about 35 pb−1 , the searches
for inclusive squark and gluino production proved to be very successful in terms of mass reach,
yielding exclusion limits that rapidly surpassed those of earlier experiments. Since then, the analyses have evolved and diversified, pushing the limits on the squark, gluino and lightest gaugino
masses or mass parameters to higher and higher values, aiming at more complex topologies and
giving additional interpretations in other supersymmetric models.
In these proceedings, the focus will be on strong production of the scalar partners of first and
second generation quarks and the fermionic partners of the gluons. For a given supersymmetric
mass scale, strong production has the largest production cross sections, thus allowing to target
heavy initial supersymmetric particles, signatures with small branching ratios and long decay
chains. Apart from one exception all analyses presented below assume R-parity conservation,
which makes the lightest supersymmetric particle (LSP) stable. Missing transverse momentum
(ETmiss ) is therefore an important part of the searched for signature, the other being jets with
high transverse momentum produced in the decay chains starting from the heavy pair-produced
squarks and gluinos. Only results by the ATLAS and the CMS collaborations are considered
which have been made public on or before the 11th March 2013, the date at which the corresponding talk has been given. None of the analyses has seen any significant excess of events
above the expected number from the Standard Model predictions, thus all analyses interpret
their findings by reporting limits on supersymmetric particle masses or model parameters.
2

Searches with the Full 2012 Dataset

The ATLAS collaboration has made public results from two searches for Supersymmetry with
inclusive squark (e
q ) and gluino (e
g ) production which make use of the full 2012 dataset.
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Figure 1: Expected and observed limits from the two ATLAS analyses making use of the full 2012 dataset. The
plots show the interpretation of the tau + jets + ETmiss results (left, 3 ) and same-sign leptons + jets + ETmiss results
(right, 4 ) in the mSUGRA/CMSSM framework. (Note the very different range on the horizontal axis.)

The first search 3 targets final states with exactly one, or two or more hadronically decaying
tau leptons, together with jets and ETmiss . The motivation for this search comes from models
with gauge-mediated supersymmetry breaking (GMSB) where the scalar partner of the tau,
the stau τe, is the next-to-lightest supersymmetric particle (NLSP), leading to final states with
many taus. As no excess is seen, the results are interpreted in terms of limits at 95 % confidence
level in three different models. The limits in the mSUGRA/CMSSM framework are shown
in Figure 1, where this analysis is in particular powerful in the low m0 region. The model
parameters for the mSUGRA/CMSSM model have been chosen such that in a large part of
the plane a 126 GeV Higgs can be accommodated. Not shown is the limit plot for the minimal
GMSB model in the plane spanned by the parameters Λ, the SUSY breaking mass scale felt
by the low-energy sector, and tan β, the ratio of the MSSM Higgs vacuum expectation values.
Here, the previous limits from 2011 data can be extended considerably, reaching now up to
70 TeV in Λ for high tan β > 50 (corresponding to m(e
g ) of about 1.5 TeV), and excluding values
of Λ below 54 TeV (m(e
g ) ∼ 1.2 TeV) independent of tan β. There is also a new interpretation
in a model of natural gauge mediation, where independently of the τe mass, gluino masses up to
1.14 TeV can be excluded, provided the τe is the NLSP.
The second analysis 4 looks at final states with same-sign lepton pairs, together with 3
or more jets and ETmiss . The motivation for this analysis is that the pair-produced gluinos
have almost the same probability to give pairs of leptons with same charge or with opposite
charge. Requiring a pair of leptons with same sign suppresses the background coming from
Standard Model processes considerably, giving a very clean and powerful signature to look for
new physics processes. The limits which are set in the same mSUGRA/CMSSM model with
Higgs-compatible parameters used for the tau analysis are shown in Figure 1, excluding a large
region of the mSUGRA/CMSSM parameter space. In addition, interpretations in a large number
of simplified models are given, demonstrating the power and versatility of this search channel.
3

Searches with a Subset of 2012 Data

CMS has made public a study using 9.2 fb−1 from the 2012 dataset 5 , in which models with
R-parity violation (RPV) are considered. As here the LSP is no longer stable, high particle
multiplicities are characteristic for supersymmetric decays rather than large ETmiss . Events with
3 or more isolated leptons are selected and classified with respect to the number of opposite-sign
same-flavour (OSSF) lepton pairs, the invariant mass of the OSSF lepton pairs if present, the
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Figure 2: Left: Exclusion limits on the gluino mass and µ parameters for the GGM models with cτNLSP <
0.1 mm 7 . Right: Upper limit on the cross section at 95 % confidence level as function of m(e
g ) and m(e
χ01 ). The
11
solid black line indicates the observed excluded region .

presence of jets from bottom quarks, and the presence of a hadronically decaying tau. Together
with a binning in ST , defined as the scalar sum of ETmiss and the transverse momentum (pT )
of jets and leptons, this gives in total 240 event classes, which are then combined to derive
exclusion limits. Numerous models with different topologies are considered, probing all three
RPV Yukawa couplings individually. In the RPV squark-gluino models, lower limits are set on
m(e
g ) and m(e
q ) of the order of 1 to 2 TeV. In a CMSSM with RPV, m1/2 < 1.15 TeV is excluded.
An update with the full 2012 dataset, limited to interpretations with light scalar top quarks and
non-zero leptonic or semileptonic RPV Yukawa couplings, has been made public recently 6 .
Both ATLAS and CMS have analyses motivated from models of general gauge-mediation
(GGM) with the lightest neutralino χ
e01 being the NLSP 7,8 . ATLAS considers a higgsino-like χ
e01
which decays predominantly to a Z boson and the gravitino LSP. Thus, events with jets, ETmiss
and same-flavour leptons with an invariant mass compatible with a Z boson are selected. Limits
are set in the plane spanned by the higgsino mass parameter µ, which is roughly equal to the
neutralino mass, and the gluino mass. Now using 5.8 fb−1 of data, the limits for tan β = 1.5
improve on the 2011 results from the same analysis considerably. At a larger value of tan β = 30,
e also becomes relevant. The excluded area for this value of tan β, however,
the decay χ
e01 → hG
shown in Figure 2, is barely smaller than that at tan β = 1.5. CMS on the other hand considers
a bino- or wino-like NLSP, such that the decay to photon plus gravitino or Z plus gravitino,
respectively, dominates. Two separate analyses look for events with 1 photon and 2 or more
jets, or 2 photons and 1 or more jet, each with a loose selection on ETmiss . With respect to
their exclusion limits in the squark and gluino mass plane, the two analyses are comparable, the
one-photon channel giving stronger limits in the scenario with a wino-like neutralino where less
e decays becoming more probable. From
photons are expected due to the competing χ
e01 → Z G
−1
4 fb of data, m(e
g ) < 1.1 TeV and m(e
q ) < 1.25 TeV for a bino-like and m(e
g ) < 750 GeV and
m(e
q ) < 850 GeV for a wino-like neutralino with m(e
χ01 ) = 375 GeV are excluded.
The zero-lepton analyses are the latest in a series of inclusive searches for squark and gluino
production. In ATLAS, this channel is split into two sub-channels with minimum jet multiplicities of 2 to 6 and 6 to 9, respectively. The most recent publications for both sub-channels use
5.8 fb−1 of 2012 data. High jet multiplicities are expected from decays of gluino pairs via off-shell
stops, therefore this topology is targeted in the analysis of events with at least 6 to at least 9
jets 9 . The search with at least 2 to at least 6 jets 10 targets final states where each initial squark
yields one jet plus ETmiss , and each initial gluino yields two jets plus ETmiss . Selection cuts on the
ratio of the effective mass meff , defined as the scalar sum of ETmiss and the pT of the jets, the ratio
of ETmiss /meff , and the minimum angle between jets and ETmiss in the transverse plane are used to
suppress the dominant multi-jet background. Events with electrons or muons are rejected. The

limits on m(e
q ) and m(e
g ) are found to be similar for the mSUGRA/CMSSM implementation and
a simplified squark-gluino-neutralino MSSM model: Equal mass light-flavor squarks and gluinos
with masses below 1.5 TeV can be excluded. (Note that the values of the parameters for the
mSUGRA/CMSSM grid used here differ from those used in the interpretation of the full-search
datasets described above.) The corresponding zero-lepton analysis from CMS 11 has a different
approach to suppress the multi-jet background. It makes use of a kinematic variable computed
from the jets in each event, denoted by αT 12 , to select only events with significant genuine ETmiss .
In addition, selected events must have at least 2 jets, no isolated electrons, muons nor photons,
and HT > 275 GeV, where HT is the defined as the scalar sum of the transverse energies of
the jets. The events are then categorised by the number of jets (2 to 3 or 4 or more) and the
number of b-tagged jets and binned in HT . Standard Model backgrounds are estimated from
data control regions, which are mapped to the signal regions using transfer factors obtained
from Monte Carlo. Systematic uncertainties on these transfer factors are derived from a set of
closure tests. Simplified models are used to interpret the findings in terms of limits on squark
or gluino and neutralino masses. With 11.7 fb−1 of integrated luminosity, in the models with
gluino or squark pair production this search is reported to be sensitive up to m(e
q , ge) ≈ 950 GeV,
m(e
χ01 ) ≈ 450 GeV or m(e
q , ge) ≈ 775 GeV, m(e
χ01 ) ≈ 325 GeV, respectively.
Finally, there is also an ATLAS result with 2012 data for the one-lepton channel with high
jet multiplicity 13 , using 5.8 fb−1 . The results are interpreted in the same mSUGRA/CMSSM
plane as used in the ATLAS zero-lepton analysis described above. Events with exactly one
isolated electron or muon, 4 or more jets and large ETmiss > 250 GeV are selected. Additional
selection cuts on the transverse mass of the lepton, meff and ETmiss /meff are applied, after which
W + jets and tt̄ production remain as dominant background processes in the signal region. The
background reaching the signal region is estimated using a global fit. For equal squark and
gluino masses, values up to 1.24 TeV are excluded in the mSUGRA/CMSSM interpretation, for
large m0 the limit on the gluino mass is about 900 GeV. CMS also made public a 2012 update
of their one-lepton analysis with interpretations in models of direct top squark pair production.
Overall, there have been many interesting updates from both experiments, demonstrating
already now how much the constraints on supersymmetric models can be extended using the
full 2012 dataset. None of the analyses has reported any significant excess above the Standard
Model background, but on the other hand many more important results will be made public in
the course of 2013. And, of course, the new data at higher center-of-mass energy anticipated for
2015 after the restart of the LHC is eagerly awaited.
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NLO CALCULATIONS WITH GOSAM
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In this talk we present the GoSam program package and summarize the latest development.
GoSam has recently been used for a number of different NLO QCD computations within and
beyond the Standard Model. In the first part a brief description of GoSam and of the interface
with different external Monte Carlo programs is given, whereas in the second part the recent
computations of processes of Higgs boson production in gluon-gluon fusion is presented.

1

Introduction

The latest experimental results in high energy physics presented in Moriond and contained in
these proceedings show an increasing precision, never reached before, for many relevant physical observables. Furthermore, the new resonance recently discovered at the Large Hadron Collider (LHC) at CERN, resemble more and more a scalar Higgs boson. To pin down even more its
properties and fully determine its nature, more precise data are still needed. On the other side,
it is mandatory to reduce further the uncertainties in signal and background processes, which
from the theoretical point of view, means to reduce the dependence on unphysical scales in the
computation, like renormalization and factorization scales. To achieve this, Next-to-Leading
Order (NLO) predictions are needed for a number different processes.
In the last decade much progress was made in the computation of NLO corrections to
scattering processes both in Quantum Chromodynamics (QCD) and in the Electroweak (EW)
sector of the Standard Model (SM), and also for theories Beyond the SM (BSM). In the last
years it was possible to automatize the computation of NLO corrections, not only for the treelevel ingredients and the subtraction terms, but also for the virtual one-loop corrections. This
process of automation allowed to achieve a high level of self-organization of the computation,
which can now be organized in process-independent frameworks, directly interfaceable to Monte
Carlo (MC) programs. These tools can perform a full simulation of an event, attaching a parton
shower and the non-perturbative description to the initial parton-level NLO computation. This
a
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huge progress is often referred to as the “NLO revolution”. GoSam 1 is a program package which is
part of several tools leading to this big evolution. In the following we will give a short description
of its functionality and present the latest developments and phenomenological progress related
to it.
2

GoSam

The GoSam program is a framework for the automatic generation and numerical computation of
one-loop amplitudes. The core program consists of a python package which generates fortran95
code for the evaluation of the desired one-loop amplitudes. The amplitudes are based upon the
algebraic generation of d-dimensional integrands via Feynman diagrams, which can be evaluated both using integrand-reduction techniques and tensor integrals calculation. This approach
implies also the possibility to generate and compute on-the-fly the full rational term, without
the need of further ad-hoc Feynman rules. For the generation of the diagrams we use QGRAF 2 ,
whereas for the algebraic manipulation of the raw amplitudes expressions we are committed to
FORM 3 and the package Spinney 4 . Finally the algebraic expressions are converted to optimized
fortran95 code using Haggies 5 .
At running time the diagrams can be evaluated using Samurai 7 , which performs a reduction
at the integrand level 6 or with Golem95 8 , which is a library for the computation of one-loop
tensor integrals. The reduction method can be changed at running time. In the computations
presented in the next sections Samurai is usually used as the default program and Golem95 is
used as rescue program whenever an instability is detected in the integrand-reduction approach.
This choice is driven by the observation that the tensor integral computation is usually slightly
slower but very stable.
This approach allows one to easily compute one-loop QCD and EW corrections to processes
within the SM and also beyond, by simply using an appropriate model file. While for QCD
corrections the whole computation is fully automatized, for EW corrections and BSM physics
the user has to provide, by hand, the correct renormalization. A number of different sample
processes were generated using GoSam and successfully compared to the literature. Since the
number of processes is constantly increasing, we refer to the GoSam webpage for a complete list 9 .
3

Full NLO computations with GoSam

For the computation of full NLO processes GoSam is equipped with an interface using the BinothLes-Houches Accord (BLHA) standards 10 . This allow an automatic interface with external MC
programs. So far three different MC event generators were successfully interfaced to compute
NLO cross sections and distributions for a number of different processes. For details about the
working principle of BLHA interface and its standards we refer to the literature 10 .
An ad-hoc setup was used to interface with the MadGraph4-MadEvent-MadDipole family of
programs. It was used to compute NLO QCD corrections to the production of bb̄bb̄ and later to
assess the impact of the still missing one-loop contributions in the production of W + W − jj 12 ,
both at hadron colliders. The latter process was first computed in 13 , where parts of the loop
contributions were neglected. More recently the same setup was used to compute NLO QCD
corrections to neutralino pair production in association with one jet 14 , and to study the impact
of different isolation criteria in the production of γγ j at the LHC 15 . For this latter process
a program package for the computation of the full NLO process can be downloaded from the
web 9 .
Using the BLHA interface GoSam was successfully interfaced with the POWHEG BOX 16 . This
new interface, together with the built-in interface to MadGraph4 allows for a quick generation
of new processes in the POWHEG BOX framework.
Thanks to the BLHA interface it was possible to link in a easy and automatic way also

Basic process
W (→ l + νl )
Z(→ l+ + l− )
γ
W (→ l + νl ) + bb̄
H in GGF
H in VBF
W +W +
W +W −
W + W − bb̄
tt̄
H tt̄

Number of extra jets
0, 1, 2
0, 1, 2
0
2
0
0
-

Highest number of extra jets
3
3
0, 1, 2, 3
1
0, 1, 2, 3
2, 3
1, 2 + loop induced
1
1
0, 1

Table 1: Processes available (center column) and to-appear (right column) as ready-to-use packages.

to the MC event generator Sherpa 17 . The two programs can exchange information about the
process the user wishes to compute and generate all the needed ingredients. The user only needs
to fill an input card for the two programs and, once the code is ready, the full calculation can
be steered simply editing the Sherpa input card. A set of ready-to-use process packages with
the full code for the loop computation is also available 9 . They only require the installation of
Sherpa by the user, whereas the code for the virtual part is already generated and validated.
The list of available processes and the one in phase of validation are summarized in Table 1.
4

Higgs plus jets production

In this section, we illustrate our recent computation of the NLO contributions to Higgs plus two
jets production in Gluon-Gluon Fusion (GGF) at the LHC in the large top-mass limit 18 , and
also provide results for the one-loop virtual contribution to Higgs plus three jets production.
The distributions for the former process are obtained by using the BLHA interface between
GoSam and Sherpa.

Figure 1: Transverse momentum pT and pseudorapidity η of the Higgs boson, when produced in association with
two jets.

For Hjj production, the following minimal set of processes are computed: gg → Hgg,
gg → Hq q̄, q q̄ → Hq q̄, q q̄ → Hq 0 q̄ 0 . The remaining processes are obtained by performing the
appropriate symmetry transformation. We work in the dimensional reduction scheme (DRED)
and UV divergences have been renormalized in the MS scheme. Our results are in agreement
with 19 and MCFM (v6.4) 20 .

As an illustration of possible analyses that can be performed with the GoSam-Sherpa automated setup, in Fig. 1 we present the distribution of the transverse momentum pT of the Higgs
√
boson and its pseudorapidity η, for proton-proton collisions at the LHC at s = 8 TeV. For
details about the setup we refer to the original publication 18 . The bands show the impact of
varying
and factorization scale by factors of 2 around its central value, set to
q renormalization
2 + p2 + P p , where p
Ĥt = MH
t,H and pt,j are the transverse momenta of the Higgs boson
j t,j
t,H
and the jets. Both distributions show a K-factor between the LO and the NLO distribution of
about 1.5 − 1.6 and a decrease of the scale uncertainty of about 50%.
All independent processes contributing to Hjjj can be obtained by adding one extra gluon
to the final state of the processes listed in the case of Hjj. Accordingly, we generated the codes
for the virtual corrections to the processes gg → Hggg, gg → Hq q̄g, q q̄ → Hq q̄g, q q̄ → Hq 0 q̄ 0 g.
Some representative one-loop diagrams are depicted right in Figure 2.
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Figure 2: Left: Finite-term of the virtual matrix elements for gg → Hq q̄g (red), q q̄ → Hq q̄g (green), q q̄ → Hq 0 q̄ 0 g
(red), gg → Hggg (purple). Right: sample hexagon diagrams which enter in the six-parton one-loop amplitudes
for gg → Hggg and q q̄ → Hq q̄g. The dot represents the effective ggH vertex.

Choosing the momenta of the initial partons along the z-axis, we show in Figure 2 the effect
on the finite parte of the virtual amplitude of rotating a phase space point through an angle θ
about the y-axis.
Furthermore we verified that the values of the double and the single poles conform to the
universal singular behavior of dimensionally regulated one-loop amplitudes.
5

Conclusions

GoSam is a very flexible tool for the automatic computation of one-loop amplitudes. Work is
in progress to increase the generation and the running speed and to decrease the size of the
generated codes. These new features will be part of new release of the code, planned for the
second half of the current year.
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SUSY Searches for Electroweak Production of Gauginos and Sleptons at the LHC
Pieter Everaerts
University of California, Los Angeles, USA
The searches for direct electroweak production of supersymmetric particles in proton-proton
collisions at the LHC are presented. The focus is on gaugino and slepton production, which
yield final states with two or more leptons. A wide variety of complementary searches are
discussed with none of them showing any indication for physics beyond the standard model.

1

Introduction

During the first years of LHC running most searches for supersymmetry (SUSY) have focused on
the strong production of supersymmetric particles because of its large production cross-section.
Thanks to these studies, gluinos and inclusive squarks have been probed up to masses of above 1
TeV. Electroweak production of SUSY has in general smaller cross-sections, but the production
cross-sections for winos, binos or higgsinos of around 300–400 GeV are similar to those of squarks
and gluinos with masses around 1–1.5 TeV. Therefore CMS1 and ATLAS2 have developed a set
of analyses focusing on the case when squarks and gluinos would be heavy, but electroweakinos
would be light.
1.1

General strategy

The focus of this note is on direct electroweak production of supersymmetric particles at a
center-of-mass energy of 8 TeV. Electroweak SUSY particles such as gauginos and sleptons are
pair produced and there is very little hardronic activity present in the event, other than initialstate-radiation. As a result top backgrounds can be highly suppressed by applying a veto on the
amount of hadronic activity and/or the presence of b-tagged jets. The other major backgrounds
of such searches are the diboson backgrounds. The easiest way to suppress these backgrounds
is by requiring that there would be no Z candidate present. Of course such a cut can only be
applied if no intermediate vector bosons are expected in the electroweakino decay. To further
distinguish signal from background, the missing transverse energy and other kinematic variables
(e.g. transverse mass) are used.
The backgrounds due to non-prompt or misidentified leptons are usually estimated using
data-driven techniques that measure the probability of a non-prompt lepton to be isolated in a
control sample. Simulation is used to estimate the diboson backgrounds and other rare processes,
but cross-checks and corrections are applied when feasible. The normalization is usually derived
from a control region; for the diboson backgrounds, corrections to the missing transverse energy
and lepton resolutions are applied to make the final estimate more precise. Both CMS and
ATLAS also look at cascade decays, where gluinos or squarks are pair-produced and then decay
to electrokweakinos3,4,5,6,7 but this is not discussed further in this note.

2

Chargino-Neutralino Pair production

The first model of direct electroweak SUSY production considered here is chargino-neutralino
pair production. Depending on the masses of the sleptons and the sneutrinos, two different
decay modes can take place. If the sleptons and sneutrinos are light, then the decay happens
through intermediate sleptons and sneutrinos, and the final state contains three leptons and
two lightest supersymmetric particles (LSP). This gives rise to a signature with three leptons
and considerable missing transverse energy and is targeted by a three-lepton analysis, looking
explicitly in events without a Z candidate.8,9 If the intermediate slepton mass is very close to the
chargino/neutralino or the LSP mass, or if the intermediate particles are predominantly staus,
then the leptons are expected to be soft and then it is more likely to miss at least one of them.
For this reason, targeted dilepton analyses have been developed to complement the three-lepton
one.8,10,11 If the sleptons and sneutrinos are heavy, the electroweakinos decay through vector
bosons, WZ if we consider chargino-neutralino production. The W and Z boson then decay
according to the standard model and have the possibility to decay into quarks or leptons. For
these decays, the three-lepton analysis is still useful, but in this case, a Z candidate is explicitly
required. To target the hadronic decay mode of the vector bosons, a search in the Z + dijet +
Emiss
final state is also performed.8,10
T
2.1

Three-lepton analysis

Both CMS and ATLAS have a three-lepton analysis to search for chargino-neutralino pair
production.8,9 Both analyses focus on three light leptons (e, µ) with an opposite-sign same
flavor lepton pair present. The main backgrounds for this analysis are WZ and top pair production. To suppress the WZ production, the sample is split between a sample with and a sample
without a Z candidate. The first sample can be used for cases with intermediate vector bosons,
the second one for the case with intermediate sleptons and sneutrinos. A transverse mass cut,
calculated with the Emiss
and the third lepton, is also very efficient to suppress WZ backgrounds.
T
To suppress the top quark backgrounds, a veto is applied on the presence of b-tagged jets in
the event. The two analyses differ slightly because the ATLAS analysis focuses on 3 inclusive
search regions, while the CMS analysis has 45 exclusive search regions. CMS also tries to focus
on those cases where staus are prefered as intermediate particles, by looking at cases without
an opposite-sign same flavor lepton pair, and at cases where one of the leptons is a hadronic tau
candidate.
2.2

Same-sign dilepton analysis

In some cases one of the leptons can be too soft or fail the lepton identification. If this happens
to one of the leptons from the neutralino decay, then we end up with same-sign dileptons.
Same-sign dileptons are easier to use than opposite-sign dileptons since they suffer from smaller
amounts of standard model backgrounds. CMS has a 8 TeV analysis for same-sign dileptons,
while ATLAS provides results both for opposite-sign and same-sign dileptons but only at 7
TeV.8,10 One of the problems in going to a dilepton analysis is that the contribution of the
backgrounds due to non-prompt and misidentified leptons increases considerably. This can be
countered by tightening the requirements on the lepton transverse momenta, the Emiss
T , or the
hadronic activity. The 8 TeV analysis follows both these options with its two inclusive search
regions: one of the search regions cuts very tight on the Emiss
(> 200 GeV) while the other one
T
relaxes the Emiss
-requirement
(>
120
GeV)
but
has
tighter
cuts
on the hadronic activity.
T
2.3

Opposite-sign tau analysis

There is a possibility that intermediate staus are the preferred option in supersymmetry. In such
cases, there is still the option of having three light leptons, but due to the branching fractions

of the tau decay, it is more likely to have one or more hadronic taus in the event. Therefore
ATLAS developed a new analysis focusing on two opposite-sign hadronic taus.11 To suppress
the major backgrounds, a Z-veto and a hard cut on the the hadronic activity (a [b-tagged] jet
veto) are applied. Then the stransverse mass, mT 2 , is used for the final discrimination. The
stransverse mass variable is designed for events with two undetected particles and represents a
lower bound on the parent particle’s mass. The major standard model backgrounds, such as
WW and top pair production, have a kinematic endpoint at around 80 GeV in this variable. To
estimate the non-prompt and misidentified tau backgrounds, a so-called ABCD method using
the stransverse mass variable and the tau identification criteria was used.
2.4

Z+dijet analysis

If a W or a Z boson decays hadronically, the dijet signature can be used to identify this vector
boson.8 The invariant mass of the dijet pair is required to be consistent with a W or Z hypothesis,
and a veto on b-tagged jets is applied to reduce the top backgrounds. The second Z boson is
required to decay leptonically and to be fully reconstructed. Using the Emiss
shape, a distinction
T
can then be made between Z + jets background and the electroweakino signal. For this a
template fit is performed with the Z+jets template shape derived from a γ + jets control
sample and the non-prompt and misidentified leptons estimated from an eµ sample. The other
backgrounds are estimated using simulated samples. The Emiss
spectrum is split into different
T
bins because the Emiss
in
the
SUSY
events
depends
on
the
chargino/neutralino
and LSP masses.
T
2.5

Results

None of the described analyses shows any significant discrepancy between the data and the
predicted yields. Limits are derived for the pair production of charginos and neutralinos. Figure
1 shows the results for the case with light intermediate sleptons and a slepton mass which is
halfway between the chargino and LSP masses. The limits for the cases when intermediate staus
or intermediate vector bosons are prefered can be found in Ref. 8,9,10,11 .

Figure 1:

3

Limits on chargino-neutralino pair production using the three-lepton analysis. The ATLAS analysis9
is shown on the left and the CMS one8 on the right.

Slepton and chargino pair production

Slepton and chargino pair production both lead to signatures with two opposite-sign dileptons
8,10 In the chargino case, there are extra neutrinos present in the
and LSPs giving large Emiss
T .
miss
event but the ET from those is expected to be considerable smaller than from the LSPs. In

the slepton case the two leptons have the same flavor because the sleptons decay to a specific
lepton flavor, while the two charginos decay independently to both lepton flavors and are thus
just as likely to have an opposite-flavor as a same-flavor pair. ATLAS and CMS both have an
analysis which focuses on opposite-sign dileptons. To remove the large Z-related background, a
mass constraint is added to the dilepton pair: the mass has to be at least 15 GeV away from the
Z mass. Both analyses apply cuts on the hadronic activity (a [b-tagged] jet veto) and apply a
moderate Emiss
cut of around 50–60 GeV. Both analyses then perform a cut-and-count analysis
T
using a kinematic variable that has an endpoint for W-related backgrounds. ATLAS uses the
stransverse mass mT 2 discussed in section 2.3 while CMS uses the MCT,P erp variable which has
a similar behavior with a kinematic endpoint around 80 GeV for WW and top pair production.
Chargino pair production decaying through intermediate staus has also been probed by the
opposite-sign ditau analysis discussed in section 2.3.

4

R-parity violating supersymmetry

All of the SUSY searches discussed so far assume that R-parity is conserved. If R-parity is
violated, the LSPs could be unstable and decay into leptons.12 The decay of the two LSPs would
lead to four leptons in the final state. ATLAS has a targeted analysis looking for four leptons
with no Z candidates to search for electroweak production of gauginos and sleptons in R-parity
violating models.12 The similar CMS analysis only focuses on the production of stops13 in Rparity violating models. If the LSP decays into a pair of leptons, the final state would have
miss present would come from neutrinos. That is why the analysis
very little Emiss
T . All the ET
uses two exclusive search regions that only rely mildly on Emiss
T . One search region applies a
cut
(50
GeV)
to
target
final
states
with
neutrinos,
while the other one only cuts
moderate Emiss
T
in the event. Again
on the scalar sum of the transverse momenta of the leptons, jets and Emiss
T
no significant excesses are observed and limits are placed on the production of winos, sleptons
and sneutrinos in R-parity violating SUSY.

5

General Gauge Mediated SUSY breaking

Assuming that the gravitino is the LSP and the next-to-lightest supersymmetric particle is a
neutralino, this neutralino can decay to the gravitino and a photon or a Z. In this case, neutralino
pair production decaying to two Z bosons and gravitinos can be enhanced. For this final state,
a four-lepton analysis is performed to complement the Z+dijet analysis (section 2.4).8 The four
lepton analysis follows the techniques of the CMS three-lepton analysis (section 2.1), but divides
the data up in slightly different boxes, like number of opposite-sign same-flavor pairs, the Emiss
T
and whether there is a Z candidate or not. ATLAS has a search focusing on the direct production
of a chargino-neutralino pair where the neutralino then decays to a photon and a gravitino.14
This search has a lepton + photon signature. Both searches did not yield any indications for
physics beyond the Standard Model.

6

Conclusions

CMS and ATLAS have performed a wide variety of complementary analyses searching for direct electroweak production of SUSY. No indications for new physics are found and stringent
constraints are placed on the slepton and gaugino masses. For the R-parity conserving case,
chargino masses up to 600 GeV and slepton masses up to 250 GeV are probed, while for the
R-parity violating case, the reach is slightly enhanced to 700 GeV for charginos and 430 GeV
for sleptons.

References
1. CMS Collaboration, ”The CMS Experiment at the CERN Large Hadron Collider”, JINST
3 S08004 (2008).
2. ATLAS Collaboration, ”The ATLAS Experiment at the CERN Large Hadron Collider”,
JINST 3 S08003 (2008).
3. ATLAS Collaboration, ”Search for supersymmetry in final states with jets, missing transverse momentum and a Z boson at sqrt(s) = 8 TeV with the ATLAS detector”, ATLASCONF-2012-152.
4. ATLAS Collaboration, ”Search for New Phenomena in Monojet plus Missing Transverse
Momentum Final States using 10 fb−1 of pp Collisions at sqrt(s) = 8 TeV with the ATLAS
detector at the LHC”, ATLAS-CONF-2012-147.
5. ATLAS Collaboration, ”Search for supersymmetry in events with photons, bottom quarks,
and missing transverse momentum in protonproton collisions at a centre-of-mass energy
of 7 TeV with the ATLAS detector”, Phys. Lett. B 719 (2013) 261-279.
6. CMS Collaboration, ”Search for supersymmetry in events with photons and missing energy”, CMS-PAS-SUS-12-018.
7. CMS Collaboration, ”SUSY Search in Photon(s)+jets+MET final state with the JetGamma Balance method”, CMS-PAS-SUS-12-013.
8. CMS Collaboration, ”Search for electroweak production of charginos, neutralinos, and
sleptons using leptonic final states in pp collisions at sqrt(s) = 8 TeV”, CMS-PAS-SUS12-022.
9. ATLAS Collaboration, ”Search for direct production of charginos and neutralinos in events
with three leptons and missing transverse momentum in 13.0 fb−1 of pp collisions at
sqrt(s)=8 TeV with the ATLAS detector”, ATLAS-CONF-2012-154.
10. ATLAS Collaboration, ”Search for direct slepton and gaugino production in final states
with two leptons and missing transverse momentum with the ATLAS detector in pp collisions at sqrt(s) = 7 TeV”, ATLAS-CONF-2012-076.
11. ATLAS Collaboration, ”Search for electroweak production of supersymmetric particles in
final states with at least two hadronically decaying taus and missing transverse momentum
with the ATLAS detector in proton-proton collisions at sqrt(s) = 8 TeV”, ATLAS-CONF2013-028.
12. ATLAS Collaboration, ”Search for supersymmetry in events with four or more leptons in
13.0 fb1 pp collisions at sqrt(s) = 8 TeV with the ATLAS detector”, ATLAS-CONF-2012153.
13. CMS Collaboration, ”Search for stop in R-parity-violating supersymmetry with three or
more leptons and b-tags”, CMS-PAS-SUS-13-003.
14. ATLAS Collaboration, ”Search for supersymmetry in events with at least one photon, one
lepton, and large missing transverse momentum in protonproton collision at a center-ofmass energy of 7 TeV with the ATLAS detector”, ATLAS-CONF-2012-144.
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These proceedings presents the results of several searches for heavy resonances using between
√
6 and 20 fb−1 of s = 8 TeV proton-proton collision data collected by the ATLAS and CMS
experiments at the LHC. No evidence of new heavy resonances is observed and limits are set
at the 95% confidence level on various benchmark models.

1

Introduction

The Standard Model (SM) of particle physics has so far been a very successful theory, with
experimental results being consistently in agreement with its predictions. Still it is conceivable
that the SM is just an effective theory and that above some energy scale new physics emerges.
Therefore there are various extensions to the SM which predict the presence of a new heavy
resonances. These proceedings detail several of the most recent CMS and ATLAS searches for
heavy resonances using 8 TeV proton-proton LHC data.
2

Z 0 → e+ e− /µ+ µ−

Events / GeV

Both CMS and ATLAS collaborations have searched for a heavy neutral spin-1 particle (Z 0 )
decaying into electron or muon pairs with approximately 20 fb−1 of data 3,4 . Figure 1 shows
the measured mass spectra in the CMS dielectron and ATLAS dimuon channels. No significant
excess is observed and limits are set at the 95% confidence level as shown in figure 2. Different
conventions are used when setting cross-section limits, CMS models the signal as having zero
0
intrinstic width while ATLAS uses the shape obtained from a ZSSM
which does not interfere
with the SM Z boson. Care must be taken when comparing the limits as a result. Both ATLAS
0
and CMS exclude the benchmark ZSSM
boson for masses below 2.9 TeV.
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Figure 1: CMS dielectron (left) and ATLAS dimuon (right) mass spectra
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Figure 2: 95% confidence level limit on the σ.Br of a spin-1 boson vs mass using CMS (left) and ATLAS (right)
dilepton mass spectra.

3

W 0 → eν/µν

The CMS collaboration has searched for a charged spin-1 particle (W 0 ) decaying to eν or µν with
19.6 fb−1 of data 5 . The distribution of the observed transverse mass together with expected
backgrounds is shown in figure 3. No significant excess is observed and as figure 4 shows, the
MT spectrum was used to set model independent limits vs MT as well as on specific models,
0
0
such as the WSSM
and split UED. A WSSM
boson is excluded below 3.35 TeV.
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Figure 3: CMS transverse mass spectra for the electron (left) and muon (right) channels.

4

W 0 → tb

The CMS collaboration has also searched for a W 0 decaying to top-bottom pairs where the top
decays to either a muon or an electron using 19.6 fb−1 of data 6 . While not as sensitive as the
lepton channel to a generic W 0 , if the W 0 is right-handed and the right-handed neutrino is more
massive than the WR , the leptonic limits do not apply. Additionally, unlike the leptonic case,
the W 0 mass can be reconstructed in this channel. Figure 5 shows the resulting mass spectrum.
No significant excess is observed and limits are set on the cross-section times branching ratio.
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Figure 4: 95% confidence level upper limits on the σ.Br of a W 0 vs transverse mass taking the signal shape into
account (left) and on the effective σ.Br above a minimum MT threshold as a function of that threshold.

Figure 6 shows these cross-section limits vs mass and the reinterpretation of these limits into an
exclusion plane of the W 0 s coupling strength to left handed and right handed fermions.
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5

Excited Leptons

The ATLAS collaboration has searched for excited electrons and excited muons using 13 fb−1
of data 7 . The leptons are pair produced, with one lepton in an excited state which then decays
to the ground state lepton and a photon, giving a signature of two same flavor leptons and a
photon. In order to generalize this search to objects other than excited leptons, the total mass
of the photon and two leptons was measured rather than the mass of the excited lepton. No
significant excess over the SM prediction was observed and limits were set on the excited lepton
masses for various scales of compositeness. These limits are shown in figure 8.

Figure 7: ATLAS observed total invariant mass of the 2 electron + 1 photon system (left) and 2 muon + 1 photon
system (right).

Figure 8: 95% confidence level upper limit on σ.Br as a function of mass in for excited electrons (left) and excited
muons (right).

6

Type III See-Saw

The ATLAS collaboration has searched for evidence of the lightest fermion triplet (N + , N − , N 0 )
postulated to generate neutrino masses by the type-III see-saw mechanism 8 using 5.8 fb−1 of
data 9 . A 4 lepton final state resulting from the process W → N ± N 0 ; N ± → l± Z, N 0 → l0± W ∓ ,
where the W and Z decay leptonically, is searched for. Only the N ± mass is reconstructed, the
lepton from the N 0 is solely used to tag the event to reduce background. The mass spectrum
is shown in figure 9. No significant excess over the SM prediction was observed and limits were
set on the cross-section times branching fraction vs fermion mass. These limits are shown in
figure 10. For the Br(N ± → Zl± ) and Br(N 0 → W ± l∓ ) predicted by the type-III see-saw
mechanism a lower mass bound on the N fermions is set at 245 GeV at 95% confidence level.

Figure 9: The ATLAS observed Z(ll) + l mass spectrum where another lepton unrelated to the other three leptons
is also present in the event.

Figure 10: 95% confidence level upper limit on σ.Br for N ± N 0 production as a function of mass (left) and
Br(N ± → Zl± × Br(N 0 → W ± l∓ ) vs mass exclusion plane (right).

7

Conclusion

The ATLAS and CMS collaborations have searched for several types of new heavy resonances
√
using between 6 fb−1 and 20 fb−1 of proton-proton s = 8 TeV collision data produced by the
LHC. No significant excess has been observed and limits at the 95% confidence level have been
set on a varity of models. Further searches for new heavy resonances are in more complicated
final states are underway and will update over the coming year.
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Recent LHC results, most notably new strong limits from ATLAS and CMS on direct supersymmetry searches, reaching now the
 TeV scale for superpartner masses, the first measurement by LHCb of BR Bs → µ+ µ− consistent with the Standard Model (SM), as well as the
recently discovered Higgs boson with mass close to 126 GeVand with SM-like properties, have
led some to people to claim that constrained supersymmetry (SUSY) has been (nearly) ruled
out, one way or another. In this talk I will map out those ranges of superpartner masses that
remain fully consistent with all experimental data, including the relic abundance of dark matter. I will point out that, while the LHC with increased energy will provide a rather directly
way to explore those ranges, direct detection searches of dark matter (first LUX, and next
one-tonne detectors) will be sensitive to almost
 all ranges of corresponding SUSY parameters.
Improved determination of BR Bs → µ+ µ− will potentially provide additional important
information by having a capability of independently ruling out the A-funnel region in (but
not beyond) the constrained MSSM.

1

Framework and main results

In this talk I will address the current status of constrained SUSY in light of some recent results 1,2 ,
where more details and references to the literature can also be found.
There are two main avenues to investigate effective models based on softly-broken global
supersymmetry (SUSY). One is to confine oneself to the framework where a given model is
defined basically entirely at the electroweak (EW), or ∼ 1 TeV, scale, as is done in the Minimal
Supersymmetric Standard Model (MSSM), or in some extensions thereof, like the Next-to-MSSM
(NMSSM) with an extra Higgs singlet superfield. In this approach one faces a large number of
free parameters, mostly generated by breaking SUSY softly, and strong simplifying assumptions
have to be made to reduce the number to a manageable level.
Another, more motivated and over the last two decades more popular, approach has been
to consider SUSY in the context of grand unification where soft SUSY breaking parameters are
unified. A prime model of this class is the Constrained MSSM (CMSSM) - the most popular
and economical effective SUSY model of phenomenological interest, although somewhat more
relaxed scenarios, like the Constrained NMSSM (CNMSSM), or Non-Universal Higgs Model, are
also often considered.
In the CMSSM, three of its four defining parameters are set at the scale of grand unification.
These are the universal scalar mass m0 , the universal gaugino mass m1/2 , and the universal
trilinear coupling A0 . Additionally, tan β (the ratio of the expectation values of the two Higgs
a
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Figure 1: Left: Marginalized 2D posterior pdf in the (m0 , m1/2 ) plane of the CMSSM constrained only by the
Higgs mass and the LHC SUSY searches. The 68% credible regions are shown in dark blue, and the 95% credible
regions in light blue. The dashed red line shows the CMS combined 95% CL exclusion bound. Right: Marginalized
2-dim. posterior pdf in the (m0 , m1/2 ) plane of the CMSSM for µ > 0, constrained
 by the experiments listed in
Table 2 with current uncertainties for BR Bs → µ+ µ− .

doublets), is defined at the electroweak scale, while the sign of the Higgs/higgsino parameter µ
remains undetermined.
In the CMSSM mass limits from direct SUSY searches by ATLAS and CMS have now
pushed gluino and 1st/2nd generation squark masses far beyond 1 TeV, which corresponds to
m1/2 >
∼850 GeV. Similar conclusions can be expected, and in some cases have been shown to
hold, in less constrained models 3 . Furthermore, it has been argued that, it is hard to reproduce
the mass of the discovered Higgs boson of about 126 GeV, if one restricts oneself to the SUSY
breaking scale MSUSY roughly below 1 TeV. This has been interpreted by some as a death kneel
of the constrained SUSY approach. Such conclusions are not, however, based on experimental
data but rather on theoretical expectations coming from “naturalness”, or “little hierarchy
problem”. Instead I will adopt a pragmatic, data-driven approach, and map out ranges of
SUSY parameters that are consistent with all current data. At present the most important
among them are: the Higgs mass and the relic abundance of neutralino as dark matter (DM).
I will argue that generically the Higgs mass of about 126 GeV favors ranges of MSUSY in
the multi- TeV regime, which have so far been only very mildly constrained by direct SUSY
searches. This is shown in the left panel of Fig. 1 where I show 1- and 2σ (credible) regions of
Bayesian total posterior probability. In the likelihood function two constraints were included:
information about SM-like Higgs with mass 125.8 GeVwas encoded via a Gaussian function
assuming experimental (theory) error of 0.6 (2) GeV, while a lower limit from direct SUSY
searches from CMS was included through an approximate but accurate procedure described in
2 . One can see the favored ranges of m
1/2 and m0 lie in the multi- TeV regime, and are only
very mildly constrained from below by LHC limits on SUSY.
However, as one can see in the right panel of Fig. 1, imposing the relic density of DM select
some specific regions: the τ̃ -coannihilation (SC) region at small m0 and large m1/2 , the A-funnel
(AF) region to the right and above it, which is relatively small at 1σ but much larger at 2σ,
and the focus point (FP)/hyperbolic branch (HB) region at large m0 and m1/2 <
∼ 1 TeV. The
FP/HB region is now disfavored relative to our previous analysis 1 , because it produces slightly
low Higgs mass and appears at only 2σ.
The region that is most prominently visible in the figure along the diagonal of the box
appears as a result of extending the ranges of m0 and m1/2 far beyond those used in 1 ; see
Table 1. In the new region the lightest neutralino is higgsino-like and its mass is set by the
µ-parameter and is close to 1 TeV in order to produce correct relic abundance. In some sense
this region most naturally corresponds to the Higgs mass of about 126 GeV. On the other hand,
it does imply very large m0 and m1/2 in the multi- TeV regime. While it is the dark matter
density that plays the dominant role in selecting the above regions, in our Bayesian analysis and

Table 1: Priors for the parameters of the CMSSM and for the SM nuisance parameters used in our scans. Masses
and A0 are given in GeV.
CMSSM parameter
m0
m1/2
A0
tan β
sgn µ
Nuisance
Mt
S
mb (mb )M
SM
αs (MZ )M S
1/αem (MZ )M S

Description
Universal scalar mass
Universal gaugino mass
Universal trilinear coupling
Ratio of Higgs vevs
Sign of Higgs parameter
Description
Top quark pole mass
Bottom quark mass
Strong coupling
Inverse of electromagnetic coupling

Prior Range
100, 20,000
100, 10,000
-20,000, 20,000
3, 62
+1 or −1
Central value ± std. dev.
173.5 ± 1.0
4.18 ± 0.03
0.1184 ± 0.0007
127.916 ± 0.015

Prior Distribution
Log
Log
Linear
Linear
Fixed
Prior Distribution
Gaussian
Gaussian
Gaussian
Gaussian

numerical scan we have included all relevant constraints; see Table 2 for a complete list. Suffice
it to say that, in addition to dark matter density, at present three recent results from the LHC
play a particularly important role in the analysis: (i) SM-like Higgs with mass 125 GeV; (ii) a
lower limit on the plane (m0 , m1/2 ) placed by a recent CMS analysis, for which we derived an
approximate but very accurate likelihood function (see the right panel of Fig. 1 from Ref. 1 ),
and a comparable one obtained by ATLAS using 0-lepton search; and finally (iii) a new positive
measurement of BR (Bs → µ+ µ− ) by LHCb.
An obvious question arises whether such large ranges of SUSY mass parameters can be
experimentally tested. Clearly, direct searches at the LHC will have only very limited potential
in this respect, since gluino and squark masses will be probed up to about 3 and 2.7 TeV,
respectively. Fortunately, there are two ways through which much larger ranges can be tested.
Firstly, future direct detection searches are expected to reach the sensitivity needed to explore
basically the whole ranges of the spin-independent cross section σpSI of dark matter scattering off
nuclei. This is presented in Fig. 2. In the left panel we show 2-dim. marginalized posterior pdf
in the (mχ ,σpSI ) plane for the CMSSM obtained by imposing the experiments listed in Table 2.
In the left panel the current determination of BR (Bs → µ+ µ− ), including also a substantial
theory error, is used while in the right panel expected future uncertainties are assumed around
the current SM value (which is slightly higher than the current central experimental value
from LHCb). Note that the AF region is now absent as inconsistent with SM-like values of
BR (Bs → µ+ µ− ).
These properties of the CMSSM will allow one to basically fully explore the CMSSM for
µ > 0. In particular, the new generic 1 TeV higgsino region (which also appears in the NUHM ? )
will provide access to multi-TeV regions of MSUSY via direct DM searches. This remains true for
µ < 0 as well, although well-known negative interference can reduce σpSI way beyond expected
experimental sensitivity for lower mχ . Slight improvement over the current limits in σpSI will
also firmly rule out the FP/HB region which already now produces slightly too high σpSI .
Beyond the CMSSM the role of direct detection of DM will remain very strong, including
the CNMSSM 3 and even the MSSM with nine free parameters 4 . On the other hand, the
discriminating role of BR (Bs → µ+ µ− ) is less clear. While in general reducing the uncertainties
in its determination (assuming it remains consistent with the SM) will rule out many otherwise
allowed choices of parameters, it appears that only in the CMSSM this constraint can lead to
removing the AF region from the (m0 ,m1/2 ), or alternatively (mχ ,σpSI ), plane. In more extended
models the AF region overlaps with the other cosmologically favored regions and the impact of
imposing projected BR (Bs → µ+ µ− ) will be less clear-cut.

Table 2: The experimental measurements used to constrain the CMSSM’s parameters. Masses are given in GeV.
Measurement
Combination of:
√
CM S razor 4.4/fb ,√ s = 7 TeV
CM S αT 11.7/fb , s = 8 TeV
mh by CMS
Ωχ h 2
δ (g − 2)SUSY
×1010
µ

BR B → Xs γ ×104
BR (Bu → τ ν)×104
∆MBs
sin2 θeff
MW

9
BR Bs → µ+ µ−
current ×910
+
−
BR Bs → µ µ
× 10
proj

Mean or Range

Error: (Exp., Th.)

Distribution

See text
See text
125.8 GeV
0.1120
28.7
3.43
1.66
17.719 ps−1
0.23116
80.385
3.2

See text
See text
0.6 GeV, 3 GeV
0.0056, 10%
8.0, 1.0
0.22, 0.21
0.33, 0.38
0.043 ps−1 , 2.400 ps−1
0.00012, 0.00015
0.015, 0.015
+1.5 − 1.2, 10% (0.32)

Poisson
Poisson
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian

3.5 (3.2∗ )

0.18 (0.16∗ ), 5% [0.18 (0.16∗ )]

Gaussian

Figure 2: Left: A 2-dim. marginalized posterior pdf in the (mχ , σpSI ) plane for the
 CMSSM constrained by
the experiments listed in Table 2, including current uncertainties in BR Bs → µ+ µ− . The current XENON100
(dash-dot red) and projected LUX (dash purple) and 1-tonne (dash grey) limits are shownbut not imposed.
Right: The same but assuming a projected determination of BR Bs → µ+ µ− .

2

Procedure

In our analysis we simultaneously scan over wide ranges of the four CMSSM parameters and, in
addition, over four SM nuisance parameters, as specified in Table 1. Random scans are done with
our numerical code BayesFITS. The physical constraints that we impose are listed in Table 2.
They are all defined and discussed in our papers 1,3,2,? .
Space limitations do not allow me to enter into a longer discussion of the procedure used and
the whole range of our results. Below I will therefore only briefly summarize the main points and
refer the reader to our papers for a detailed presentation of our analysis and a list of references.
The physical constraints, along with their respective experimental and theoretical errors, if
available, are all incorporated in the analysis via a likelihood function. Positive measurements
(e.g., the relic density Ωχ h2 of neutralino dark matter) are all approximated by a Gaussian
distribution, while experimental limits are smeared out by an error function.
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HEAVY FLAVOUR PRODUCTION AT ATLAS AND CMS
E.V. BOUHOVA-THACKER on behalf of the ATLAS and CMS Collaborations
Department of Physics, Lancaster University,
Lancaster LA1 4YP, England
Recent measurements of open beauty and heavy quarkonium production, made by ATLAS
and CMS at the Large Hadron Collider, are presented and compared to theoretical predictions.

1

Introduction

Large amounts of data have been collected by the experiments at the LHC, allowing detailed
studies of heavy flavour production to be performed and setting new challenges to theory. This
note presents an overview of recent results on open beauty and quarkonium production from
√
the ATLAS and CMS collaborations, obtained using data collected at s = 7 TeV.
2

Open Beauty Production
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ATLAS have measured the B + production cross section 1 using 2.4 f b−1 of 2011 data, extending
the pT reach up to 120 GeV. Figure 1 (left) shows the B + cross section as a function of pT .
Superimposed are the CMS measurement for pT < 30 GeV and the FONLL 2 prediction, both
in good agreement with the ATLAS results.
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Figure 1: differential cross section of B + production as a function of pT measured by the ATLAS1 collaboration
(left), transverse momentum distribution of various B hadrons measured by the CMS collaboration (right)

An updated summary of the CMS measurements of the differential cross sections for beauty
hadrons as a function of the transverse momentum of the hadrons is shown in Figure 1 (right),
indicating steeper pT distributions for heavier B hadrons.
The B hadron production cross section from partially reconstructed final states, D∗ µ, measured by ATLAS 3 is shown in Figure 2 (left) with a comparison to NLO predictions. The shape
of the distribution is reproduced reasonably well, but the cross section is underestimated.
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Figure 2: transverse momentum distributions of: partially reconstructed B hadrons3 (left), and muons from heavy
flavour decays4 (right), measured by the ATLAS collaboration

Similar conclusions can be drawn from the studies of inclusive muons originating from heavy
flavour decays, performed by ATLAS 4 and CMS 5 . While at lower pT both NLO and FONLL
perturbative QCD calculations show reasonable agreement with data, at high pT , up to 100 GeV
reached by ATLAS, FONLL represents the experimental data more accurately (Figure 2, right).
3

Charmonium Production

Non-prompt J/ ψ production fraction

ATLAS and CMS have accumulated huge statistics of J/ψ and ψ(2S) candidates decaying to two
muons, allowing them to perform a multitude of measurements. Both particles can be produced
either from prompt short-lived QCD sources, or from non-prompt, long-lived B hadron decays.
Both cases include direct production as well as feed-down from excited states. The measured
transverse decay length of the di-muon pair is used to separate prompt from non-prompt decays.
1
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Figure 3: non-prompt J/ψ production fraction6 at central rapidities (left) and transverse momentum distributions
for non-prompt J/ψ (center) and ψ(2S) (right) production7

The non-prompt fraction has been measured for J/ψ by ATLAS 6 and CMS 7 and for ψ(2S) by
CMS as a function of pT and rapidity. The results (Figure 3, left), including CDF 8 measurements
at low pT , are in good agreement with each other. The non-prompt fraction of J/ψ starts at
∼ 10% at low pT and central rapidity and slowly increases to a plateau at high pT , with the
height of the plateau decreasing with increasing rapidity 6 .
Figure 3 shows the double differential cross sections for non-prompt J/ψ (center) and ψ(2S)
(right), assuming unpolarised production. It is in agreement, within the uncertainties, with the
FONLL calculations. There is an overall scale discrepancy observed for ψ(2S).
The theoretical models seem to have more difficulty describing prompt charmonium decays.
NLO calculations in Colour Singlet Models underestimate the data by a large factor as illustrated
in Figure 4 (left). Inclusion of NNLO contributions 9 (without feed-down from χc states) improves
things significantly, but the pT dependence is still steeper than in data. The opposite is true for
the Colour Evaporation Model 10 . Neither of these models has free parameters. Colour Octet

Prompt cross-section
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Models, such as NRQCD 11 use data to constrain a multitude of model parameters and as a
consequence can describe the measured distributions reasonably well (Figure 4).

10-3
10-4

ATLAS
s= 7 TeV

10-5

∫ L dt = 2.2 pb

-1

0

10

20

30

40

50

60
70
pJ/ψ [GeV]
T

Figure 4: transverse momentum distributions for prompt J/ψ production measured by the ATLAS6 (left) and
CMS (center) collaborations and prompt ψ(2S) (right) production measured by the CMS7 collaboration

The production dynamics of ψ(2S) are similar to J/ψ but do not include a significant feeddown from excited states. CMS 7 have measured the pT dependence of the cross section ratio
of ψ(2S) to J/ψ. The non-prompt case (Figure 5, left) is described well by FONLL, while the
NRQCD prediction for the prompt ratio (Figure 5, center), although consistent within the large
theoretical uncertainties, seems to deviate at higher pT .

Figure 5: ratio of ψ(2S) to J/ψ production cross sections as a function of pT for non-prompt (left) and prompt
(center) contributions, measured by CMS7 ; prompt X(3872) production cross section (right), measured by CMS12

CMS 12 have studied the production of X(3872) via decays to J/ψπ + π − . The ratio of the
inclusive cross section to the ψ(2S) one as a function of pT and the fraction originating from B
decays show no significant dependence on pT . The prompt X(3872) production cross section as
a function of pT is shown in Figure 5 (right). The NRQCD prediction significantly exceeds the
measured value, while the pT dependence is well described.

Figure 6: ratio of χc2 to χc1 production cross sections as a function of the J/ψ transverse momentum, measured
by the CMS13 collaboration in χc → J/ψγ decays

The ratio of prompt χc2 to χc1 cross sections measured by CMS 13 is shown in Figure 6.
The kT factorisation prediction shape is in good agreement but a factor of 2 higher than the
measurement (Figure 6, left), while NRQCD (with no specific prediction for the χc polarisations)
is in reasonable agreement (Figure 6, right).
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Bottomonium Production
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ATLAS 14 have published results on the pT and rapidity dependence of the production cross
sections of Υ(1S), Υ(2S) and Υ(3S), which are in agreement with the previously published
CMS results 15 but extend the pT range up to 70 GeV (Figure 7). The measured cross section
rates of Υ(2S) and Υ(3S) to Υ(1S) show a non-trivial pT dependence, confirming the existence
of multiple production mechanisms. The production of a new orbitally excited χb state, first
announced by ATLAS 16 , means that all three Υ states are subject to feed-down from χb states.
The comparison with theoretical models leads to conclusions similar to the charmonium case: the
Colour Singlet, Colour Evaporation 10 and Colour Octet Models 11 show reasonable agreement
with data but none can reproduce the full range.
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Figure 7: transverse momentum distributions for Υ(1S) production measured by ATLAS (left) and CMS (center);
ratios of the production cross sections of Υ(2S) to Υ(1S) and Υ(3S) to Υ(1S), measured by ATLAS14 (right)
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MEASUREMENT OF HEAVY-FLAVOR PROPERTIES AT CMS AND ATLAS
R. COVARELLI
Department of Physics and Astronomy, University of Rochester, 14627, Rochester, NY, United States

Thanks to the excellent performances of ATLAS and CMS in triggering on muon signals and
reconstructing these particles down to low transverse momentum, large samples of heavy√
flavored hadrons have been collected in the 2011 LHC run at s = 7 TeV. The analysis of
these samples has enabled both experiments to perform competitive measurements of heavyflavor properties, such as quarkonium polarization, lifetime and CP -violation measurements,
hadron spectroscopy and branching ratios of rare B decays.

ATLAS and CMS capabilities in heavy-flavor physics are almost entirely based on muon
and di-muon triggers, which can collect signals down to low transverse momenta (typical values
for thresholds range between 3 and 6 GeV/c), while maintaining a reasonable background rate
by using high-level selection criteria. Muons are reconstructed offline using techniques which
match information from the inner tracking detectors and the muon chambers, and are combined
to reconstructed charged tracks to form partially and fully reconstructed final states, like for
instance Bs → J/ψφ. All analyses presented are based on the data collected by ATLAS and
CMS in 2011, at a center-of-mass energy of 7 TeV, which amounts to an integrated luminosity
up to 5.0 fb−1 .
1

Quarkonium Polarization

Theoretical predictions on quarkonium polarization at production in hadron colliders are still
controversial. Calculations in Non-Relativistic QCD (NRQCD) schemes, including the coloroctet mechanism, require inputs from experimental data 1 and the effect of feed-down from
heavier charmonium states can be significant 2 . Recent results from the CDF experiment 3 , which
use advanced experimental techniques, including a simultaneous determination of all polarization
parameters in difference reference frames 4 , indicate that Υ mesons are not significantly polarized
at high transverse momentum (pT  mΥ ). NRQCD would predict preponderance of transverse
polarization.
CMS 5 performed a measurement of Υ(1S), Υ(2S) and Υ(3S) polarizations in a pT range
of 10-50 GeV/c and two rapidity bins. The method is based on the construction of posterior
probability distributions which depend on the values of the polarization angles cos θ and φ
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Figure 1: Fitted values of the polarization parameters λθ , λφ , λθφ (rows) in the helicity frame and in the rapidity
bin |y| < 0.6 for the three states Υ(1S), Υ(2S) and Υ(3S) (columns). The notation for uncertainties is explained
in the legend.

of reconstructed dimuons and on the reconstruction efficiencies, computed as a function of
muon kinematic variables. Background is subtracted using fits to the dimuon invariant mass
distributions. Muon efficiencies are extracted from data-driven methods 6 . The result is extracted
in several reference frames and the result is cross-checked using frame-independent polarization
parameters. Results for the three quarkonium states in the helicity frame are shown in Fig. 1:
all of them are compatible with zero within the total uncertainties.
2

Lifetimes and CP violation

B-hadron lifetime values (and lifetime differences in case of oscillating meson systems) represent
important tests of Heavy Quark Effective Theory (HQET) and lattice QCD. Experimentally the
least known among B-hadron lifetimes is τ (Λb ): CDF and D0 results are not in agreement 7 on
its measured value and the PDG average value shows a discrepancy with HQET calculations up
to order 1/m2b , therefore specific corrections must be introduced to improve the consistency 8 .
ATLAS and CMS 9 have measured the Λb lifetime, with ATLAS also reporting a mass
measurement. In both experiments the decay channel J/ψΛ0 → µ+ µ− pπ − has been used to
reconstruct the Λb baryon, profiting from the clean dimuon signature and the displaced decay
vertex of the Λ0 . The mass and lifetime values have been extracted from simultaneous fits
to the J/ψΛ0 invariant mass (using mass constraints of the sub-products) and proper decay
time distributions. Selection biases have been corrected using simulation. ATLAS obtains:
m(Λb ) = 5619.7 ± 0.7stat. ± 1.1syst. MeV/c2 and τ (Λb ) = 1.449 ± 0.036stat. ± 0.017syst. ps, while
CMS measures τ (Λb ) = 1.503 ± 0.052stat. ± 0.031syst. ps. Both results are in better agreement
with CDF than with D0 results, although the compatibility between the ATLAS and D0 values
is within 1.6σ.
Of particular relevance for the indirect search for New Physics (NP) in processes described
by “box” and “loop” diagrams is the measurement of the Bs mixing phase (φs = −2βs ), whose
value in the Standard Model is tightly constrained by precise measurements of quantities related
to the unitarity triangle in the Bd system 10 . Its value, computed in the Standard Model (SM)
hypothesis (only one CP -violating phase) is φs = −0.0364 ± 0.0016 rad. Experimentally the
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Figure 2: Left: Reconstructed J/ψφ invariant mass in CMS with projections of the 5-dimensional fit: colored
lines are explained in the legend. Right: Combination of ATLAS, Tevatron and LHCb results in the ∆Γs -φs
plane.

measurement can be performed using Bs decays to CP eigenstates. In the results presented here,
ATLAS and CMS do not use techniques to identify the flavor of the Bs meson at production
and the sensitivity to φs remains limited. CMS only measured ∆Γs , fixing φs to the SM value,
while ATLAS has determined both.
ATLAS and CMS 11 use the Bs → J/ψφ → µ+ µ− K + K − final state, which is relatively
abundant and clean (Fig. 2 left). Because of the entangled CP -even and -odd contributions in
the vector-vector meson system, the result is obtained from a five-dimensional fit to Bs mass,
proper decay time, and three angular variables related to the distribution in space of the final
decay products. The CMS result is ∆Γs = 0.048 ± 0.024stat. ± 0.003syst. ps−1 , while ATLAS
measures ∆Γs = 0.053±0.021stat. ±0.010syst. ps−1 and φs = 0.22±0.41stat. ±0.10syst. . While both
experiments report values of ∆Γs noticeably smaller than the latest high-precision measurement
by LHCb 12 , this discrepancy is not statistically significant. Fig. 2 right shows the comparison
of ATLAS and LHCb results using two-dimensional likelihood contours 13 .
3

Hadron spectroscopy

Theories which explain the formation of hadrons often predict a very large number of states
with similar quark structure and different quantum numbers. The quark model predicts baryonic
combinations with one or more bottom and charm quarks, many of which have not been observed
yet. Similarly, the spectroscopy of cc̄, bb̄ and cb̄ states has been experimentally confirmed in
many cases. Still states exist (even below the open-charm and -bottom thresholds) which have
never been identified. On the other hand, the existence of a few “unconventional” states, like
the X(3872), which are interpreted as bound states but do not fit in the spectroscopy predicted
by potential models, has been established.
ATLAS and CMS have performed searches for conventional and exotic hadron states. Using
+ −
+
− → π + µ+ µ− π − Λ0 → π + µ+ µ− π − pπ − , CMS has
the decay chain Ξ0∗
b → π Ξb → π J/ψΞ
P
+
0
observed the J = 3/2 partner of the Ξb . The presence of three weakly decaying particles
in the chain, giving rise to detached vertices, has allowed to isolate a clean signal, as shown in
Fig. 3 left. The measured mass is 5945.0 ± 0.7stat. ± 0.3syst. ± 2.7m(Ξ− ) MeV/c2 , in agreement
b

with theoretical predictions 14 . ATLAS reported the first observation of the χb (3P) bottomonium
state (actually the superposition of three states with different total spin) using the decay mode
χb (3P) → Υ(1S, 2S)γ → µ+ µ− γ or → µ+ µ− e+ e− , where the photon conversion occurs inside the
detector material 15 . The signals are shown in Fig. 3 right (for the converted-photon case), and
the measured mass is 10530 ± 5stat. ± 9syst. MeV/c2 . Both observations exceed 6σ significance.
CMS and ATLAS have detected clear signals of Bc± → J/ψπ ± (CMS also reporting evidence
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Figure 3: Left: Invariant mass difference (∆m) between the reconstructed π + Ξ−
b and Ξb systems in CMS. About
2
20 events are peaking at ∆m ' 15 MeV/c , indicating a resonant state. Right: Υ(nS)γ (n = 1, 2) reconstructed
invariant mass in ATLAS, fixing the Υ(nS) masses to their PDG values. The rightmost peaks correspond to the
newly-observed χb (3P) state.
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Figure 4: Invariant mass difference (∆m) between the reconstructed J/ψφ and J/ψ systems in CMS, obtained
with a bin-by-bin background subtraction technique. The distribution is fitted with a phase-space background
and two Breit-Wigner shapes convoluted with resolution functions obtained from simulation.

for Bc± → J/ψπ + π − π ± ) from which cross sections and ratios of branching fractions will be
measured. CMS has also investigated possible resonant structures of the J/ψφ system in the
B ± → J/ψφK ± decay, in order to confirm the CDF observation of a structure at mJ/ψφ ' 4140
MeV/c2 16 . As shown in Fig. 4, two structures are clearly seen in the bin-by-bin subtracted
invariant mass spectrum of the J/ψφ system. Further studies are ongoing in order to understand
the exact nature of these structure.
4

Rare B decays

In ATLAS and CMS searches for Bd,s → µ+ µ− decays have been performed 17 . These decays
are predicted to be rare in the SM and a significant enhancement over the SM branching ratios
(BSM ∼ 10−10 − 10−9 18 ) is possible in most supersymmetric theories 19 . An observation of a
non-SM value of the branching fraction would therefore represent an indirect evidence for NP.
In both experiments, a “normalization” sample of events with B + → J/ψK + decays is used
to remove uncertainties related to the bb̄ production cross section and the integrated luminosity,
and to reduce uncertainties on efficiencies, which are determined from simulation. Selection is
based on several variables, including high pT , vertex displacement and dimuon isolation, which
have been chosen to mitigate the effects of high pileup. A “blind” analysis approach is applied.

In ATLAS the selection variables are included in a Boosted Decision Tree (BDT), while CMS
uses a cut-based selection, and both analyses are optimized for the best upper limit. In CMS,
because of better mass resolution, the signal is separated in Bd and Bs regions.
Event-counting experiments are performed in dimuon mass regions around the Bs and Bd
masses. Monte Carlo simulations are used to estimate backgrounds due to other rare B decays
and combinatorial backgrounds are evaluated from the data in dimuon invariant mass sidebands.
In all cases, the observed number of events is consistent with background plus SM signals. In
CMS the resulting upper limits on the branching fractions are B(Bs → µ+ µ− ) < 7.7 × 10−9 and
B(Bd → µ+ µ− ) < 1.8×10−9 at 95% CL, while ATLAS sets the limit B(Bs → µ+ µ− ) < 2.2×10−8
at 95% CL. It has been predicted 20 by naive luminosity scaling that CMS is expected to observe
√
a SM B(Bs → µ+ µ− ) with more than 3σ significance using the full data set at s = 8 TeV.
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Measurement of γ Angle Using B → DK at LHCb

Wenbin Qian
on behalf of the LHCb Collaboration
Laboratoire d’Annecy-le-Vieux de Physique des Particules
Université de Savoie, CNRS/IN2P3, Annecy-le-Vieux, France

Measurements of the CKM angle γ via tree-level b → u and b → c interference are important
for testing the Standard Model through the CKM unitarity constraint. In these proceedings,
CP violation measurements with B → DK decays using 1 fb−1 of data collected in 2011 by
LHCb are described, where 2-body (π + π − , K + K − , K + π − and K − π + ), 3-body (Ks π + π −
and Ks K + K − ) and 4-body (K + π − π + π − and K − π + π + π − ) D0 decays are considered. A
combined measurement of γ using the above channels is also presented.

1

The LHCb Experiment

The LHCb apparatus 1 is an single-armed forward spectrometer covering the pseudo rapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The tracking
system has a momentum resolution ∆p/p that varies from 0.4% at 5 GeV/c and 0.6% at 100
GeV/c which gives a mass resolution of 10−25 MeV/c2 depending on decay modes. One of the
crucial points for the measurement of γ through B to open charm decays is hadron identification.
Two ring-imaging Cherenkov detectors are used to identify charged hadrons and they offer a
95% kaon identification efficiency with a 5% pion-to-kaon misidentification rate.
The LHCb trigger consists of a hardware trigger based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction. The
hardware trigger reduces the event rates from 40 MHz to 1 MHz which is further reduced to 5
kHz by the software trigger. It offers an efficiency around 20-50% for B decays with hadrons,
depending on final states.
During the past two years of operation, the LHCb experiment collected 1.0 fb−1 of data at 7
TeV in 2011 and around 2 fb−1 at 8 TeV in 2012 with constant instantaneous luminosity during
each bunch fill. The constant luminosity makes physics analysis less affected by pile-up effects.
The results in this paper are obtained with the first 1 fb−1 of data.

2

The CKM Angle γ

∗ /(V V ∗ )], is one of the least well-measured paThe CKM angle γ, defined as γ = arg[−Vud Vub
cd cb
∗ + V V ∗ + V V ∗ = 0.
rameters of the CKM unitarity triangle defined through the relation Vud Vub
cd cb
td tb
A precise measurement of γ from tree-level interference is crucial to overconstrain the unitarity
triangle while the comparison between γ at tree-level and γ at loop-level may shed light on
new physics. As new physics is not expected to affect tree-level processes, γ at tree-level is
theoretically clean and the relative precision δγ/γ predicted by Standard Model is at O(10−6 ).
The γ angle can be accessed by different channels with interference between b → c and b → u
transitions, it is thus important to combine measurements from different modes for better precision. It has been measured by various experiments 2,3 ; the current combined precision is around
10 − 12◦ 4,5
Several methods to measure γ in tree decays using B − → DK − a are established, where D
indicates a D0 or D̄0 in this paper. There are three main methods according to different type
of D decays:

1. : Gronau-London-Wyler (GLW) method 6 : γ is obtained through interference between
B − → D0 K − and B − → D̄0 K − where the D0 or D̄0 decays to 2-body CP eigenstates, i.e.
D → K + K − , D → π + π − etc.
2. : Atwood-Dunietz-Soni (ADS) method 7 : γ is accessed through interference between the
favoured b → c transition combined with the double-Cabbibo-suppressed D0 → K + π −
decay, and the suppressed b → u transition combined with the Cabbibo-favoured D̄0 →
K + π − decay.
3. : Giri-Grossman-Soffer-Zupan (GGSZ) method 8 :γ is obtained through interference between B − → D0 K − and B − → D̄0 K − where the D0 or D̄0 meson decays to self-conjugated
multi-body final states, i.e. D → Ks π + π − , D → Ks K + K − etc.
The decay rate can be generally written as:
K

2
K 2
K
Γ(B ± → D[→ f ]K ± ) = A2c (rD
+ (rB
) + 2rB
rD Re(ei(δB +δD ±γ) )),

(1)

K , δ are strong phase difference for B and D decays with different transition; r is the
where δB
D
B
amplitude ratio between b → u and b → c transitions; rD is the ratio of D decay amplitudes;
K is around 0.1 for B → DK which
Ac is the normalisation factor which can be cancelled out. rB
π
gives better sensitivity on γ than B → Dπ decays (rB ∼ 0.01) 9 . Time-integrated CP violation
using the above three methods with B → DK are measured by LHCb and discussed in the
following section.

γ studies with B → DK at LHCb

3
3.1

Two-body D Decays

The following two-body D decay channels are studied: D → K + K − , D → π + π − , D0 →
K + π − and D0 → K − π + with which a combined GLW and ADS analysis is performed 10 . The
Γ(B − →DCP + K − )+Γ(B + →DCP + K + )
and ACP + =
observables, for the GLW mode, are RCP + = 2 Γ(B − →D
0 K − )+Γ(B + →D̄ 0 K + )
Γ(B − →DCP + K − )−Γ(B + →DCP + K + )
, which depend on γ by RCP + =
Γ(B − →D0 K − )+Γ(B + →D̄0 K + )
K
K
2r sin δ sin γ
and ACP + = B RCPB+
. Similar variables and their relationship
and deduced for the ADS mode 7 .
a

K )2 + 2r K cos δ K cos γ
1 + (rB
B
B
K , δ K , γ can be defined
with rB
B

Charge-conjugation is implied throughout this paper unless otherwise stated.

The above defined variables are calculated using signal yields in B − and B + decays, where
most of efficiency effects cancel out except those from detection asymmetry and production
asymmetry which are obtained from control samples. We obtain the following results:
RCP + = 1.007 ± 0.038 ± 0.012,
ACP + = 0.145 ± 0.032 ± 0.010
for the GLW method, averaged over D → K + K − and D → π + π − , which corresponds to a CP
violation of 4.5σ significance and
RADS (K) = 0.0152 ± 0.0020 ± 0.0004,
AADS (K) = −0.52 ± 0.15 ± 0.02
for the B → DK ADS method, which corresponds to a 4.0σ significance CP violation. The first
uncertainty of the result is statistical and the second one is the systematic uncertainty. Combining the two methods, we have the first observation of direct CP violation at 5.8σ significance
in the 2-body D decays of B → DK.
3.2

Three-body D Decays

A model independent method is applied for the GGSZ mode with D → Ks π + π − and D →
Ks K + K − 11 using inputs from CLEO measurements 12 . The Dalitz plots are divided into
different bins (16 for D → Ks π + π − and 4 for D → Ks K + K − ) according to the distributions
obtained from Dalitz analysis. It should be noted that the analysis is independent from Dalitz
modelling, any deviation from reality only reduces the sensitivity to γ but does not introduce
bias. The number of events in each bin is given by
+
2
= hB + [K∓i + (x2+ + y+
)K∓i + 2 Ki K−i (x+ c±i ∓ y+ s±i )],
N±i

p

(2)

−
N±i

p

(3)

= hB − [K±i +

(x2−

+

2
y−
)K∓i

+ 2 Ki K−i (x− c±i ± y− s±i )],

where hB ± is the normalisation factor for B ± , Ki represent the Dalitz distribution in flavourK ±γ)
K ei(δB
tagged D decays; ci and si are inputs from CLEO measurements. x± = Re[rB
] and
K
i(δB ±γ)
K
y± = Im[rB e
] are the quantities to be measured. In total, we have around 660 signals in
+
−
the Ks π π mode and 100 signals in the Ks K + K − mode. The best fitted value for x± and y±
are:
x− = (0.0 ± 4.3 ± 1.5 ± 0.6) × 10−2 ,
y− = (2.7 ± 5.2 ± 0.8 ± 2.3) × 10−2 ,
x+ = (−10.3 ± 4.5 ± 1.8 ± 1.4) × 10−2 ,
y+ = (−0.9 ± 3.7 ± 0.8 ± 3.0) × 10−2 ,
where the first error is the statistical uncertainty, the second one is the systematic uncertainty
and the third one is the uncertainty from CLEO inputs. Using the above value, we can extra γ
◦
from the GGSZ mode only, which give a value of (44+43
−38 ) .
3.3

Four-body D Decays

There are also measurements using 4-body decays D0 → K − π + π − π + and D0 → K + π − π + π − 13 .
An analysis similar to 2-body ADS analysis is performed. There are around 40 signals observed
for the ADS B → DK mode which corresponds to 5.7σ observation and around 160 signals for
the ADS B → Dπ mode which corresponds to more than 10σ observation. The measured value
K3π (K) and AK3π (K) are 0.0124 ± 0.0027 and −0.42 ± 0.22 respectively. This is then used
for RADS
ADS
K which yields r K = 0.097 ± 0.011.
to give constraint on rB
B
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Figure 1: 1 - CL curves for γ (left), δB (centre) and rB
(right) from the combination of the measurements using
B → DK decays.

3.4

γ Combination

Using the above measurements, the recent evidence for a difference in the CP asymmetries in
−2 14 and the CLEO inputs 15 , a
D → K + K − and D → π + π − , ∆adir
CP = (−0.656 ± 0.154) × 10
16
combination is made to extra γ . A frequentist technique is used with D mixing effect ignored
K are shown in Fig. 1. The most
at this level. The confidence level (CL) curves of γ, δB and rB
◦
probable value of γ is 71.1 with 68% CL interval [55.4, 87.7] and 95% CL interval [41.4, 101.3]◦ .
K and δ K are 0.092 ± 0.008 and (112.0+12.6 )◦ . The results are in agreement
The fitted value for rB
−15.5
B
with the combined results measured by Babar 2 and Belle 3 with similar precision.
4

Conclusion

In this paper, the results of B → DK measurement at the LHCb experiment using 1 fb−1 of
data are described. A combination is made which gives γ = 71.1◦ with an uncertainty around
16◦ ; it is in agreement with the combined results published by other experiments.
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Indirect CP violation in the Bs0 system at LHCb
Wouter Hulsbergen,
on behalf of the LHCb collaboration
Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands
Meson-anti-meson mixing in the Bs0 system is considered a sensitive prove of physics beyond
the standard model. In this talk I summarize recent LHCb measurements of the mixing
frequency, time-dependent CP violation, the Bs0 lifetime and decay width difference and the
flavour-specific asymmetry.

1

Introduction

Neutral mesons exhibit an intriguing phenomenon called flavour mixing: Because the weak
interaction eigenstates are not the same as the eigenstates of the total hamiltonian, the flavour
content of neutral mesons changes as a function of time. This process leads to CP violating
effects that allow for stringent tests of the SM. Measurements of mixing phenomena in the
Bs0 system are particularly interesting, because, thanks to the fact that mB  ΛQCD , SM
calculations have small uncertainty. Furthermore, new contributions to b → s transitions are so
far relatively poorly constrained.
Pedagogical introductions to neutral meson mixing can be found elsewhere, e.g. in 1 . Here,
we just introduce the notation. Consider the wave function B 0 (t) for a neutral meson that is
0
the superposition of flavour eigenstates B 0 and B . The time-evolution of its projections into
flavour eigenstates is given by a Schrödinger equation (we adopt units such that h̄ = c = 1)
!
!


hB 0 |B 0 (t)i
hB 0 |B 0 (t)i
d
i
i
= M− Γ
.
(1)
0
0
dt
2
hB |B 0 (t)i
hB |B 0 (t)i
where M and Γ are 2x2 hermitian matrices. CP T invariance and the fact that the phases of
0
the B 0 and B states can be chosen freely, make that the system can be described in terms
of five physical real parameters, namely M11 = M22 , Γ11 = Γ22 , |M12 , |Γ12 | and the phase
φ12 = arg(−M12 /Γ12 ). Usually, these are rewritten in terms of the eigenvalues of the two mass
eigenstates, labeled by L for light and H for heavy. In particular, the experimental observables
are the average mass and decay width
m≡

1
2

Γ≡

(mH + mL ) = M11

1
2

(ΓH + ΓL ) = Γ11 ,

(2)

the mass difference and decay width difference
∆m ≡ mH − mL ' 2|M12 |

∆Γ ≡ ΓL − ΓH ' 2|Γ12 | cos φ12

(3)

and the so-called flavour-specific or semi-leptonic asymmetry, which is a dimensionless quantity
that signal CP violation in the mixing amplitudes and is approximately given by
afs '

|Γ12 |
sin φ12 .
|M12 |

(4)
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In the SM the Bs0 meson mixing amplitudes are dominated by the 2nd order weak interaction
diagrams shown in Fig. 1 (left). Recent calculations 2 give ∆Γs = 0.087 ± 0.021 ps−1 , ∆ms =
17.3 ± 2.6 ps−1 , φs12 = 0.004 ± 0.001 and asfs = (1.9 ± 0.3) · 10−5 . In the following I present LHCb 3
measurements of these parameters using the 2011 dataset, which comprises about 1.0 fb−1 of
proton-proton collisions at 7 TeV.
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The Bs0 oscillation frequency ∆ms is
to K + K − π − , K − π + π − or π − π + π − .

called same-side flavour tagging (SST). Both these approaches are exploited in LHCb .
Depending on the flavour tags at production and at decay candidate events are labeled
as ‘mixed’ (different flavour) or ‘unmixed’ (equal flavour). Ignoring experimental effects, the
differential decay rates for mixed (plus sign) or unmixed (minus sign)8 events are given by



i
dN±
e−Γs t h
∝
cosh 12 ∆Γs t ± cos ∆ms t .
dt
2

(5)

Figure 1 (right) shows the decay time distributions for mixed and unmixed Bs0 → Ds+ π − decays
observed in 1.0 fb−1 of LHCb data. From a fit to these data the mixing frequency is found to
be 4
∆ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) [ps−1 ]

(6)

which dominates the current world average. The systematic uncertainty is dominated by uncertainties in the length scale and momentum scale.
The distributions in Fig. 1 do not exactly follow the shape predicted by Eq. 5: The drop in
efficiency at small lifetime is due to selection requirements aimed at reducing the large prompt
background. The fact that the amplitude of the oscillation is not equal to unity is because of
imperfections in the flavour tagging and the finite decay time resolution. Though less important
for the ∆ms measurement, calibration of these effects is crucial for the measurement of timedependent CP violation.

3

Measurements of time-dependent CP violation

Decays to CP eigenstates like Bs0 → J/ψφ and Bs0 → J/ψf 0 can be used to constrain the CP
violating phase φ12 . The decay rate for decays with an initial flavour tag as Bs0 (plus sign) or
0
Bs (minus sign) is given by
dN±
∝ e−Γs t
dt


cosh





1
2 ∆Γs t

− ηf cos φf sinh





1
2 ∆Γs t


∓ ηf sin φf sin ∆ms t


(7)
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where ηf is the CP eigenvalue of the final state and the phase φf can be expressed in the phase
of M12 and phases of elements of the CKM matrix. In the SM φf = φcc̄s
s = −0.036 ± 0.002 both
for Bs0 → J/ψφ and for Bs0 → J/ψf 0 2 . New contributions to the mixing diagram will alter M12
and thereby the phases φ12,s and φscc̄s .
The J/ψf 0 (980) final state is CP -odd (ηf = −1). A recent Dalitz analysis has shown that
this holds to a good extend for the entire J/ψπ + π − final state 7 . The phenomenology of the
Bs0 → J/ψφ(1020) → µ+ µ− K + K − decay is more complicated. In the K + K − invariant mass
range near to φ(1020 resonance the K + K − pair is predominantly in a P-wave state, but a
small contribution from an S-wave exists 8 . Final states with different angular momenta lead to
different values for ηf . In order to extract φcc̄s
these contributions are disentangled using the
s
observed decay angles, requiring a so-called ‘time-dependent angular analysis’ of the data.
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Figure 2: Background subtracted decay-time and helicity-angle distributions for Bs0 → J/ψK + K − decays in
1.0 fb−1 of LHCb data9 . The solid blue line represents the fitted function, composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

Bs0
Bs0

Figure 2 shows distributions of the decay time and decay angles of background-subtracted
→ J/ψK + K − decays, with the fitted function superimposed. From a combination with the
9
→ J/ψf 0 data, the following values for φcc̄s
s and the lifetime parameters are extracted ,
φscc̄s
Γs
∆Γs

= 0.01

± 0.07

(stat) ± 0.01

(syst) rad,

= 0.661 ± 0.004 (stat) ± 0.006 (syst) ps−1 ,

= 0.106 ± 0.011 (stat) ± 0.007 (syst) ps−1 ,

(8)

These results are in good agreement with the SM prediction. The measurement of φcc̄s
s dominates
the current world average. Those for Γs and ∆Γs are the most precise from a single experiment.
Systematic uncertainties are dominated by uncertainties of the decay angle and decay time
acceptance.
The decay Bs0 → φφ also gives access to a CP violating phase, but in this case the transition
proceeds predominantly through a b → ss̄s penguin amplitude. In the SM, the phase φss̄s
is
s
0
ss̄s
0
expected to be close to zero, |φs | < 0.02, due to a cancellation of the phases arising from Bs Bs
oscillations and decay. A first analysis of approximately 1200 candidates in 1.0 fb−1 of LHCb
10
data restricts the phase to the interval φss̄s
s ∈ [−2.46, −0.76] at 68% C.L. . The p-value of the
SM prediction is 16%.
4

Measurement of the flavour-specific asymmetry

CP violation in mixing is characterized by a non-zero value of φ12 , or, equivalently, the flavourspecific asymmetry afs . LHCb has measured asfs in decays of Bs0 → Ds+ µ− ν̄µ X 11 . The asymmetry
in the yields of Ds− µ+ and Ds+ µ− events is related to asfs by
 s
 R∞
−Γs t cos(∆m t)
asfs
afs
N (Ds− µ+ ) − N (Ds+ µ− )
s
0 dt e
R
=
+
−
a
(9)
prod
∞
−Γs t cosh( 1 ∆Γ t)
2
2
N (Ds− µ+ ) + N (Ds+ µ− )
dt
e
s
2
0
where aprod is the production asymmetry. The latter is expected to of the order of 1% at the
LHC but with large uncertainty. However, thanks to the large oscillation frequency, the integral
on the right-hand-side is small. From the observed asymmetry a preliminary value of
asfs = (−0.24 ± 0.54 ± 0.33)% (prel.)

(10)

is extracted 11 , in good agreement with the SM expectation and the most precise measurement
of afs in Bs0 decays to date. The dominating systematic uncertainty stems from uncertainties in
the relative efficiency of positively and negatively charged particles and is controlled by regularly
reversing the direction of the magnetic field of the spectrometer.
5

Concluding remarks

I have presented recent LHCb results constraining contributions of beyond the standard model
0
physics in Bs0 Bs oscillations. All measurements are in good agreement with SM expectations.
The analysis of the 2012 dataset, which is approximately twice as large as the 2011 dataset
presented here, is in full swing.
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Searches for New Physics in Bottom Hadron Decays at the Tevatron
S. Leo, on behalf of CDF and D0 collaborations
University and INFN Pisa,
Polo Fibonacci Largo B. Pontecorvo 3,
Pisa 56217, Italy
Measurements of flavor changing neutral current processes play a key role in the search for
new physics beyond the Standard Model. New physics could also impact the decay amplitudes
of hadronic two-body charmless decays of neutral B hadrons with new particles entering in
penguin diagrams. We present recent analysis results from the CDF and D0 collaborations,
including observation of Λb and Bs0 b → sµ+ µ− transitions, an updated search for Bs0 → µ+ µ−
decays, and relevant measurements of CP -violation in Bs0 mixing and B hadron decays using
the full (≈ 10 fb−1 ) data sample available at the Tevatron.

1

Introduction

The standard model (SM) has a highly distinctive flavour structure, with no tree-level flavor
changing neutral currents (FCNC), and quark mixing described by the Cabibbo-KobayashiMaskawa (CKM) matrix 1,2 involving only a single source of CP violation. The Tevatron pp̄
√
collider, which exploited collisions at s = 1.96 TeV, was a suitable environment to test the
SM, potentially revealing new physics effects in the flavor sector. At the Tevatron, b quarks are
pair-produced with large cross section 3 and generate all sorts of b hadrons. This provided access
to SM-suppressed processes such as FCNC transitions and CP violation in B hadron decays.
In this paper we focus on recent studies of b → sµ+ µ− transitions, Bs0 → µ+ µ− decays, and
CP -violation in Bs0 mixing and B hadron decays performed by the CDF and D0 collaborations.
2

Rare Decays

In the SM framework, b → sµ+ µ− transitions are dominated by FCNC processes mediated by
electroweak-box and penguin-type diagrams. Many relevant new-physics processes could enhance the decay amplitude and might be observed from the interference with the SM amplitude.
CDF measures various observables expected to be sensitive to possible new interactions, namely
branching ratios, polarizations, forward-backward asymmetries, and the isospin asymmetry, between neutral and charged B mesons. CDF selects two oppositely-charged muon candidates
with a momentum transverse to the beamline, pT , greater than 1.5 or 2.0 GeV/c, depending
on the trigger selection. The Hb → hµ+ µ− events are reconstructed as signal candidates and
Hb → J/ψh events as normalization channels, where Hb represents B 0 , B + , Bs0 , or Λ0b hadrons
and h stands for K + , K ?0(+) , KS0 , φ or Λ hadrons. For the K ?0 , K ?+ , φ, and Λ hadrons,
CDF reconstructs K + π − , KS0 π + , K + K − and p+ π − final states, respectively. The KS0 meson is
reconstructed in the π + π − decay mode. To enhance separation of signal from background CDF
employs an artificial neural network (NN) technique. The signal yield is obtained by an unbinned
maximum log-likelihood fit of the Hb invariant mass distribution. With 9.6 fb−1 of data 4 , CDF
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Figure 1: Left: Isospin asymetry of B → Kµ+ µ− and B → K ? µ+ µ− . Only the statistical uncertainty is shown.
Hatched regions are charmonium veto regions. Right: D0 Dimuon invariant mass distribution after un-blinding.

obtains 323 ± 24 (B + → K + µ+ µ− ), 228 ± 20 (B 0 → K ?0 µ+ µ− ), 32 ± 8 (B 0 → KS0 µ+ µ− ),
24 ± 6 (B + → K ?+ µ+ µ− ), 62 ± 9 (Bs0 → φµ+ µ− ) and 51 ± 8 (Λ0b → Λµ+ µ− ) signal events,
with 15.6σ, 16.8σ, 4.6σ, 4.2σ, 8.9σ and 7.6σ statistical significances, respectively. This is the
first observation of the Λ0b → Λµ+ µ− mode. Obtained yields are consistent with world average values and theoretical expectations. CDF also measures a number of observables more
sensitive to NP. We report here only the results of isospin asymmetry (see Fig. 1) between neutral and charged B mesons, AI (B → Kµ+ µ− ) = [−0.11 ± 0.13(stat) ± 0.05(syst)] × 10−6 and
AI (B → K ? µ+ µ− ) = [0.16 ± 0.14(stat) ± 0.06(syst)] × 10−6 which are consistent with the SM
prediction, see ref. 4 for more details.
The Bs0 → µ+ µ− decays are also dominated by FCNC processes, with rates further suppressed by the helicity factor, (mµ /mB )2 . The SM expectation for the branching fraction is
B(Bs0 → µ+ µ− ) = (3.42 ± 0.54) × 10−9 5 . As many new physics models can enhance the B significantly, these decays are among the most sensitive probes for NP. D0 selects two high-quality
muon candidates with opposite-charge and a dimuon mass range of 4.0 < mµ+ µ− < 7.0 GeV/c2 .
Muon candidates are required to have pT > 1.5 GeV/c, pseudorapidity |η| < 2 and to form a
good three-dimensional vertex well separated from the primary pp̄ interaction. These loose criteria maintain high signal efficiency, with further discrimination provided by Boosted Decision
Tree, BDT. The event selection is checked with control samples of B ± → J/ψK ± decays. This
analysis is performed with the relevant dimuon mass region (4.9 and 5.8 GeV/c2 ) blinded until
all analysis procedures were final (see Fig. 1). D0 expects a SM signal of 1.23 ± 0.13 events and a
background of 4.0±1.5 events. After unblinding D0 observes 3 events, compatible with the background, and an upper limit on the branching fraction is set to B(Bs0 → µ+ µ− ) < 1.5 × 10−8 at
the 95% C.L. 6 These results along with final CDF results 7 , are the final Tevatron measurements
on the search for Bs0 → µ+ µ− decays.
3

CP violation in charmless decays

Non-leptonic two-body charmless decays of neutral B mesons (B → hh0 , where h is a charged
pion or kaon) allow measurements and constraints on the parameters of the CKM matrix,
providing also sensitivity to NP. Asymmetries up to about 10% are predicted for Λ0b → pK − and
Λ0b → pπ − decays in the SM 8,9 , and are accessible with the current CDF data set, corresponding
to an integrated luminosity of 9.3 fb−1 . CDF selects pairs of oppositely-charged particles with
pT > 2 GeV/c and pT (1)+pT (2) > 5.5 GeV/c, that form B candidates. The trigger requires also
a transverse opening angle 20◦ < ∆φ < 135◦ between the two tracks for background rejection.
In addition, both charged particles are required to originate from a displaced vertex with a

large impact parameter (0.1 < d0 (1, 2) < 1 mm), while the b-hadron candidate is required to
be produced in the primary p̄p interaction (d0 < 140 µm) and to have travelled a transverse
distance LT > 200 µm. A maximum likelihood fit, including kinematic and PID information,
is performed to disentangle the different compontents of the resulting mass peak (Fig. 2, left).
Signal yields are calculated from the fractions returned by the fit. To determine the physical
asymmetries these yields are corrected for detector-induced charge asymmetries extracted from
control samples in data. The result ACP (B 0 → K + π − ) = −0.083 ± 0.013 ± 0.003, is consistent
with current results from asymmetric e+ e− colliders 10 and LHCb 11 . The result ACP (Bs0 →
K − π + ) = 0.22 ± 0.07 ± 0.02 confirms the LHCb observation 11 . The observed asymmetries
in Λ0b → pK − decays, ACP (Λ0b → pπ − ) = 0.07 ± 0.07 ± 0.03, and in Λ0b → pπ − decays,
ACP (Λ0b → pK − ) = −0.09 ± 0.08 ± 0.04, are consistent with zero. The limited experimental
precision does not allow a conclusive discrimination between the standard model prediction (8%)
and much-suppressed values (0.3%) expected in R-parity violating supersymmetric scenarios.

4

CPV Bs0 mixing

The study of neutral B meson oscillations, which are mediated by the box-diagram weak interaction, can provide a sensitive probe for CP violation processes. An observation of anomalously
large CP violation in Bs0 oscillations can indicate the existence of physics beyond the standard
model.12 . Measurements of the like-sign dimuon asymmetry by the D0 Collaboration 13 show
evidence of large CP-violating effects using data corresponding to ≈9 fb−1 of integrated luminosity. Assuming that this asymmetry originates from mixing of neutral B mesons, the measured
s(d)
value is Absl = Cd adsl + Cs assl = [−0.787 ± 0.172(stat) ± 0.021(syst)]% where asl is the timeintegrated flavor-specic semileptonic charge asymmetry in Bs0 (Bd0 ) decays that have undergone
flavor mixing and Cs (Cd ) is the fraction of Bs0 (Bd0 ) events. The SM predicts a tiny value of
assl = (1.9 ± 0.3) × 10−5 12 , which is negligible compared with current experimental precision.
However the value extracted from the Absl measurement is found to be assl = (−1.81 ± 1.06)%
13 . D0 performs also an independent measurement of as using the decay B 0 → D − µ+ X where
s
s
sl
Ds− → φπ − and φ → K + K − . The flavor of the Bs0 meson at the time of decay is identified using
the charge of the associated muon, and no use of initial-state tagging is made. The fraction
of mixed events integrated over time is extracted using simulations. D0 assumes that any CP
violation only occurs in mixing. The analysis strategy is to extract assl by counting the number
of reconstructed Bs0 → µ+ Ds− X decays, corrected for detector-related asymmetries and by the
fraction of reconstructed Ds− → φπ − decays (F osc ) that originate from the decay of a Bs0 meson
after oscillation in its antiparticle, assl = (A − Adet )/F osc . The data are collected with a suite
of single and dimuon triggers. The selection and reconstruction of µ+ Ds− X decays requires
tracks and muons with standard good quality requirements. In addition, muons are required to
match tracks reconstructed in the central tracking system, with momentum p > 3 GeV/c and
2 < pT < 25 GeV/c. The φ(→ K + K − ) meson, coming form the Ds− → φπ − decay is reconstructed if two tracks with pT > 0.7 GeV/c, opposite charge, and a mass M (KK) < 1.07 GeV/c2
are reconstructed in the kaon hypothesis. D0 than requires a third track with 0.5 < pT < 25
GeV/c to be consistent with a charged pion and to have opposite charge to the muon’s one. The
three tracks are combined to create a common Ds− decay vertex14 . D0 requires this vertex to be
displaced in the transverse plane from the pp̄ interaction vertex, with a significance (LT /σLT )
of at least 4 standard deviations. Kinematic requirements assure that the trajectories of the
muon and Ds− candidates originate from a common vertex (assumed to be the Bs0 decay vertex).
D0 requires an effective mass consistent with Bs0 semileptonic decays, 2.6 < M (µ+ Ds− ) < 5.4
GeV/c2 . A LT /σLT > 4σ requirement on the Bs0 decay vertex is also imposed. A likelihood
ratio combining several discriminating variables, improves the significance of the Bs0 selection.
The number of events is extracted by fitting the M (KKπ) data distribution to an appropriate
model using a χ2 fit. The resulting time-integrated flavor-specific semileptonic charge asym-
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Figure 2: Left: Mass distribution of reconstructed B → hh0 candidates. The charged pion mass is assigned to both
s(d)
tracks. The total fit projection is overlaid on the data distribution. Right: Combination of asl measurements.
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metry is found to be assl = [−1.12 ± 0.74(stat) ± 0.17(syst)]%, superseding the previous D0
measurement13 , and in agreement with the SM prediction. A combination with measurements
of adsl from B factories and di-muon asymmetries from D0 13 is shown in Fig. 2(right). The results are assl = (−1.42 ± 0.57)% and adsl = (−0.21 ± 0.32)% with a correlation of −0.53, which is
a significant improvement on the previous measurement precision13 . These results have a probability of agreement with the SM of 0.28 × 10−2 , which corresponds to a 3.0 standard deviations
discrepancy. Up to date, this discrepancy is not confirmed by measurement of mixing-induced
CP violation in Bs0 → J/ψφ decays as preformed by the CDF, D0 and LHCb collaborations 15 .
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MEASUREMENTS OF DIRECT CP VIOLATION IN CHARM DECAYS AT
LHCb
Sascha Stahl
Physikalisches Institut Heidelberg, Heidelberg University, Germany
Two searches for direct CP violation in D0 → h− h+ (where h = K or π) are presented
using data corresponding to an integrated luminosity of 1.0 fb−1 collected in 2011 by LHCb
in pp collisions at a centre-of-mass energy of 7 TeV. One analysis uses D0 mesons produced
via a D∗ resonance and the other analysis uses D0 mesons originating from semileptonic bdecays. In the first case the flavour is tagged by the charge of the accompanying pion and
in the latter by the muon charge. The difference of the CP -violating asymmetries (∆ACP =
ACP (K − K + ) − ACP (π − π + )) in the two decay channels is measured to be
∆ACP (muon tagged) = (0.49 ± 0.30 (stat) ± 0.14 (syst))% ,
∆ACP (pion tagged) = (−0.35 ± 0.15 (stat) ± 0.10 (syst))% ,
∆ACP (LHCb) = (−0.15 ± 0.16)% .
These results do not confirm evidence for CP violation in the charm sector.

1

Introduction

CP violation has been well established in the decays of K and B mesons. However, CP violation
in the decays of D mesons has not yet been discovered. It is generally expected to be well below
the 1% level in the Standard model 1,2 . The results of measurements of direct CP violation
in the decays D0 → K − K + and D0 → π − π + reported by LHCb, CDF and Belle in 2011 and
2012 showed an evidence for CP violation (reference). The world average for direct CP violation
4
quoted by the Heavy Flavor Averaging Group (HFAG) was ∆adir
CP = (−0.678 ± 0.147)% .
This generated discussion in the theory community if the size of the reported asymmetry can be
accomodated within the Standard Model or if it is a sign of physics beyond the Standard Model 3 .
Here, two measurements performed by the LHCb experiment using data corresponding to an
integrated luminosity of 1.0 fb−1 collected in 2011 in pp collisions at a centre-of-mass energy of
7 TeV are presented. The measurement in promptly produced charm is a preliminary update
of the previous result based on 0.6 fb−1 5 . The measurement using semileptonic b decays to tag
the D flavour is a new and independent measurement to be published in Physics Letter B 6 .
These two measurements have a sensitivity of the same order but complementary systematical
uncertainties.
2

Method

In both analyses the raw asymmetry is defined as
Araw =

N (D0 → f ) − N (D0 → f )
,
N (D0 → f ) + N (D0 → f )

(1)

where N denotes the observed yield. The initial flavour of the D0 is determined by the accompanying particle.
In the prompt analysis the decay D∗± → D0 π ± is reconstructed. Thus a D0 meson is tagged
by a π + and a D0 meson by a π − . In the semileptonic analysis the charge of the muon from
the decay B → D0 µX is used to tag the flavour of the D0 meson. The X denotes all particles
in the decay which are not reconstructed. The measured raw asymmetry Araw can be expressed
to first order in terms of the production asymmetry, AP , the detection asymmetry, AD , and the
CP asymmetry ACP as
Araw ≈ ACP + AD + AP .
(2)
The detection asymmetry arises from the tagging particle, either a pion or a muon and the
production asymmetry, either that of the D or of the the B, is given by the production mode of
the D0 meson. Thus both differ between the two analyses. The production and the detection
asymmetry are independent of the reconstructed D final state. Taking the difference of Araw
measured in D0 → K − K + and Araw measured in D0 → π − π + gives a measurement of the
difference in CP asymmetries between the two final states
∆ACP = Araw (K − K + ) − Araw (π − π + ) ≈ ACP (K − K + ) − ACP (π − π + ) .

(3)

Both production and detection asymmetries depend on the kinematics of the decay. Therfore in
both analyses a weighting of D0 → K − K + relative to D0 → π − π + decays is applied such that
they both cover the same kinematical phase space.
3

Determination of the asymmetries
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In the pion-tagged analysis the asymmetries in the D0 → K − K + and D0 → π − π + decays are
determined by a chi-square fit to the binned δm ≡ m(h+ h− π + )−m(h+ h− )−m(π + ) distributions.
The data set is further divided by magnet polarity and hardware trigger category. The hardware
trigger distinguishes whether the D∗+ candidate was used in the calorimeter trigger decision
(TOS = Trigger On Signal) or if the event was triggered by something else (TIS = Triggered
Independently of Signal). Both categories are disjoint. Two example distributions are shown in
Fig. 1. The total number of signal candidates used in the pion-tagged analysis determined from
the fit is 2.24 × 106 for D0 → K − K + decays and 0.69 × 106 for D0 → π − π + decays. The results
of the individual asymmetry fits and the final ∆ACP result are given in Table 1. The systematic
uncertainty of this ∆ACP measurement is determined to be 0.10%. The dominating systematic
uncertainty is coming from selection cuts on the tagging pion.
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Figure 1: The δm distribution is shown for magnet up TOS (left) D0 → K − K + and (right) D0 → π − π +

Table 1: Observed asymmetries with statistical uncertainties only. The data are divided into disjoint samples
according to the D∗± tag, the magnet polarity, and the hardware trigger category. The final result of ∆ACP is
given by the weighted average.

Quantity
∆ACP
∆ACP
∆ACP
∆ACP
∆ACP

3.2

Magnet polarity
Up
Down
Up
Down

Hardware trigger decision
TOS
TOS
TIS
TIS
combined

Observed value [%]
−0.62 ± 0.36
−0.36 ± 0.30
−0.30 ± 0.30
−0.22 ± 0.25
−0.35 ± 0.15
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In the muon-tagged analysis the asymmetries are determined by a binned maximum-likelihood
fit to the D0 mass distribution in the D0 → K − K + and D0 → π − π + decays. The sample is only
divided into magnet polarity as 97% of the events are triggered by the hardware muon trigger.
The events in D0 → K − K + and D0 → π − π + are weighted to match their kinematics. Two
example distributions are shown in Fig. 2. The results of the individual asymmetry fits and
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Figure 2: The D0 mass distribution of the muon-tagged sample is shown for magnet up (left) D0 → K − K + and
(right) D0 → π − π +

∆ACP are given in Table 2. The total number of signal candidates determined from the fit is
(558.9 ± 0.9) × 103 for D0 → K − K + decays and (221.6 ± 0.8) × 103 for D0 → π − π + decays. The
systematic uncertainty of ∆ACP is determined to be 0.14%. The main systematic uncertainty is
coming from low lifetime backgrounds in the D0 → π − π + decays below the D0 → π − π + signal.
Table 2: Observed asymmetries with statistical uncertainties only. The data are divided into disjoint samples
according to the D0 decay mode, the magnet polarity. The final result of ∆ACP is given by the arithmetic mean
of the two magnet polarities.

Araw (K − K + )
Araw (π − π + )
∆ACP

4

Magnet up
−0.39±0.23
−1.25±0.40
0.86±0.46

Magnet down
−0.20±0.19
−0.29±0.34
0.09±0.39

Mean
−0.29±0.15
−0.77±0.26
0.48±0.30

HFAG combination

The Heavy Flavour Averaging Group (HFAG) has included the two previous reported results in
their average of direct and indirect CP violation in charm decays 7 . The value obtained for the
difference in direct CP violation is ∆adir
CP = (−0.329 ± 0.121)% and the value for indirect CP
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Figure 3: The D0 mass distribution is shown for magnet up (left) D0 → K − K + and (right) D0 → π − π +

violation is aind
CP = (−0.010 ± 0.162)%. The combined values together with all inputs is shown
in Fig. 3.
5

Conclusion

The LHCb experiment has measured the size of direct CP violation with data taken in 2011 with
two independent methods. The LHCb average quoted here, assumes that indirect CP violation
is negligible. The CP -violating asymmetries are found to be
∆ACP (muon tagged) = (0.49 ± 0.30 (stat) ± 0.14 (syst))% ,
∆ACP (pion tagged) = (−0.35 ± 0.15 (stat) ± 0.10 (syst))% ,
∆ACP (LHCb) = (−0.15 ± 0.16)% .
These results do not confirm evidence for CP violation in the charm sector. The measurements
ind
have been used in the latest average by HFAG giving ∆adir
CP = (−0.329 ± 0.121)% and aCP =
(−0.010 ± 0.162)%.
References
1. Bianco, S. and Fabbri, F.L. and Benson, D. and Bigi, I., A Cicerone for the physics of
charm, Riv. Nuovo Cim. 26N7, (2003)
2. Grossman, Yuval and Kagan, Alexander L. and Nir, Yosef, New physics and CP violation
in singly Cabibbo suppressed D decays, Phys.Rev. D75, 036008 (2007)
3. LHCb Collaboration, Aaij, R. and others, Implications of LHCb measurements and future
prospects, arXiv hep-ex, 1208.3355 (2012)
4. Heavy Flavor Averaging Group, Y. Amhis et al, Combination of Direct and Indirect CP Violation, www.slac.stanford.edu/xorg/hfag/charm/ICHEP12/DCPV/direct_indirect_
cpv.html
5. LHCb Collaboration, Aaij, R. and others, A search for time-integrated CP violation in
D0 → K − K + and D0 → π − π + decays, LHCb-CONF-2013-003 (2013)
6. R Aaij et al. [LHCb Collaboration], Search for direct CP violation in D0 → h− h+ modes
using semileptonic B decays, arXiv:1303.2614 [hep-ex]. (2013)
7. Heavy Flavor Averaging Group, Y. Amhis et al, Combination of Direct and Indirect CP Violation, www.slac.stanford.edu/xorg/hfag/charm/March13/DCPV/direct_indirect_
cpv.html

CONSTRAINTS ON NEW PHYSICS FROM RARE (SEMI-)LEPTONIC
B DECAYS

David M. Straub
PRISMA Cluster of Excellence & Mainz Institute for Theoretical Physics,
Johannes Gutenberg University, 55099 Mainz, Germany

The measurements of rare leptonic and semi-leptonic B decays performed at the LHC, not
showing any significant deviations from the Standard Model expectations, put strong constraints on new physics. A brief account of the impact of recent measurements is given. As a
concrete example, models with partial compositeness are discussed, where tree-level flavourchanging Z couplings lead to potentially visibile effects in rare B (and K) decays that will be
scrutinized experimentally in the near future.

1

Introduction

The first LHC run has brought strong new constraints on physics beyond the Standard Model
(SM). In the flavour sector, this is particularly true for new physics (NP) in b → s transitions,
due to a first measurement of Bs → µ+ µ− and improved measurements of B → Kµ+ µ− and
B → K ∗ µ+ µ− 1,2,3 , including angular observables. While no significant deviations from the SM
expectations have been found, the combined experimental and theoretical uncertainties still allow
for NP effects of the order of 50% of the SM contribution in many observables. It is therefore
important not only to assess the impact of the improved constraints on NP models, but also to
study in which observables visible deviations from the SM are still possible. After giving a brief,
model-independent account of the impact on the most important classes of NP contributions in
sec. 2, a concrete model will be discussed in sec. 3, identifying the most promising observables
to test it in the future.
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Figure 1: Individual 2σ constraints on the NP contribution to C10 and C10
from B → Xs `+ `− (brown), B →
K ∗ µ+ µ− (green), B → Kµ+ µ− (blue) and Bs → µ+ µ− (gray) as well as combined 1 and 2σ constraints (red).

2

Model-independent considerations

In many concrete NP models (such as the MSSM at low tan β or models with partial compositeness), NP effects in the above-mentioned decays arise mainly through the operatorsa
(0)

O7 =

mb
(s̄σµν PR(L) b)F µν ,
e

(0)
¯ µ γ5 `) ,
O10 = (s̄γµ PL(R) b)(`γ

(1)

in the effective Hamiltonian
4 GF
e2 X
(Ci Oi + Ci0 Oi0 ) + h.c.
Heff = − √ Vtb Vts∗
16π 2
2
i
(0)

In these models, the contributions to the operators O9 are typically small since Z-mediated
effects are accidentally suppressed by the small vector coupling of the Z to charged leptons.
(0)
In the case of the magnetic operators O7 , the impact of recent LHC measurements is mild,
in view of existing constraints from the exclusive and inclusive radiative decays. The main
new information is a reduced allowed size of Im(C7 ), stemming from the measurement of the
branching ratio and FL in B → K ∗ µ+ µ− at low q 2 4,5 .
(0)
The impact on allowed NP contributions to O10 is much stronger. The combination of
0
B → K ∗ µ+ µ− and B → Kµ+ µ− measurements leads to a strong constraint on C10 and C10
0 , the recent measurement of the angular observables S
that is shown in fig. 1. In the case of C10
3
∗
+
−
and A9 in B → K µ µ , which were found to be in agreement with the SM, had a significant
(0)
impact on CP-conserving and CP-violating contributions.b The operators O10 can be generated
by Z penguin diagrams and are particularly large in models where flavour-changing Z couplings
are present at tree-level. This is the case in models with partial compositeness, as will be
discussed in the next section.
In models with an extended Higgs sector, in particular the MSSM at large tan β, also the
(pseudo-)scalar operators can be relevant,
(0)

OS =

mb
¯ ,
(s̄PR(L) b)(``)
mBs

(0)

OP =

mb
¯ 5 `) .
(s̄PR(L) b)(`γ
mBs

(2)

(0)

While the contributions of OS,P to B → K ∗ µ+ µ− turn out to be numerically irrelevant 6 , they
can lead to large enhancements in Bs → µ+ µ− . Indeed, the LHCb measurement leads to a
a

(0)

(0)

NP effects in the chromomagnetic operators O8 also enter by mixing under renormalization with O7 .
Note that the new A9 measurement 3 at low and high q 2 was included in the updated plot prepared for these
proceedings.
b

Figure 2: Correlations between rare B decay observables in three models with partial compositeness: the anarchic
triplet model (yellow), the anarchic bidoublet model (red) and the bidoublet model with U (2)3 left-handed
compositeness (blue). For details see ref. 8.

strong bound on the MSSM with large tan β and a light pseudoscalar Higgs boson even for
Minimal Flavour Violation (see e.g. 7 ).
3

Z penguins and partial compositeness

Apart from supersymmetry, models with a composite Higgs boson (and their dual extra-dimensional theories) arguably constitute the most well-motivated solution to the gauge hierarchy
problem. In these models, to avoid excessive flavour-changing neutral currents (FCNCs), one
generates fermion masses by the mechanism of partial compositeness. One consequence is that
the couplings of quarks to the Z boson generically receive non-universal corrections that are
constrained by electroweak precision tests (EWPT) and lead to tree-level FCNCs. To avoid
the EWPT constraints, discrete symmetries can be imposed that in turn lead to characteristic
patterns of effects in Z-mediated FCNCs.
Recently 8 , a complete numerical study of Z-mediated FCNCs in models with partial compositeness was performed for two different choices of composite fermion representations and for
two choices of the flavour structure of the composite sector: anarchy and a minimally broken
U (2)3 flavour symmetry 9,10 .
It was found that in all the scenarios, several branching ratios of rare K and B decays
can exhibit visible effects at current and planned experiments. Clear-cut correlations between
various observables can be used to distinguish the different models on the basis of the pattern
of observed deviations from the SM expectations.
An example is shown in fig. 2: the NP contributions to Bs → µ+ µ− and B → K ∗ µ+ µ−
(0)
through the operators O10 lead to effects that are comparable to the current experimental
precision. The correlation in the left-hand plot present in the U (2)3 model is due to the flavour
symmetry relating b → d and b → s transitions. The correlation in the centre plot is due
to the fact that only C10 or C100 (corresponding to only left-handed or right-handed flavourchanging Z couplings) contribute in all models. In the right-hand plot, one can see that in
a model with right-handed flavour-changing Z couplings, also non-zero contributions to the
angular observables S3 and A9 can be generated, although in this concrete model they turn out
to be small, such that the recent improved measurement by LHCb (not shown in the plot) does
not have an impact yet.
4

Conclusions

The failure of NP to show up in rare B decays sensitive to the b → s transition has led to strong
constraints on physics beyond the SM. In a large class of NP models, the most significant such

constraints are
• Less room for a CP-violating contribution to the magnetic operator O7 .
(0)

• Less room for NP in scalar and pseudoscalar operators OS,P . This is particularly relevant
for the MSSM, where it effectively sets an upper bound on the combination tan3 β/MA2 .
(0)

• Less room for NP in the semi-leptonic operators O10 , which can be generated for instance
by Z penguin diagrams.
In the latter case, the impact of the recent first LHCb measurement of the angular CP asymmetry
A9 was shown in the right-hand plot of fig. 1.
In sec. 3, a concrete NP framework was discussed where tree-level contributions to the op0 are generated. Future improved measurements, complemented with progress
erators O10 or O10
on the theoretical uncertainties, will allow to probe a significant part of the parameter space of
these models.
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B AND C SPECTROSCOPY AT LHCB
G. MANCA
Department of Physics, Università degli studi di Cagliari,
S.P. per Sestu, Km 0.7, 09042 Monserrato, Cagliari, Italy

We will present recent results in the field of b and c spectroscopy at LHCb, with particular
attention to the latest studies on the X(3872) quantum numbers and the Bc new decay modes
and mass measurement.

1

Introduction

The production of mesons and baryons containing b and c quarks is copious at the LHC. The
studies on the production and spectroscopy of these particles are important inputs to other measurements and bring valuable contributions to the thorough understanding of the mechanisms
of QCD production 1,2 . The LHCb detector 3 has a unique geometry optimised for these studies,
as it accepts 40% of all B hadrons produced in pp interactions. The detector is a single-arm
forward spectrometer 3 dedicated to flavour physics at the LHC. In the years from 2010 to 2012
LHCb has recorded an integrated luminosity of about 3 fb−1 of data at a center-of-mass energy
of 7, 2.76 and 8 TeV with an efficiency of more than 90%. We discuss recent Bc and b-baryons
results in Section 2 and 3, and the X(3872) results in Section 4.
2

Bc physics

The Bc is the only B meson made of two “heavy” quarks and, as such, its properties are in
between the charmonium and bottomonium states. It was first observed by CDF in 1998 4
in the J/ψ`± ν decay mode, and fully reconstructed the J/ψπ ± mode 5 . At LHCb we already
measured the Bc mass and production cross section in the latter channel using 40 pb−1 of data 6 .
(∗)±
In the larger dataset we observed two new decay modes, Bc± → ψ(2S)π ± and Bc± → J/ψDs .
2.1

Bc± → ψ(2S)π ± observation

In 1.1 fb−1 of data we observed 595±29 Bc → J/ψπ ± and 20±5 Bc → ψ(2S)π ± candidate events
(as shown in Fig. 1, left and middle), selected using the Boost Decision Tree (BDT) technique 7

±(∗)

Figure 1: J/ψπ ± (left), ψ(2S)π ± (middle) and Ds π ± (left) invariant mass distributions. The inset in the leftmost
figure is the fit in the region between 6.2 and 6.35 GeV/c2 performed with different binning.

trained on the Bc → J/ψπ ± more abundant channel. The number of signal candidates is
determined by fitting the ψ(2S)π invariant mass distribution with a Crystal Ball function 8 for
the signal and an exponential function for the background. Partially reconstructed events and
combinatorial background are also accounted for. We measured the ratio of Bc± → ψ(2S)π ±
to Bc± → J/ψπ ± branching ratios by correcting for the relative reconstruction efficiencies and
found the value of
Bc± → ψ(2S)π ±
Bc± → J/ψπ ±

= 0.250 ± 0.068(stat) ± 0.014(syst) ± 0.006(B),

(1)

where the third uncertainty is due to the uncertainties on the branching ratios of J/ψ and ψ(2S)
in dimuons 12 . The dominant source of systematic uncertainty is the one associated with the
BDT selection, which amounts to 4.5%. The results are in good agreement with the theoretical
predictions of 0.18 made by the relativistic quark model 9 .

2.2

(∗)±

Bc± → J/ψDs

observation

Using the full dataset of ' 3 fb−1 collected until 2012, we have observed the decays Bc± →
(∗)±
J/ψDs
for the first time 10 . The J/ψ is reconstructed in its dimuon decay, while the Ds± is
reconstructed through its decay into φπ, followed by φ → K ± K ∓ . The decay Bc± → J/ψDs∗
appears in the J/ψDs invariant mass as a satellite structure at smaller mass. The number of
±(∗)
signal events for the two decays is determined by a fit to the Ds π invariant mass distribution,
shown in Fig. 1 (right), using a double Crystal Ball for the Ds signal and the shapes obtained
from the Monte Carlo of the distributions due to the A±± , A00 different amplitudes for the Ds∗ .
Using the Bc± → J/ψπ ± as normalisation channel we can measure the ratio of branching ratios
Bc± → J/ψDs±
Bc± → J/ψπ ±
Bc± → J/ψDs∗±
Bc± → J/ψDs±

= 2.90 ± 0.57(stat) ± 0.24(syst),

(2)

= 2.37 ± 0.56(stat) ± 0.10(syst),

(3)

where the dominant systematic is the one associated with the knowledge of the branching ratio
of Ds± → φ(→ K ± K ∓ )π ± 12 . These results are in good agreement with the simple factorisation
approach but generally disagree with the other models 10 . Given the small Q value associated
with this decay and the precise knowledge of the D meson mass differences 11 it is possible
to obtain a precise measurement of the Bc mass, which is found to be m(Bc± ) = 6276.26 ±
1.44(stat) ± 0.28(syst) MeV/c2 , in excellent agreement with the previous LHCb result 6 and with
the world average 12 .
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Figure 2: Left: Distribution of m(J/ψπ ± π ∓ ) − m(J/ψ) for B ± → J/ψπ ± π ∓ K ± candidates. The results of the
fit around the ψ(2S) and X masses are shown in the inserts. The solid blue, dashed red, and dotted green lines
represent the total, signal, and background component, respectively. Right: Distribution of the test statistic for
the simulated experiments with J P C = 2−+ (black circles) and with J P C = 1++ (red triangles). A Gaussian fit
to the two distributions is overlaid (blue solid line). The value of the test statistic for the data, “tdata ”, is shown
by the solid vertical line.

3

B hadron masses

At LHCb we reconstructed three of the 16 b-baryons predicted ground states, namely the Λ0b , Ξ−
b
0 , J/ψΞ− and J/ψΩ− respectively. Using a minimal set of
and the Ω−
in
their
decays
J/ψΛ
b
selections in 1 fb−1 of data we measured the masses 13 of the above mentioned baryons, finding
the values of
m(Λ0b ) = 5619.53 ± 0.13(stat) ± 0.45(syst)MeV/c2 ,

(4)

m(Ξ0b )
m(Ω0b )

2

(5)

2

(6)

= 5795.8 ± 0.9(stat) ± 0.4(syst)MeV/c ,
= 6046.0 ± 2.2(stat) ± 0.4(syst)MeV/c ,

with the dominant systematic uncertainty coming from the knowledge of the momentum scale.
These results are in agreement with the previous measurements and with the world average 12 .

4

X(3872) quantum numbers

The X(3872) (called X in the rest of the paper) has been the first exotic state to be discovered 14
and by far the most abundant. Its mass just above the DD∗ threshold still intrigues theorists and
experimentalists who wonder about its real nature. After measuring the mass and the production
cross section 15 , we have measured the X quantum numbers 16 , resolving the ambiguity observed
by Belle between 1++ and 2−+ in favour of the former. In 1.1 fb−1 of data we have performed a
five dimensional analysis of 313±26 B + → XK + decays, with X → J/ψπ ± π ∓ and J/ψ → µ± µ∓ .
The selection is optimised on the B ± → ψ(2S)K ± similar channel, and the signal is determined
through a fit to the data using a Crystal Ball function for the signal and a linear function for
the background, as shown in Fig. 2, left. A likelihood ratio test is performed to discriminate
between the two quantum numbers hypotheses, which shows that the 1++ option is favoured
and the 2−+ option is rejected at 8.4σ (see Fig. 2, right).

5

Conclusions

LHCb has a flourishing program in spectroscopy which is getting more and more interesting as
more and more data are collected. Important results have already been achieved especially in
exotic spectroscopy and more are expected in the near future.
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Lattice computation of B → D∗ , D∗∗ `ν form factors
at finite heavy masses
Mariam Atoui ∗ †
Laboratoire de Physique Corpusculaire, Université Blaise Pascal, CNRS/IN2P3
63177 Aubière Cedex, France

We propose a strategy to compute form factors entering the semileptonic decay channel
of B mesons into orbitally excited (P wave) D∗∗ charmed mesons on the lattice using,
for the first time, realistic charm quarks having a finite mass. We present preliminary
results about the extracted transition amplitudes and form factors at different recoils
and at three different b quark masses.
1

Introduction

The phenomenology of b hadrons is very rich, because owing to the large mass of the bottom quark there
are many decay channels. Available semileptonic decays into any hadronic part containing a charm quark
are among the decay modes of B mesons which play a critical role in the analysis of unitarity triangle
and are an essential ingredient to any precise information about the CKM matrix element |Vcb |.
However, there are many puzzling features associated with the semileptonic b → c data which have existed
during the last ten years as, for example, the so called “1/2 versus 3/2 puzzle" [1, 2]. It corresponds to
the persistent conflict between theoretical predictions and experimental measurements of semileptonic
branching ratios of B̄ → D∗∗ `ν:
∗∗
∗∗
Γ(B̄d → D1/2
`ν)  Γ(B̄d → D3/2
`ν)
broad
narrow

[Theory]

∗∗
∗∗
Γ(B̄d → D1/2
`ν)  Γ(B̄d → D3/2
`ν)
broad
narrow

[Experimental data]

where D∗∗ are the first orbital excitations of D mesons having a positive parity. In the quark model
picture, if we consider P wave states we see that four orbital excitations of heavy mesons should exist.
In the case where the heavy quark is the charm quark c, we obtain the D∗∗ represented in table 1: So,
the comparison between experimental and theoretical results presents some hardships and this challenges
our understanding of QCD and is of high relevance for an accurate estimate of Vcb .
However, in many theoretical approaches (HQET, heavy quark expansion, quark model, Lattice QCD
with quenched approximation, etc...), branching ratios corresponding to the B̄ → D∗∗ `ν decay were
calculated using the infinite mass limit. That is the reason why, in order to address the aforementioned
questions, we propose to determine the form factors and then the branching ratios using “real" charmed
quarks having a finite mass.
∗ email

adress: matoui@in2p3.fr
Liban scholarship

† CNRS

doublet
j P = 1/2+
j P = 3/2+

J P values
0+
1+
1+
2+

experimental notation
D0∗
D1∗
D1
D2∗

Table 1: Classification of D∗∗ states. The total angular momentum J = j + sc is the sum of j (the angular momentum of
the light component of a heavy meson) and sc = 1/2 (spin of the heavy quark). The first column contains the classification in
the infinite mass limit where due to the heavy quark symmetries, j is a conserved quantity and thus a good quantum number to
classify the states.

In the following, I will explain the extraction of form factors corresponding to the decay of B → D∗∗ in
the framework of Lattice QCD and I will discuss some preliminary results we have obtained. This work
is done in collaboration with B. Blossier and O. Pène (LPT Orsay France), V. Morénas (LPC Clermont
Ferrand France) and K. Petrov (LAL Orsay France).
2

Form factors

We choose to consider in our work the decay of B into the scalar 3 P0 and the tensor 3 P2 states of D∗∗ .
The semileptonic decay of a pseudoscalar meson into a scalar meson is mediated by the axial part of the
weak (V − A)µ current. The operator Vµ denotes the vector current q̄γµ b and the operator Aµ represents
the axial current q̄γµ γ5 b.
The matrix element for the 3 P0 state can be parametrized in terms of two form factors (ũ+ , ũ− ):
3

P0 (pD∗∗ ) Aµ B(pB ) = ũ+ (pB + pD∗∗ )µ + ũ− (pB − pD∗∗ )µ

and for 3 P2 state: (Here, λ is the polarization tensor corresponding to J = 2 states, λ = {0, ±1, ±2})
3

P2 (pD∗∗ , λ) Vµ B(pB )

3

3

= i h̃ µρστ ερα∗
(p

D ∗∗

(p

)

pBα (pB + pD∗∗ )σ (pB − pD∗∗ )τ

)

P2 (pD∗∗ , λ) Aµ B(pB ) = k̃ εµρD∗∗ pBρ

 (p )

+ εαβD∗∗ pBα pBβ
b̃+ (pB + pD∗∗ )µ + b̃− (pB − pD∗∗ )µ

Going to the Lattice

The determination of many observables such as form factors, decay constants as well as numerous matrix
elements, which play an important role in Flavor Physics, requires the use of non perturbative methods
because when we look at the low properties of QCD, we can no longer use perturbative techniques 1 .
Lattice QCD 2 is considered as the only way to systematically and rigorously solve non perturbatively
the quantum theory of strong interactions starting from first principles.
Briefly, it is a means of regularizing Field Theory where the continuum and infinite space-time is replaced
with a discretized grid of points in a finite volume of extent L in space and T in time, separated by a
distance a (i.e. the lattice spacing). Quark fields are present on the sites of the lattice and gauge fields
are the links between those sites.
3.1

LQCD action

The gauge action used in our simulation is tree-level Symanzik improved [6] with β = 3.9 corresponding
to a lattice spacing a = 0.0855 fm and where b1 = −1/12, b0 = 1 − 8b1 .
The fermionic action is the Wilson Twisted-mass Lattice QCD (tmLQCD) action with two flavors of
mass-degenerate quarks, tuned at maximal twist in the way described in full details in Ref. [5]:
1 At short distances or at high energies the quarks interact weakly, so that it is possible to study the theory of strong
interactions (QCD) with perturbative techniques since the coupling constant αQCD  1
2 For further reading, I refer the reader to [3, 4]

3.2

Simulation setup

We have computed green functions using two ensembles of gauge configurations produced by the European
Twisted Mass Collaboration (ETMC). Simulation parameters are presented in Table 2.
β
3.90
4.05
Table 2:

4

L3 × T
243 × 48
323 × 64

µsea = µl
0.0085
0.0060

µc
0.215
0.1849

µh
0.3498, 0.4839, 0.6694
0.3008, 0.4162, 0.57757

nb. of gauge configurations
240
200

Parameters we have considered in our simulation. µl , µc , µh are respectively the bare twisted light, charm and heavy
quark masses

Determination of form factors

The first step in the determination of form factors, presented in section 2, is the computation of matrix
elements contributing to these form factors, and in order to access matrix elements on the lattice one
computes the following three-point correlation functions.
(source)

(sink)

Jµ

b̄

c̄
~x
(~
p)

~xi
(~
pi )

D∗∗ ~xf

B̄

(~
pf )

q
ti

t

tf

Figure 1: Sketch of the valence quark flow in the form factor of B → D∗∗ `ν

C (3) (t, ti , tf , p~i , p~f ) =

X

†
hOD
xf ) Jµ (t, ~x) OB (ti , ~xi )i · ei(~x−~xf )·~pf · e−i(~x−~xi )·~pi
∗∗ (tf , ~

positions
†
∗∗
and B mesons, Jµ is the
where OD
∗∗ , OB are respectively the creation and annihilation operators of D
vector or axial current. Fig. 1 represents the diagram corresponding to such correlation functions.
From the asymptotic behavior of the three-point correlation function, it is clear that the removal of the
exponential factors can be achieved by considering the ratio

R(t)

=

C (3) (t, ti , tf , p~i , p~f )
(2)
C(B) (t

− ti , p~f ) ·

(2)
C(D) (tf

− t, p~i )

·

√

ZB ·

√

ZD

(1)

where ZM = |h0|OM |M i|2 is obtained from the fit with asymptotic behavior of the two-point correlation
functions.
ZM −EM t
C (2) (t) −−−→
e
t→∞ 2EM
When the operators in the ratio (1) are sufficiently separated in time, one observes the stable signal
(plateau), which is the desired hadronic matrix element:
tf −t→∞

∗∗
R(t) −−−−−−→ hD(~
pi ) i
pf ) |(Aµ , Vµ )|B(~
t−ti →∞

4.1

k̃ form factor

In order to obtain simpler expressions representing the interpolating fields 3 of the P wave excited states,
we choose to work in the rest frame of D∗∗ mesons where pD∗∗ = (mD∗∗ , ~0) and we also choose a symmetric
EB
∈
momentum for the B meson pB = (EB , p, p, p). Using different values of the recoil parameter w = m
B
{1, 1.025, 1.05, 1.1, 1.15, 1.2, 1.3}, we perform the extraction of k̃ which is the form factor contributing
the most to the decay of B into D∗∗ .
Combining the three point correlation functions contributing to k̃ 4 , we study the difference with respect
to the infinite mass limit ones:
(2)
(2)
C C
(3)
Cinfinite mass limit = p k̃∞ · √B D
ZB ZD
where k̃∞ is the form factor at the infinite mass limit. Using what was found in [8]:
√ √
k̃∞ = 3 rD∗ (1 + w) τ3/2 (w)
mD∗ = rD∗ mB
2

τ3/2 (w) = τ3/2 (1)



2
1+w

2

2 σ 2

2

2
' 1.50
τ3/2 (1) ' 0.539 and σ3/2

3/2

we find that for w = 1.3 (using for the moment β = 3.90):


(3)
aµ = 0.34
Cfinite mass
=
aµ = 0.45
(3)

Cinfinite mass limit

aµ = 0.67

1.38 ± 0.49
1.97 ± 0.65
2.88 ± 3.82

The correlators corresponding to the higher b mass are characterized by large fluctuations in the effective
mass plateaus and thus by large statistical uncertainties. Taking these results with a pinch of salt, and
excluding data of the highest heavy quark mass from the next analysis, we estimate roughly the branching
fractions B(B → D(2+ ) ) · B(D(2+ ) → D∗ π).
(
B(B → D(2+ ) ) · B(D(2+ ) → D π) =
∗

mBGeV = 2.4
mBGeV = 2.9

(3.6 ± 2.6) × 10−3
(7.4 ± 4.9) × 10−3

Although we are still far from the physical B mass, we have an indication that there are many observables
in B physics that can be determined using LQCD. When results are more refined we aim to do a more
detailed comparison with the experimental data. Results will be published as soon as ready.
4.2

Scalar transition amplitude

The determination of matrix elements corresponding to the decay of B into 3 P0 (pD∗∗ ) state, at different
recoils w, leads to the weak form factors ũ+ and ũ− . For the moment, we focus our attention on the
extraction of 3 P0 (pD∗∗ ) A0 B(pB ) at zero recoil. It seems that this hadronic matrix element is not
equal to zero (see Fig. 2 and 3) contrary to what was already found in the infinite mass limit. Note that
it is an important result that the matrix element 3 P0 (mD∗∗ ) A0 B(mB ) is non vanishing. It shows us
how working with a realistic charm quark could lead to much more accurate results than working with
the infinite mass limit approximation.

3 interpolating fields are the mesonic creation and annihilation operators which defines the quantum number of a state.
To find the interpolating fields of 2+ states, we followed a strategy based on group theory where non local operators are
implemented [13].
4 For example, if we consider the λ = 0 polarization of the 3 P state, k̃ could be written as:
2
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0 (mD∗∗ )

A0 B(mB ) at β = 4.05

F0 (1) at zero recoil

As a byproduct of our analysis, we can also study the B → D∗ `ν decay at zero recoil. The corresponding
form factor reads [11, 12]:
D∗ (pD∗ ) Ai B(pB )
F0 (1) = ZA
√
2 mB mD ∗
where ZA is the axial renormalisation constant taken from [9]. The values obtained for F0 (1) are presented
in tables 3 and 4. They do not show any contradiction with what was already found using Lattice QCD
with a different fermionic action and different approximations, but the extrapolated value (Fig. 4) seems
to be higher than what was already found using QCD sum rules [10].
aµb

F0 (1)

aµb

F0 (1)

0.35

0.882(44)

0.301

0.814(48)

0.48

0.874(48)

0.416

0.821(50)

0.67

0.888(58)

0.5757

0.827(53)

Table 3: F0 (1) at β = 3.9 for different values of aµb

Table 4: F0 (1) at β = 4.05 for different values of aµb

0.96

0.94

0.871(43)

0.92

F0(1)

0.9

0.88

0.86

0.84

0.82

0.8
0

0.1

0.2

0.3
1/µh

0.4

0.5

0.6

Figure 4: Extrapolation of F0 (1) at finite physical b quark masses

5

Discussion

During the last ten years, techniques and algorithms in LQCD have been developed and computing power
has increased: this is really encouraging for the Lattice community where some important parameters in
B physics are and will be calculated reaching a precision on par with the experimental one.
However, working with excited states on the lattice is not a trivial issue. On one side, analytical expressions of B → D∗∗ transition amplitudes, form factors and decay rates can be calculated. On the other
side, isolation of such excited states is very delicate and there is an increase in noise when going to high
momentum and discretization errors become larger when the b quark mass increases. We hope that with
higher statistics, results will be more clear in order to extract the sought form factors and to discuss their
implications.
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Charmonium study at BESIII
Changsheng.Ji a
University of Science and Technology of China , He Fei , An Hui
We present measurements of the charmonium state hc (1 P1 ), ηc and ηc (2S), using a sample
of 1.06 × 108 ψ(3686) events collected with the BESIII detector at the BEPCII storage ring.
The results include the masses, widths, production and decay rates of these resonances, which
shed light on the investigation of the charmonium spectroscopy.

1

Introduction

BESIII 1 is a major upgrade of the BESII experiment at the BEPCII accelerator 2 for studies of
hadron spectroscopy as well as τ −charm physics 3 . The design peak luminosity of the doublering e+ e− collider, BEPCII, is 1033 cm−2 s−1 at center-of-mass energy of 3.78 GeV. The BESIII
detector with a geometrical acceptance of 93% of 4π consists of a main drift chamber (MDC)
with momentum resolution 0.5% at 1 GeV/c , an electromagnetic calorimeter (EMC) with energy
resolution 2.5% at 1.0 GeV, a Time-Of-Flight counter (TOF), a superconductor magnet with a
magnetic strength of 1 T, and a muon chamber system (MUC) made of resistive plate chambers.
Based on 106 × 106 4 ψ(3686) events taken in 2009, the charmonium spectroscopy is widely
studied, and here we focused on the measurement of hc (1 P1 ), ηc and ηc (2S).
Measurement of hc (1 P1 ) using ψ(3686) → π 0 hc (1 P1 )

2

Knowledge is sparse on the spin singlet state hc (1 P1 ) although the charmonium family of mesons
has been studied for many years. The CLEO Collaboration first observed the hc (1 P1 ) in the
cascade process ψ(3686) → π 0 hc , hc → γηc in both inclusive and exclusive measurements 5 . The
E835 experiment 6 found the evidence of pp̄ → hc → γηc by scanning the antiproton energy.
There are also some theoretical predictions 7,8,9 about the production and decays of hc (1 P1 ),
which can be tested with the largest ψ(3686) data sample at BESIII.
Both E1-tagged and inclusive method in hc → γηc are performed at BESIII to study the
process ψ(3686) → π 0 hc (1 P1 ). The results are shown in Fig. 2. The mass and width of hc (1 P1 )
are determined to be Mhc = 3525.40 ± 0.13 ± 0.18 MeV/c2 and Γhc = 0.73 ± 0.45 ± 0.28 MeV
from the E1 tagged method. The mass split ∆Mhf ≡< M (13 P ) > −M (1 P1 ) = −0.10 ± 0.13 ±
0.18 MeV/c2 is consistent with no strong spin-spin interaction. The branching fractions are
determined to be B(ψ(3686) → π 0 hc (1 P1 )) = (8.3 ± 1.3 ± 1.0) × 10−4 and B(hc (1 P1 ) → γηc ) =
(54.3 ± 6.7 ± 5.2)%, which are first measurement and agree with the theoretical predictions 7 .
Exclusive measurements are also performed with sixteen ηc decay channels 10 , and the mass and
width are measured to be Mhc = 3525.31 ± 0.11 ± 0.14 MeV/c2 and Γhc = 0.70 ± 0.28 ± 0.22
MeV from the simultaneous fit on the recoil-mass of π 0 as shown in Fig. 2. The measurements
are consistent with the previous values at CLEO-c 11 .
a
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Figure 1: (a)The π 0 recoil-mass spectrum and fit for the E1-tagged analysis of ψ(3686) → π 0 hc , hc → γηc . (b)The
π 0 recoil-mass spectrum and fit for the inclusive analysis of ψ(3686) → π 0 hc .

Figure 2: The simultaneously fitted π 0 recoil mass spectra in ψ(3686) → π 0 hc , hc → γηc , ηc → Xi for the 16 final
states Xi

Figure 3: The fit results on the M (Xi ) invariant mass distributions for the decays KS K + π − , K + K − π 0 , ηπ + π − ,
KS K + π + π − π − , K + K − π + π − π 0 , and 3(π + π − ), respectively.

3

Measurement the mass and width of ηc with ψ(3686) → γηc

Properties of the lowest-lying S-wave spin singlet charmonium state, the ηc , are not well understood although it has been observed for many years. Early measurements of the properties
of the ηc using J/ψ radiative transitions 12 found a mass and width near 2978 MeV/c2 and 10
MeV, respectively. However, recent experiments, including photon-photon fusion and B decays,
have reported a significantly higher mass and a much larger width 13 . The most recent study by
the CLEO-c experiment 14 , using both ψ(3686) → γηc and J/ψ → γηc , pointed out a distortion
of the ηc line shape in ψ(3686) decays, but similar effect is not observed in ψ(3686) → π 0 hc ,
hc → γηc at BESIII 10 .
We measured the ηc mass and width using the radiative transition ψ(3686) → γηc by reconstructing ηc from six decay modes, including KS K + π − , K + K − π 0 , ηπ + π − , KS K + π + π − π − ,
K + K − π + π − π 0 , and 3π + π − . A simultaneous fit with unique ηc mass and width is performed
on the ηc mass spectra as shown in Fig. 3. The ηc line shapes were successfully described using
a combination of the energy dependence of the hindered-M1 transition matrix elements and a
full interference with nonresonant ψ(3686) radiative decays where the quantum number of the
non-ηc components are assumed to be 0−+ . The fit yields M = 2983.9 ± 0.6 ± 0.6 MeV/c2 ,
Γ = 31.3 ± 1.2 ± 0.9 MeV, and φ = 2.40 ± 0.07 ± 0.47 rad (constructive) or φ = 4.19 ± 0.03 ± 0.47
rad (destructive). Our results are consistent with those from photon-photon fusion and B decays. From this measurement, we determine the hyperfine mass splitting to be ∆Mhf (1S)cc̄ =
M (J/ψ) − M (ηc ) = 112.6 ± 0.8 MeV/c2 , which agrees well with recent lattice computations 15
as well as quark-model prediction 16 .
4

First observation of the M1 transition ψ(3686) → γηc (2S)

The ηc (2S) was first observed by the Belle collaboration in the B decays 17 and was confirmed
in the two-photon production of KS0 K ± π ∓ 18 as well as in the double-charmonium production
process e+ e− → J/ψcc̄ 19 . But it was absent in the M1 radiative transition of ψ(3686) →
γηc (2S) 20,21 . The branching fractions are predicted to be B(ψ(3686) → γηc (2S)) = (0.1 − 6.2) ×
10−4 by many authors 22 .
BESIII made the first observation of ψ0 → γηc (2S), with ηc (2S) → K K̄π. Fig. 4 shows the
simultaneous fit to the K K̄π mass spectrum, where the yields of ηc (2S) events are 81±14 for the
KS0 K ± K ∓ channel and 46±11 for the K + K − π 0 channel. The combined statistical significance of

Figure 4: The simultaneous likelihood fit on the mass spectrum of KS K ± π ∓ (left panel) and K + K − π 0 (right
panel).

Figure 5: The fit results on the mass spectrum of KS K3π.

the signal in the two modes is 11.1 σ. The mass and width of ηc (2S) are measured to be Mηc (2S) =
3637.6 ± 2.9 MeV/c2 and Γηc (2S) = 16.9 ± 6.4 MeV, respectively. The product branching fraction
is measured to be B(ψ(3686) → γηc (2S)) × (ηc (2S) → K K̄π) = (1.30 ± 0.20) × 10−5 . Using the
measurement of B(ηc (2S) → K K̄π) = (1.9 ± 0.4 ± 1.1)% from the BARBAR experiment 23 , we
obtained the M1-transition branching fraction of B(ψ(3686) → γηc (2S)) = (6.8±1.1±4.5)×10−4 ,
which is consistent with the prediction from CLEO-c 21 .
We also investigate the M1-transition ψ(3686) → γηc (2S) with ηc (2S) → KS0 K ± π ∓ π + π − .
Fig.5 shows the fit result to the mass spectrum of KS0 K ± π ∓ π + π − , from which the yield of ηc (2S)
is 57 ± 17 with a significance of 4.2σ. The mass of the ηc (2S) is measured to be 3646.9 ± 1.6 ± 3.6
MeV/c2 , and the width is 9.2 ± 4.8 ± 2.9. Comparing with BESIII previous measurements 24 ,
the width is consistent with each other within 1 standard deviation and the mass is about 2
standard deviations.

5

Summary

Based on the 1.06×108 ψ(3686) data sample collected by BESIII detector at BEPCII, charmonium states hc (1 P1 ), ηc , ηc (2S) have been well studied: the absolute branching fractions of
ψ(3686) → π 0 hc (1 P1 ), hc (1 P1 ) → γηc as well as the width of hc (1 P1 ) are measured for the
first time; parameters of ηc are measured with high precision, interference between ηc and the
non-resonant amplitudes around the ηc mass is considered for the first time; first observation of
M1-transition ψ(3686) → γηc (2S) with K K̄π final states and evidence for the KS K ± π ∓ π + π − .
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Recent results on bottomonium(-like) states at Belle
P.Krokovny, A. Bondar and A. Garmash (on behalf of the Belle Collaboration)
Budker Institute of Nuclear Physics and Novosibirsk State University
We report the first observation of the three-body Υ(5S) → Υ(1, 2S)π 0 π 0 decays. Strong
evidence for the Zb0 (10610) with 4.9σ significance is found in a Dalitz plot analysis of the
Υ(5S) → Υ(2S)π 0 π 0 decays. First results on the analysis of the three-body Υ(10860) →
[B B̄ ∗ + c.c.]± π ∓ and Υ(10860) → [B ∗ B̄ ∗ ]± π ∓ including first observation of Zb± (10610) →
[B B̄ ∗ + c.c.]± and Zb± (10650) → [B ∗ B̄ ∗ ]± are also reported. The results are obtained with a
121.4 fb−1 data sample collected with the Belle detector at the Υ(5S) resonance at the KEKB
asymmetric-energy e+ e− collider.

1

Introduction

Two new charged bottomonium-like resonances, Zb (10610) and Zb (10650), have recently been observed by the Belle Collaboration in decays of Υ(10860) to five different final states: Υ(nS)π + π − ,
n = 1, 2, 3 and hb (mP )π + π − , m = 1, 2 1,2 . The analysis of the quark composition of the initial
and final states allows to assert that these hadronic objects are the first unambiguous examples of
states of an exotic nature: Zb should be comprised of (at least) four quarks. Several models have
been proposed to describe the internal structure of these states. One suggests 3 that Zb (10610) and
Zb (10650) states might be a loosely bound B B̄ ∗ and B ∗ B̄ ∗ systems, respectively. The proximity of
the Zb (10610) and Zb (10650) masses to those of the sum of the B and B ∗ mesons and the sum of the
two B ∗ mesons, respectively, supports this hypothesis. In this case, it would be natural to expect
that the Zb (10610) and Zb (10650) states decay respectively to B B̄ ∗ and B ∗ B̄ ∗ final states with
substantial rates. In this analysis we use 121.4 fb−1 of data accumulated by the Belle detector at
a center-of-mass (c.m.) energy near the Υ(10860) to study three-body Υ(10860) → [B (∗) B̄ (∗) ]± π ∓
decays and to search for Υ(10860) → Zb± π ∓ → [B (∗) B̄ ∗ ]± π ∓ decays. We also search for a neutral
partner of Zb states in the resonant substructure of the Υ(5S) → Υ(nS)π 0 π 0 decays.
2

Υ(5S) → Υ(nS)π 0 π 0 decays

We reconstruct Υ(nS) candidates from pairs of leptons (e+ e− and µ+ µ− ). An additional decay
channel is used for the Υ(2S): Υ(2S) → Υ(1S)[l+ l− ]π + π − . Muon and electron candidates are
required to be positively identified. Candidate π 0 mesons are selected from pairs of photons with an
invariant mass within 15 MeV/c2 of the nominal π 0 mass. Υ(5S) → Υ(nS)[l+ l− ]π 0 π 0 candidates
are identified via the missing mass recoiling against the π 0 π 0 system, Mmiss (π 0 π 0 ). More details
can be found in Ref. 4 . Figure 1 shows the extraction of the Υ(nS) signal yield. Results are
N
summarized in Table 1. Branching fraction is calculated as B = Lσ(e+ e−sig
→Υ(5S)) , where Nsig is
number of signal events,  is reconstruction efficiency, L is integrated luminosity. Weighted averages
are found to be B(Υ(5S) → Υ(1S)π 0 π 0 ) = (2.25±0.11±0.20)×10−3 and B(Υ(5S) → Υ(2S)π 0 π 0 ) =
(3.66 ± 0.22 ± 0.48) × 10−3 .
The amplitude analysis of the three-body Υ(5S) → Υ(nS)π 0 π 0 decays utilizes an unbinned
maximum likelihood fit. We parameterize the three-body decay amplitude as a sum of quasi-twobody amplitudes: M (s1 , s2 ) = AZ1 + AZ2 + Af0 + Af2 + Anr , where AZ1 and AZ2 are amplitudes
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Figure 1: The π 0 π 0 missing mass distribution for Υ(nS)π 0 π 0 , (a) Υ(nS) → µ+ µ− and (b) Υ(nS) → e+ e− candidates.
The M (Υ(1S)π + π − ) distribution for Υ(2S) → Υ(1S)π + π − candidates is shown in (c). Histograms represent the
data. The solid curves show the fit result while the dashed curves correspond to the background contributions.

Table 1: Signal yield, MC efficiency, measured branching fraction, number of selected events and purity.

Final state
Υ(1S) → µ+ µ−
Υ(1S) → e+ e−
Υ(2S) → µ+ µ−
Υ(2S) → e+ e−
Υ(2S) → Υ(1S)π + π −

Signal yield
261 ± 15
123 ± 13
241 ± 18
108 ± 13
24 ± 5

, %
11.2
5.61
8.04
3.58
2.27

B, 10−3
2.28 ± 0.13
2.15 ± 0.23
3.77 ± 0.28
3.84 ± 0.46
2.85 ± 0.60

Events
247
140
253
151
28

Purity
0.95
0.78
0.87
0.66
0.86

for contributions from the Zb0 (10610) and Zb0 (10650), respectively; the amplitudes Af0 , Af2 and
Anr are the contributions from the π 0 π 0 system in an f0 (980), f2 (1275) and a non-resonant state,
respectively. The masses and widths of Zb resonances are fixed at the values obtained from the
Υ(nS)π + π − analysis: M (Z1 ) = 10607.2 MeV/c2 , Γ(Z1 ) = 18.4 MeV/c, M (Z2 ) = 10652.2 MeV/c2 ,
Γ(Z2 ) = 11.5 MeV/c ? . We use a Flatté function for the f0 (980) and a Breit-Wigner function for the
1
2
f2 (1275). The non-resonant amplitude Anr is parameterized as Anr = A1nr eiφnr + A2nr eiφnr s3 . As the
fit is sensitive only to the relative amplitudes and phases between decay modes, we fix A1nr = 10.0 and
P
φ1nr = 0.0. The logarithmic likelihood function is defined as L = −2 log{(s1 , s2 )fsig S(s1 , s2 ) +
(1 − fsig )B(s1 , s2 )}, where S(s1 , s2 ) denotes |M (s1 , s2 )|2 convoluted with the detector resolution
function, (s1 , s2 ) describes variation of the reconstruction efficiency over the Dalitz plot and fsig is
the fraction of signal events in the data sample. The fraction fsig is determined separately for each
Υ(nS) decay mode (see Table 1). The function B(s1 , s2 ) describes the distribution of background
events over the phase space. Both (s1 , s2 ) · S(s1 , s2 ) and B(s1 , s2 ) are normalized to unity. Results
of the fits are shown in Fig. 2 as one-dimensional projections that look similar to the corresponding
distributions for the Υ(nS)π + π − decays ? . A Zb0 signal is most clearly seen in M (Υπ 0 )max . The
values and errors of amplitudes and phases obtained from the fit are presented in 4 . The statistical
significance of the Zb0 (10610) signal in the Υ(2S)π 0 π 0 sample is 5.3σ. The signal for the Zb0 (10610)
is not significant in the fit to the Υ(1S)π 0 π 0 events due to the smaller relative branching fraction.
The signal of the Zb0 (10650) is not significant in either Υ(1)π 0 π 0 or Υ(2S)π 0 π 0 datasets.
We study possible uncertainties due to parameterization of the background PDF, variation
of signal efficiency over the Dalitz plot and detector resolution function. The model uncertainty
is estimated using various description of S-wave contribution. The significance of the Zb0 (10610)
signal exceeds 4.9σ in all cases. We use this value as the final value for the Zb0 (10610) significance.
3

Υ(10860) → B (∗) B̄ ∗ π Decays

B decays are reconstructed in the following channels: B + → J/ψK + , B + → D̄0 π + , B 0 → J/ψK ∗0 ,
B 0 → D(∗)− π + . We identify B candidates by their invariant mass M (B) and momentum P (B) in
the c.m. We require M (B) to be within 30 to 40 MeV/c2 (depending on the B decay mode) of
the nominal B mass. Reconstructed B + or B 0 candidates are then combined with a π − candidate
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q

2 ,
2
and a recoil mass to the Bπ combination, Mr (Bπ), is calculated as Mr (Bπ) = Ecms
− PBπ
where Ecms is the c.m. energy and PBπ is the measured three-momentum of the Bπ combination.
More details can be found in Ref. 5 . The Mr (Bπ) + M (B) − MB distribution for the data is
shown in Fig. 3(a), where clear peaks are visible in the BB ∗ π and B ∗ B ∗ π signal regions. The
fit to this distribution gives NBBπ = 1 ± 14, NBB ∗ π = 184 ± 19 and NB ∗ B ∗ π = 82 ± 11 signal
events. The statistical significance of the observed BB ∗ π and B ∗ B ∗ π signal is 9.3σ and 5.7σ,
respectively. For the subsequent analysis of the internal structures of the three-body decays, we
require |(Mr (B) + M (B) − MB ) − MB ∗ | < 0.015 GeV/c2 to select Υ(10860) → BB ∗ π events
and |(Mr (B) + M (B) − MB ) − (MB ∗ + Eγ )| < 0.015 GeV/c2 , where Eγ = 0.049 GeV, to select
(∗) (∗)
Υ(10860) → B ∗ B ∗ π events. For selected
p B B π candidate events, we calculate the mass recoiling
2
against the charged pion: Mr (π) = Ecms
− Pπ2 , where PBπ is the measured three-momentum of
the charged pion.
The Mr (π) distributions for right-sign Bπ combinations in the BB ∗ π and B ∗ B ∗ π signal regions
are shown in Fig. 3. Excesses of signal events over the expected background levels at lower mass edges
of the Mr (π) spectra are clearly visible for both final states. The distribution of signal Υ(10860) →
BB ∗ π events is parameterized with the following model SBB ∗ π (m) = (AZb (10610) +AN R )×EBB ∗ π (m),
where AN R is the non-resonant amplitude parameterized as a complex constant and the Zb (10610)
amplitude is a Breit-Wigner function. As a variation of this nominal model, we also add a second
Breit-Wigner amplitude to account for possible Zb (10650) → BB ∗ π decay. We also fit the data with
only the Zb (10610) channel included in the decay amplitude. The results of these fits are shown in
Fig. 3(b). Two models give about equally good description of the data: nominal model and a model
with additional non-resonant amplitude. However, we select the former one as our nominal model
since adding a non-resonant amplitude does not improve the fit quality that much. The worst fit

Table 2: List of branching fractions for the Zb+ (10610) and Zb+ (10650) decays.

B, %
Zb (10610)
Zb (10650)

Υ(1S)π +
0.32 ± 0.09
0.24 ± 0.07

Υ(2S)π +
4.38 ± 1.21
2.40 ± 0.63

Υ(3S)π +
2.15 ± 0.56
1.64 ± 0.40

hb (1P )π +
2.81 ± 1.10
7.43 ± 2.70

hb (2P )π +
4.34 ± 2.07
14.8 ± 6.22

B (∗) B̄ ∗
86.0 ± 3.6
73.4 ± 7.0

to the data is provided by a model with just a non-resonant amplitude. From this analysis, we find
that the significance of the Zb (10610) → BB ∗ signal is exceeding the 8σ level.
As the nominal model for the Υ(10860) → B ∗ B ∗ π decay, we use the following parameterization:
SB ∗ B ∗ π (m) = (AZb (10650) +AN R )EB ∗ B ∗ π (m). We also fit the data without a non-resonant component
and with a non-resonant amplitude alone. Results of the fits are shown in Fig. 3(c); numerical
values are given in 5 . The best description of the B ∗ B ∗ π data is achieved in a model with only
the Zb (10650) amplitude included. The addition of a non-resonant amplitude does not provide any
significant improvement of the fit quality. The fit with a non-resonant amplitude alone gives a much
worse likelihood value. From this analysis, we determine the significance of the Zb (10650) → B ∗ B ∗
signal to be 6.8σ. In all fits discussed above, the masses and widths of the Zb states were fixed at
the values obtained from the analysis of the Υ(nS)π + π − and hb (mP )π + π − − final states ? .
4

Conclusion

We report the first observation of three-body Υ(5S) → Υ(1, 2S)π 0 π 0 decays. The measured
branching fractions are B(Υ(5S) → Υ(1S)π 0 π 0 ) = (2.25 ± 0.11 ± 0.20) × 10−3 and B(Υ(5S) →
Υ(2S)π 0 π 0 ) = (3.66 ± 0.22 ± 0.48) × 10−3 . Evidence for a Zb0 (10610) → Υ(2S)π 0 decay has been
obtained from the amplitude analysis of the Υ(5S) → Υ(2S)π 0 π 0 decay. The statistical significance of the Zb0 (10610) signal is 4.9σ including model and systematic uncertainties. Its measured
2
mass, M (Zb0 (10610)) = 10609+8
−6 ± 6 MeV/c , is consistent with that measured in the analysis of
+
−
0
Υ(5S) → Υ(nS)π π decays. The Zb (10650) signal is not significant in either Υ(1S)π 0 π 0 or
Υ(2S)π 0 π 0 final decays. We also report measurement of branching fractions for three-body decays:
B(Υ(10860) → [B B̄ ∗ + c.c.]+ π − ) = (28.3 ± 2.9 ± 4.6) × 10−3 and B(Υ(10860) → [B ∗ B̄ ∗ ]+ π − ) =
(14.1 ± 1.9 ± 2.4) × 10−3 . For the Υ(10860) → B B̄π decay, we calculate a 90% confidence level upper
limit of B(Υ(10860) → [B B̄]+ π − ) < 4.0 × 10−3 (including systematic uncertainty). In addition, we
∗
b (10610)→BB )
report the ratio of the branching fractions P B(Z B(Z
= 6.2 ± 0.7 ± 1.3+0.0
−1.8 and
(10610)→Υ(nS)π), h (mP )π
B(Zb (10650)→B ∗ B ∗ )
B(Z
b (10650)→Υ(nS)π, hb (mP )π)
n

P

n

=

b

2.8±0.4±0.6+0.0
−0.4 .

b

We calculate the relative fractions for Zb decays

assuming that are saturated by the already observed Υ(nS) (n = 1, 2, 3), hb (mP ) (m = 1, 2), and
B ∗ B (∗) channels. Combining results reported here with results on amplitude analysis from Ref. 5
one calculate relative fractions summarized in Table 2. All presented results are preliminary.
5

Acknowledgments

This work is partially supported by grants of Russian Foundation for Basic Research 12-02-01296,
12-02-01032, 12-02-33015 and by the grant of the Russian Federation government 11.G34.31.0047.
References
1. I. Adachi et al., (Belle Collaboration), [arXiv:1105.4583].
2. A. Bondar, A. Garmash, R. Mizuk et al. (Belle Collaboration), Phys. Rev. Lett. 108, 122001
(2012).
3. A.E. Bondar, A. Garmash, A.I. Milstein, R. Mizuk, M.B. Voloshin, Phys. Rev. D 84, 054010
(2011).
4. I. Adachi et al., (Belle Collaboration), [arXiv:1207.4345].
5. I. Adachi et al., (Belle Collaboration), [arXiv:1209.6450].

Baryon production in B decays and e+ e− collisions
Umberto Tamponi a
Universita’ di Torino - Department of physics, via Pietro Giuria 1, 10124 Torino - Italy
INFN - Sezione di Torino, via Pietro Giuria 1, 10124 Torino - Italy
We present a summary of the recent progresses in the study of baryonic decays of B and Bs
mesons, obtained at the B-factories. In particular the first evidence of charmless, baryonic Bs
decays is reported by the Belle collaboration, while a detailed study of the resonant substruc+ −
tures in B 0 → Λ+
is performed by the BaBar collaboration. The Belle collaboration
c p̄π π
studied also, for the first time, the Υ(1S), Υ(2S) and χb (1P ) exclusive annihilation modes
with hyperon -anti-hyperon pairs in the final state. Finally, from the study of the inclusive
ΛΛ and Λpπ − mass spectrum, a first study on the H-dibaryon production from Υ(1S) and
Υ(2S) is performed too.

1

Baryons from B decays

A number of exclusive decays of B mesons involving a baryon anti-baryon (B B̄) pair have been
reported since the early days of B-physics 1 . This is not surprising if we consider that this family
represents approximatively 7% of the B decays. Among the features of such decays, one of the
most studied and discussed is the invariant mass spectrum of the B B̄ pair, that often (but not
always) presents a large enhancement in the area close to the kinematic threshold. One possible
model 2 suggests that, since the local conservation of the baryonic number requires baryon and
anti-baryon to be produced simultaneously, a gluon with large virtual mass is required for a
large M (B B̄) value. Since it’s unlikely to emit a gluon highly off mass shell, a production of
B B̄ near threshold is expected. The same argument can be used to explain the suppression of
the two body final states, which are forced to have the highest M (B B̄) possible, with respect
to the multi body ones, and in general the strong dependence of the branching ratio from the
number of bodies produced together with the B B̄ pair. Even if this approach correctly describes
the primary features of this kind of decay, it leaves som open questions: it does not describe
properly the angular distribution observed in B + → pp̄K + and it does not predict the absence
+ −
of near threshold enhancement in the process B 0 → Λ+
c p̄π π .
In order to describe this behavior, a more sophisticate model has been recently developed 3 .
This model relies on the basic assumption that the Feynman propagators in the diagrams that
contribute to the baryon decays can be collapsed in a point-like interaction, and then this
collapsed diagrams can be rearranged in different categories. The category responsible for the
low mass enhancement is characterized by a two-meson like rearrangement of the quarks: the
decays of this intermediate, virtual mesonic state M → B B̄ is interpreted as the source of the
low mass enhancement, and thus its absence can be explained with the absence of a di-mesonic
contribution to the total decay amplitude.
A totally different approach is also possible, assuming the presence of a resonant, bound or
quasi-bound state of the two baryons. This exotic interpretation allows to describe, in the same
a
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framework, the observed enhancement in B meson decays and in J/ψ → γpp̄ (the so called
X(1835)) 4 . However, despite the observed enhancement in the low mass region, it is not clear
if the presence of new resonances alone could explain completely the observed phenomena in
quarkonium ad B meson decays. On the other hand the model based on the Feynman diagram
rearrangement cannot be directly applied in the description of the strong J/ψ decays, thus
requiring a different explanation for what is observed in the B mesons and in the charmonium
sector.

1.1

Charmless decays

From the experimental point of view, the Belle collaboration recently studied the decay channels
B − → pp̄l− ν̄, with l− = e− , µ− and B 0 → Λ̄pπ − γ. The first one allow to test two different
prediction: one, obtained with the standard model calculation 5 , predicts a branching fraction
of 10−5 − 10−6 while the second one, that includes the effects due to the baryonic form factors,
predicts a much larger value of (1.04 ± 0.38) × 10−4 6 . The second channel can be used as
benchmark for the test of the multiplicity hierarchy, since its dynamic is very close to the one
to known decay B 0 → Λ̄pγ. The presence of a neutrino in B − → pp̄l− ν̄ imposes the complete
reconstruction of the Υ(4S) → B − (→ pp̄l− ν̄)B + (→ X) event where the B + is reconstructed in
its most common charmed decays. Once the B + is reconstructed, together with the p, p̄ and
lepton from the signal B, the recoil mass is expected to peak exactly at Mrec = 0 if only a
neutrino is missing. Instead of the large signal predicted by the form factor-based calculation, a
weak signal with a significance of 3.05σ is observed in the e mode (Fig. 1) and the corresponding,
−6
preliminary branching ratio value is BF [B − → pp̄e− ν̄] = (8.22+3.74
−3.20 (stat.) ±0.55 (syst.))×10 ,
in agreement with the prediction from 5 .

Figure 1: Missing mass in B − → pp̄l− ν̄ candidate events, for l = e− (left) and l = µ− (right).
The analysis of B 0 → Λ̄pπ − γ proceeds in a completely different way. Since in this case
there is no expected missing energy, an inclusive reconstruction is possible. The price to be
paid for an increased efficiency is a large background contribution due to the non resonant,
hadronic process e+ e− → q q̄. The background is rejected using a multivariate discriminant that
combines different informations on the topological shape of the event, which is expected to be
spheric in the case of Υ decays and jet-like in the case of non resonant q q̄ production. The
simultaneous fit of ∆M and Mbc do not result in a significant signal yield (Fig. 2), thus an
upper limit at 90% confidence level is calculated obtaining BF [B 0 → Λ̄pπ − γ] < 6.68 × 10−7 ,
about one order of magnitude below the measured branching fraction for B 0 → Λ̄pγ. This result
is unexpected in a framework in which the short term interaction is the dominant effect, that
predicts BF [B 0 → Λ̄pπ − γ] >> BF [B 0 → Λ̄pγ].

Figure 2: Distributions of ∆E (left) and Mbc in B 0 → Λ̄pπ − γ candidate events.

1.2

Charmed decays

Concerning the charmed baryonic decays, two results were re−
cently released: the evidence of baryonic decay Bs → Λ+
c π Λ̄
by Belle and a detailed study of the phase space structures in
+ −
7
B 0 → Λ+
c p̄π π by BaBar . The latter one, in particular, is the
physics case that triggered the development of the quark rearrangement model. The first one represents the first evidence of a
baryonic decay of the Bs , with a significance of 4.4σ (Fig. 3) and a
−
measured branching fraction B[Bs → Λ+
c π Λ̄] =(3.6 ± 1.1 (stat.)
+0.3
+
−4
−0.5 (syst.) ±0.9 (Λc decay) ±0.7 (number of Bs )) ×10 . The
low statistic, unfortunately, does not allow to make any strong
statement about the structures in the phase space and the invariant mass distribution of Λ+
c Λ̄ pair. The study of the substructures is, on the other side, the main aim of a large study
+ −
conducted by BaBar on B 0 → Λ+
c p̄π π . The total branching
fraction for this process is know to be large, but an analysis of the
possible contribution from intermediate, 3-body states was never
done before. The adopted approach relies on the analysis of the
invariant mass distributions of different Λ+
c π, pπ and Σc π pairs,
where the Σc is reconstructed in its decay Σc → Λ+
c π. From the
+
+
+
invariant mass spectrum of Λc π (Fig. 4) and Λc π − (Fig. 5) in
+ −
reconstructed B 0 → Λ+
c p̄π π events, strong contributions from
intermediate, three body decays clearly appear, with four peaks
due to, respectively, Σc (2455)++ , Σc (2455)0 , Σc (2520)++ , and Figure 3: Distributions of
Σc (2520)0 . The total non Σc -resonant component is measured to ∆E (top) and Mbc (bottom)
0
+
−
be (79 ± 4(stat.)±20(syst.)) × 10−5 , to be compare with a total in B → Λc Λ̄π candidate
events. Λc is reconstructed
+ −
−5
branching ratio B[B 0 → Λ+
c pπ π ] = (123 ± 5 ± 7 ± 32) × 10 .
−
+
The analysis of the baryon anti-baryon invariant mass spectrum in the K pπ mode.
shows, respectively, a small enhancement in M (p̄Σc (2455)++ ),
no deviation from the expected phase-space flat trend in M (p̄Σc (2520)++ ) and an antienhancement in M (p̄Σc (2455)0 ), while the available statistic does not allow to draw conclusions
on M (p̄Σc (2520)0 ). The contradictory behavior observed in these channels can be explained in
the framework of the quark rearrangement model.

+
Figure 4: Invariant mass of Λ+
c π in recon0
+
+
−
structed B → Λc p̄π π candidate events.
The different contributions due to intermediate 3-body decays are shown with different colors.

2

−
Figure 5: Invariant mass of Λ+
c π in recon0
+
+
−
structed B → Λc p̄π π candidate events.
The different contributions due to intermediate 3-body decays are shown with different colors.

Baryons and baryonic states from bottomonium decays

One of the missing pieces of the puzzle could be the study of the baryon production in bottomonium annihilation. The main annihilation channel for Υ(nS) resonances is the one in three
gluons, hence the partonic environment that evolves in the final states products is completely
different from the one that describes a B mesons. Also the J/ψ decays into ggg too, but the
limited phase space does not allow the decay into baryonic, many body final states, thus limiting the number of possible studies that can be carried on. Recently Dobbs et al. 8 , in private
study conducted using the CLEO datasets, reported the first observation of Υ(nS) exclusive
decays with a pp̄ pair in the final states. Even if no study of the phase space is conducted, the
basic phenomenology of these decays resemble the one observed in the B meson decays: the
two body final states are suppressed and the branching ration increase proportionally to the
number of bodies in the final state, showing the same hierarchy dependence observed in the B
meson system. No results has been presented so far concerning the exclusive annihilations of
quarkonium with hyperons in the final state. Two systematic studies were conducted on the
inclusive production of baryons from bottomonium decays, first by the Argus Collaboration 9
and then, more recently, by CLEO 10 . One of the features that emerge from these studies is
a strong enhancement of the hyperons production from the bottomonium, with respect to the
rate observe in continuum e+ e− → q q̄; the nature of this enhancement, not described by the
available generators, is still not understood. Two studies done at Belle aim to gain insight on
the low energy QCD effects that can emerge for the three gluon state produced in bottomonium
decays, focusing in particular on the inclusive and exclusive production of hyperons.
Table 1: Upper limits on branching ratios ×106
Channel
Υ(2S) → HH̄
Υ(2S) → HH̄π 0
Υ(2S) → HH̄η
Υ(2S) → HH̄π + π −
Υ(1S) → HH̄
Υ(1S) → HH̄π 0
Υ(1S) → HH̄η
Υ(1S) → HH̄π + π −
χbJ (1P ) → HH̄
χbJ (1P ) → HH̄π + π −

H=Λ
0.16
0.78
0.88
0.09
0.51
2.3
4.2
1.4
0.87
0.49

H=Ξ
0.70
2.3
2.7
0.60
1.6
6.9
19
4.3
3.6
2.3

H=Ω
1.8
6.1
7.3
2.0
5.8
22
21
8.3
11
11

The first one consists in a large campaign for the measurement of exclusive decays with hy-

peron - antihyperon pairs involved. A total of 48 channels, consisting in HH̄ plus K + K − , π + π − ,
pp̄ pairs and π 0 ’s are studied using the Υ(1S) and Υ(2S) samples. At the moment of this conference, only the results on the two and three body decays were available, and no signal is observed
in the searched final states (Tab. 1). This results is somehow expected looking back at the know
two-body suppression observed on the B decays. More detailed results are expected soon. The
large amount of Hyperons and the high branching ratio for the production of deuteron 11 , a bound
baryon-baryon state, motivates the search for exotic hyperon-hyperon bound states in the bottomonium decays. Among these states, one of the most famous is the H dibaryon postulated by
Jaffe using the MIT bag model 12 : a completely antisymmetric arrangement of 6 quark (uuddss,
namely the same quark content of ΛΛ pair) with mass close to 2MΛ . The lifetime of such object
is predicted to be strongly depended on the invariant mass, ranging from 10−26 s if the mass
largely exceed the 2MΛ threshold, to few hours if the mass is below the MΛ + Mp + Mπ threshold
13 14 . The current prediction from lattice QCD indicates a mass slightly below 2M 15 16 17 . The
Λ
actual experimental measurement of the H mass are indirect, and rely on the ΛΛ binding energy
estimated from the decay products of doubly-Λ hypernuclei: the most stringent limit comes from
the so called Nagara event, that infers MH > 2223.7 MeV, 7.66 MeV below the 2MΛ threshold 18 .
Using the samples of Υ(1S) and Υ(2S), a
study of the ΛΛ and Λpπ invariant mass is performed by Belle, in the region from the Λpπ up
to 50 MeV above the ΛΛ threshold 19 . No significant deviation from the background-only
hypothesys is found, and a mass dependent
upper limit is thus determined (Fig. 6). Even
if this upper limit is 20 times smaller than the
value measured to the deuteron production,
this is not th e final word on the existence of
the H dibaryon. We know that the dominant,
if not unique, production mechanism for the Figure 6: Upper limit for the inclusive producdeuteron in quarkonium decays is the proton- tion of H dybarion in Υ(1S) and Υ(2S) annihilanucleon recombination. If, on this basis, we tions, as function of its mass. The region below
postulate that the production of bound states 2MΛ is studied searching for H→ Λpπ − , while
in ggg decays is dominated by this mechanism, for the region above 2MΛ the reaction H→ ΛΛ
an unstable H dibaryon with mass above 2MΛ is used.
can exists and a possible explanation of its absence form the bottomonium decay productions would be that its creation mechanism is not
dominated by ΛΛ recombination. The H dybarion could be stable or meta-stable (cτ > 1 m),
thus it does not decay within the acceptance of the Belle detector and escapes undetected: the
main argument against this hypothesys comes form the indirect measurements of the ΛΛ binding
energy, but as reported by T.F. Carames and A. Valcarce 20 , these measurement have given, in
the past 50 years, contradictory results.
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Abstract. A direct evidence for Time Reversal Violation (TRV) means an experiment that,
considered by itself, clearly shows TRV independent of, and unconnected to, the results for CP
Violation. No existing result before the recent BABAR experiment with entangled neutral B mesons
had demonstrated TRV in this sense. There is a unique opportunity for a search of TRV with unstable
particles thanks to the Einstein-Podolsky-Rosen (EPR) Entanglement between the two neutral mesons
in B, and PHI, Factories. The two quantum effects of the first decay as a filtering measurement and
the transfer of information to the still living partner allow performing a genuine TRV asymmetry with
the exchange of "in" and "out" states. With four independent TRV asymmetries, BABAR observes a
large deviation of T-invariance with a statistical significance of 14 standard deviations, far more than
needed to declare the result as a discovery. This is the first direct observation of TRV in the time
evolution of any system.

INTRODUCTION
I was asked by the organizers to report about the recent discovery of Time Reversal Violation (TRV) in
the Entangled Neutral B-system and the conceptual basis for such observation. This subject had an important
impact in the scientific community and journals. Under the title "The arrow of time", The Economist devoted
its central page on Science and Technology in the number of September 1st 20121) to TRV. In particle
physics one expects that not all processes run in the same way forwards in time as they do backwards.
The direct observation of this phenomenon by the BABAR Collaboration was reported2) in November
2012 with a high significance result, and the journals Nature3) and Physics Today4) presented it stating, that
TRV has finally been clearly seen. Additionally, Physics World revealed its top breakthroughs for physics in
2012 and the first three results appear to be5) the Higgs-like boson discovery at CERN, a Majorana fermion
excitation in solid state physics and Time-Reversal Violation.
The main point associated to a genuine test of T-invariance is that one needs an interchange between instates and out-states for a given process, a request particularly difficult to accomplish for particles that decay.
The interest in the unstable neutral meson K 0  K 0 and B 0  B 0 systems stems from the fact that Violation of
CP invariance (CPV) has been observed for them6). By virtue of the CPT theorem7), as imposed by any local
quantum field theory with Lorentz invariance and Hermiticity, one then expects that T violation should also
appear in those systems. A direct evidence for TRV would mean an experiment that, considered by itself,
clearly shows TRV independent of, and unconnected to, the results for CPV. No existing result before the
BABAR experiment2) had clearly demonstrated TRV in this sense. For particles in a decaying state, T-

transformation is not defined, because the image under T is not a physical state. It looks like the decay
prevents a true test of T-symmetry. What is the conceptual basis that is able to bypass this argument?
Everything started with the papers8) that used the quantum Einstein-Podolsky-Rosen (EPR)9) Entanglement
to transfer the information, lost in the irreversible decay of one particle, to its still living orthogonal partner.
This correlation allows the preparation, in the quantum mechanical sense, of the state of the second neutral
meson as a filtering measurement does. These ideas were scrutinized by several authors, including
Wolfenstein10), Quinn11) and many others, with the conclusion that "it appears to be a true TRV effect". The
original ideas and calculations8) were more recently transformed into a definite experimental proposal12) and
its feasibility was demonstrated by a full simulation using the realistic statistics available in the B Factories.
DIRECT EVIDENCE FOR TRV IN UNSTABLE PARTICLES
We are interested in Microscopic T-symmetry Violation. Effects in particle physics odd under the
change of sign of time t ↔ -t are not necessarily T-violating. These observables can occur in theories with
exact T-symmetry and are called T-odd effects, like those induced by absorptive components of the
transition amplitude. On the other hand, for complex physical systems, well known time asymmetries are the
Universe t-asymmetry13) and the macroscopic t-asymmetry called the “arrow of time”14). But none of these
t-asymmetries is a test of TRV in the fundamental Laws of Physics.
T and CPT symmetries are implemented by Antiunitary Operators in Quantum Mechanics, with the
algebraic commutation rules left invariant. A genuine TRV Observable means an Asymmetry under the
interchange of in ↔ out states. The antiunitary character, rather than unitary, introduces many intriguing
subtleties. Two types of experiments can demonstrate TRV:
1)
A non-zero expectation value of a T-odd operator for a non-degenerate stationary state. This is the
case for an electric dipole moment, which is a P-odd, C-even, T-odd quantity. It can be generated by either
strong T-violation, with the non-perturbative θ-term εμντσ Fμν Fτσ of the tensor gluon field with its dual, unless
it is rotated away by a Peccei-Quinn symmetry15) leaving the axion as remnant, or by T-violation in weak
interactions. In the standard model, with the CKM mechanism, a non-vanishing electric dipole moment of
the neutron only appears to three loop amplitudes. The present experimental status is summarized in16).
2)
For transitions, as discussed before, the antiunitary character of the T-operator demands an
asymmetry under the in ↔ out exchange, i.e., the comparison between <f |S|i > and <-i |S|-f >, where |-i >,
|-f > indicate the T-transformed of |i >, |f > respectively. Transitions in the K 0  K 0 and B 0  B 0 systems
have demonstrated the existence of CPV. It is then natural to search for TRV in those systems.
The Kabir asymmetry K 0  K 0 vs K 0  K 0 was measured in 1998 by the CPLEAR experiment17) at CERN
with a non-vanishing value and a statistical significance near 4 standard deviations. But the interpretation of
this observable as a direct evidence of TRV has generated some controversy. It is based18) on several facts
associated with this flavour-flavour transition with an asymmetry proportional to ΔΓ. In the WW approach19)
the entire effect comes from the overlap of the non-orthogonal “stationary” KL, KS states.
Not all tests of T-symmetry are ruled out for particles that decay, as long as ΔΓ is not needed for the
observable asymmetry. This is the situation when the interference which leads to an asymmetry is taking
place for amplitudes with and without mixing. The corresponding transition is associated with flavour and
CP decay products. But still we have the problem of the in↔out exchange required for a genuine test of
T-symmetry. The fact that particles decay looks like it prevents performing such an exchange.
The solution arises8) from the Quantum Mechanical Entanglement imposed by the EPR correlation
between the neutral mesons produced in the B, or Φ, Factories. This idea will give us the opportunity to have
separate tests of CP, T and CPT-symmetries, depending on the selection of the decay channel. At the
0
moment of the  (4 S )  B 0 B decay, the neutral meson system is in the antisymmetric state
1
(1)
 B 0 t B 0 t   B 0 t B 0 t 
| i 
2

1

2

1

2

where the states 1, 2 are defined by the time ordering of the decays, with t1 < t2. The times t1 and t2 in
equation (1) are not time dependences, but labels to characterize the states.
But, for the entangled state of the two mesons, the individual state of each neutral meson is not defined
before its collapse as a filter imposed by the observation of the decay. One can rewrite the same |i > state in
equation (1) in terms of any other pair of orthogonal states of the individual neutral B-mesons: a linear
combination of B 0 and B 0 , and its orthogonal. One may considerer the states B+ and B- of the neutral
mesons, where B+ is the state not decaying to the decay product J/ψ K+ and K+ is the neutral K-meson

filtered by its decay to ππ. The orthogonal state B- is thus the neutral B-meson filtered by the decay to the
CP = - final state. The observation of the decay to this CP-eigenstate at time t1 generates an automatic
transfer of information to the (still living) partner meson. We may call the quantum preparation of the initial
state at t1, using the filter imposed by a first observation of this decay, a “CP-tag”20). The same entangled
state is then better to write it as
1
B t1 B t2   B t1 B t2 
| i 
(2)
2
The main question is now: If B- is the B-state filtered by the CP = - decay J/ψ K+, what is the orthogonal
state B+ experimentally? For these CP-eigenstate decay products, the condition to filter a definite state is12)
that the decay amplitude has a single weak phase. The state B+ is that filtered by the CP = + decay in the
same system J/ψ K-, where K- is the neutral K-meson filtered by its decay to π0π0π0. If, for the B-system, one
neglects the small CP-violation of the K-system, one can associate B- with J/ψ KS decay and B+ with J/ψ KL
decay.
This last association is the
foundation of the experimental
performance of the TimeReversal Transformation for a
transition of the neutral Bmeson between a first flavour
decay and a second decay to a
CP-eigenstate.
This
Ttransformation is illustrated in
fig. 1 for the comparison
between B 0  B and B  B 0
transitions. As seen, for the
first transition one has to
observe the decays (l+, J/ψ KS)
in this time ordering, whereas
T-reversed
transition
FIGURE 1. Scheme of the experimental observation of the time ordered the
+
corresponds
to
(J/ψ
K
L, l ) for
(l , J/ψ KS) and (J/ψ KL, l ) decays for performing the study of the time
the two decays. This nontrivial
evolution of the transition B 0  B and its T-reverse B  B 0
T-reversal is thus not given by
the t-reversal exchanging the two decays. Entanglement has been essential for the quantum preparation of the
initial state of the neutral B-meson in one transition and its T-reverse transition. The problem of particle
unstability for a T-symmetry test has been bypassed. Experimentally, we need a very good time resolution
for disentangling the ordering of the two decays.
GENUINE OBSERVABLES NOT NEEDING ΔΓ
We may now proceed to a partition of the complete set of events into four categories, defined by the tag
0
0
in the first decay at time t1 : B , B , B or B , so we have eight different Decay-Intensities at our disposal, as
function of Δt = t2 – t1 > 0. Each one of these eight Flavour-CP transitions has an Intensity given by
 i   ~ e    Ci cosm   S i sin m   C'i cosh    S 'i sinh   
( 3)
where Γ is the average width. For a genuine test of a symmetry, one has to compare the Ii (Δt) of a transition
with its transformed by the symmetry operation. We proceed now to study the effects of the three symmetry
operations CP, T and CPT separately:
1)
Take B 0  B as the Reference transition and call (X,Y) the observed decay products at times t1 and
t2, respectively. The CP, T and CPT transformed transitions are given in Table 1, as well as the so-called
Δt-operation (not a symmetry!) exchanging X↔Y
0
TABLE 1. Symmetry Transformations applied to B  B
0
0
0
0
B  B
B  B
B  B
B  B
B  B 0
Transition
(l-, J/ΨKL)
(l+ ,J/ΨKL)
(J/ΨKS, l+)
(J/ΨKS, l-)
(J/ΨKL, l-)
(X,Y)
Transformation
Reference
CP
T
CPT
Δt

As you may check, all transitions are experimentally independent. It is important to point out that the
two sets of events, called sometimes “Δt > 0” and “Δt < 0”, for the same two decay products l- and J/ψKL,
experimentally included in the same sample of events, are not connected by any symmetry.
0
2)
Take B  B as the Reference transition. The CP, T and CPT transformed transitions are given in
Table 2
TABLE 2. Symmetry Transformation applied to B 0  B
B 0  B
B  B 0
B  B 0
B  B 0
B 0  B
Transition
(l-, J/ΨKS)
(l+ ,J/ΨKS)
(J/ΨKL, l+)
(J/ΨKL, l-)
(J/ΨKS, l-)
(X,Y)
Transformation

Reference

CP

T

CPT

Δt

Therefore a second Asymmetry for each of the 3 symmetry transformations can be built. Again the result
of the Δt-operation is a different transition from the other four transitions connected by the symmetries.
3)
Select now as Reference the B  B 0 transition, obtained by the choice (Y, X) of decay products in
the Reference 1) and proceed with the symmetry transformations.
4)
Select as Reference the B  B 0 transition, obtained by the choice (Y, X) of decay products in the
Reference 2), and proceed with the symmetry transformations.
We thus conclude that there are 4 Model-Independent Asymmetries for each of the 3 symmetry
transformations CP, T and CPT. These Asymmetries in the time dependent decay rates for any pair of
symmetry-conjugated transitions would be apparent through differences between the corresponding
coefficients Si or Ci in equation (3). In the analysis for the B 0  B 0 system, we will take ΔΓ = 0. In our


notation for S  ,  ( C  ,  ) , α will indicate the flavour decay l+ or l- and β the CP-eigenstate decay J/ψ KL or
J/ψ KS. The superindex “+” is for time ordering (Flavour, CP), whereas “-” is for the opposite time ordering
of the two decays. For T-symmetry, a measure of TRV in the time evolution between the two decays is given
by the asymmetry parameters
 S T  S l , K  S l , K
 C T  C l , K  C l , K

T

S  S

L

S


l  ,K L


l  ,K S

S


T

C  C

L

S


l  ,K L


l  ,K S

C

(4)





( CCP
) and SCPT
Similarly for the asymmetry parameters S CP
(CCPT
) which measure CPV and CPTV,
respectively. The S  , C  parameters
for the three symmetries CP, T and
CPT are represented in fig. 2 on top of
the Intensities for the 8 independent
transitions we are considering. These
transitions are characterized by the
flavour l±, the CP eigenstate J/ψ KS
(KL) and the time ordering Δt>0 (Δt<0).
One should notice that a genuine
test of T implies the comparison of: 1)
“Opposite Δt sign”, i.e., in ↔ out; 2)
Different CP eigenstates, J/ψ KL vs. J/ψ
KS; and 3) Opposite charged leptons l+
vs. l-.
In the SM, all 8 coefficients are
related as a consequence21) of CPT
FIGURE 2. The eight Intensities, obtained for different flavours invariance and ΔΓ = 0, and given by the
l±, different CP eigenstates J/ψ KS (KL) and different sign of Δt, value of sin(2β) = 0.67 ± 0.02, when
are connected by the symmetry transformations CP, T and CPT. using the CKM Mixing matrix22),
There are two sets of asymmetry parameters.

S  Sl , K  Sl ,K  Sl , K  Sl ,K  - Sl ,K  Sl ,K  Sl ,K  Sl ,K  0.67
S

S

S

S

L

L

L

L
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EXPERIMENTAL RESULTS

FIGURE 3. Experimental results for the four raw time dependent asymmetries associated with TRV.
TABLE 3. Measured values of the
asymmetry parameters { S  , C  } for each of
the three symmetries T, CP and CPT.

The details of the experimental analysis by the BABAR
Collaboration may be consulted in reference2).
Fig. 3 shows the four observed TRV asymmetries,
overlaid with the projection of the best fit results to the
Δt distribution with and without the eight T-invariance




 CCPT
 SCPT
restrictions: ST  CT  0, SCP
and CCP
.
The measured values of the T, CP and CPTasymmetry parameters are given in Table 3, together
with the values of reference coefficients of the time
dependent intensities (at the bottom).
The first uncertainty is statistical and the second
systematic. In the last column, the SM expected value is
also given, with such a good precision that its error from
the global fit is well below the present experimental
uncertainty. The significance of the T-violation signal is
obtained from the CL contours assuming Gaussian errors,
the result corresponds to a significance equivalent to 14
standard deviations, and thus constitutes a direct
observation of T violation. The significance of CP and
CPT violation is determined analogously from CL
contours, obtaining a result equivalent to 17 and 0.3 standard deviations, respectively, consistent with CP
violation and CPT invariance.
CONCLUSION
A unique opportunity for bypassing the problem of T-symmetry tests in unstable particles is provided by
the Einstein-Podolsky-Rosen Entanglement between the two neutral mesons in B, and Φ, factories. The
information transfer from the first decay, used as a filtering measurement, to the still living partner allows a
quantum mechanical preparation, the flavour or CP tag, of the appropriate state for performing the Tsymmetry study. Using the channels for the two decays to Flavour and CP eigenstates, we find 8 different
Intensities for the time evolution of the neutral B-meson between the two decays. In appropriate
combinations, the CP, T, CPT symmetries can be separately tested using 4 genuine independent

Asymmetries between the time dependent Decay Rates. These results have been expressed in terms of
independent Asymmetry Parameters S  , C  for each symmetry transformation.
BABAR has measured the time dependent Asymmetries and has extracted the Asymmetry parameters.
The experimental result shows a large deviation of T-invariance with a significance of 14 standard
deviations, far more than needed to declare a Discovery. In turn, the results are consistent with CPT
invariance in the time evolution of the neutral B-meson between the two decays, connecting CPV and TRV
in different transitions. This discovery was made possible thanks to the spectacular quantum properties of
EPR entangled states: the reality of two entangled B’s is much more than the sum of two separate B local
realities.
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TOP QUARK MASS MEASUREMENTS AT THE TEVATRON
G. PETRILLO, on behalf of CDF and DØ collaborations
Fermi National Accelerator Laboratory, Mail Station 352
BATAVIA, IL 60510, U.S.A.
We present the most recent measurements of the mass of the top quark from Tevatron
and the combination of the measurements from CDF and DØ, which yield a top mass of
173.20 ± 0.51 (stat.) ± 0.71 (syst.) GeV/c2 .

1

Introduction

1
The top quark (t) is the heaviest elementary particle observed so far. Its decay width of 2.0+0.5
−0.4 GeV
settles the top quark in a unique position among the quarks, since it decays before “dressing” into
a hadron. This feature allows a direct study of the properties of the top quark, including its mass,
by the detection of its decay products, without the complication of the soft QCD interactions
happening in a hadron.
The mass of the top quark is a free parameter of the Standard Model (SM). Its value affects
the contributions of t loop diagrams, for example in radiative corrections to W and H masses. A
precise knowledge of its mass can provide a stringent test on the SM 2 .

2

Experimental Methods

Top quarks are produced in pp̄ interactions singly by weak interaction and more abundantly in tt̄
pairs by strong interaction. The latter, with a measured cross section 3 of about 7.65 ± 0.42 pb at
√
s = 1.96 TeV, is the production channel of choice for measuring the mass of the top quark.
Each of the two top quarks decays into a quark (b quark in more than 99% of the decays) and
a W boson. The presence of b quarks in the events provides an important mean to discriminate
the tt̄ events, since the jets originating from b quark can have very characteristic features as the
presence of a soft lepton and of a displaced decay vertex. Specific algorithms can identify these
jets (“b-tagged jets”), typically achieving an efficiency within 50 − 80%.
The two W bosons from the tt̄ decay define the experimental signature of the events. The final
state where only one W boson decays into a charged lepton and its neutrino (“semileptonic”)
provides one fully reconstructed top quark and a sizeable branching fraction. The presence of the
lepton allows for a sensible reduction of the background contamination.
The presence of a W boson decaying in jets is a remarkable feature for the top mass measurements. The uncertainty on the scale of the jet energy is 1−2%, and it affects directly the measured
mass. The mass can be measured beyond that precision only by an alternative calibration of the
jet energy. The mass of the W boson has been measured independently 4 with an uncertainty of
≈ 15MeV/c2 . Therefore the W boson decaying in two jets can provide a very precise scale reference
for the jet energy. The top mass measurements exploit this feature by measuring also the residual
jet energy scale bias, ∆JES , for the selected data sample (“calibration in situ”).

The most common techniques for the measurement of the mass of the top quark follow a shared
pattern. Each event satisfying the selection criteria is assigned a likelihood, which describes its
compatibility with a tt̄ event of a given top mass mt . This likelihood can be a function of other
parameters in addition to mt , for example ∆JES . The estimator of mt is extracted from the
maximization of a sample likelihood which includes contributions from each of the events. Finally,
a calibration procedure relying on the simulation removes any bias from the estimator and delivers
the measurement of the top mass. The methods differ in the choice of the event likelihood.
An important consequence of the calibration procedure is the dependency of the measurement from the definition of the top mass implemented in the simulations. Conversely, a precise
measurement of the top mass contributes to the full understanding of those implementations 5 .
The Matrix Element method exploits the full topology of the event. Its likelihood is based
to the leading order q q̄ → tt̄ scattering matrix element, M (y, mt ), including the tt̄ decay. Since
neither the initial nor the final state of the process described by M are observable, two layers are
needed to connect M with the initial pp̄ and the set of the detected objects (for example, four jets
and one lepton).
The templates method relies on a few observables which are sensitive to the top mass. Distributions of these observables (“templates”) are extracted from signal samples simulated with different
top masses and from background samples. These distributions are used as probability densities to
compute the likelihood for each event to be a signal event with a given mass. Correlations between
the observables can be included by the use of multi-dimensional distributions. Multi-dimensional
templates require large simulated samples to avoid statistical fluctuations. This limits the number
of observables which can be included by this method.
The most precise measurements of the Tevatron experiments have historically been from events
with semileptonic signature, using the Matrix Element method. The measurement from CDF, on
5.6 fb−1 of data, now superseded, had achieved a precision of 0.7% (173.0 ± 0.9 (stat.+JES) ±
0.9 (syst.) GeV/c2 6 ). The measurement from DØ on 3.6 fb−1 of data achieved a precision of
0.85% (174.9 ± 1.1 (stat.+JES) ± 1.0 (syst.) GeV/c2 7 ). The precision of both is limited by the
statistical uncertainties. The combination from the two experiments from July 2012 yields to
mt =173.18 ± 0.56 (stat.) ± 0.75 (syst) GeV/c2 8 . By comparison, the most precise result from LHC,
combination of CMS and ATLAS results, is 173.3 ± 0.5 (stat.) ± 1.3 (syst) GeV/c2 9 . Also in this
case, it is the systematic uncertainties which limit the precision of the measurement.
3
3.1

New Measurements
From Events with One Lepton and Jets

CDF has measured the mass of the top quark from the full dataset of 8.7 fb−1 using a selection of
events with one charged lepton (e or µ) and four or more jets 10 . This analysis uses the templates
method, based on three observables and including their correlations. There are up to 12 possible
assignments for each of the four reconstructed jets to the four quarks in the tt̄ → bb̄q q¯0 `ν̄` (b-tagged
jets will not be assigned to light quarks). For each of the assignments a χ2 quantity is evaluated,
which describes how compatible the event is with a tt̄ configuration where the two W bosons have
the nominal mass of MW = 80.39GeV/c2 and the two t quarks have the same mass, a free parameter
mreco
. The first two observables chosen for the templates are mreco
from the assignment with the
t
t
2
lowest χ (Fig. 1), and from the assignment with the second lowest χ2 . The third observable is
chosen as the invariant mass of two jets which is closest to the known MW value. All and only the
jets which are not b-tagged are considered.
The measured top mass is
mt = 172.85 ± 0.71 (stat.+JES) ± 0.85 (syst.) GeV/c2 .
The energy scale shift ∆JES from the calibration in situ is found to be consistent with zero. The
systematic uncertainty is dominated by the residual uncertainty on jet energy scale and by the
signal modelling, also including a contribution from an alternative parton shower model.
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Figure 1: Measurement on 8.7 fb−1 of CDF data using events with lepton and jets: (a) template distributions of
mreco
for background and signal with mt =173.0 GeV/c2 , compared with data; (b) minimum of the sample likelihood,
t
with contours corresponding to one, two and three standard deviations.

3.2

From Events with No Lepton and Jets

CDF has performed a measurement from a selection of events with no electron nor muon, and large
momentum imbalance 11 . The simulation shows that such events have large contribution from tt̄
processes where the lepton is present but not reconstructed.
The analysis is performed on the full CDF dataset of 8.7 fb−1 , using a template method similar
to the one used in the analysis of events with one lepton (Fig. 2). The main differences are in the
details of the formulation of the χ2 , modified to take into account the lack of information about
one of the two W bosons, and the strategy for the reduction of background contamination. The
final state without leptons is dominated by non-resonant multi-jet events. The requirement of at
least one b-tagged jet is necessary to reduce the background. Further reduction is achieved by
using a multivariate discriminant, which yields to a signal over background ratio of 2:1.
The result of the analysis is a top mass
mt = 173.9 ± 1.6 (stat.+JES) ± 0.9 (syst.) GeV/c2
whose precision is limited by the statistical uncertainty. This measurement can’t compete in
precision with the previous one, but it contributes in the combination with other measurements.
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Figure 2: Measurement on 8.7 fb−1 of CDF data using events with large momentum imbalance and jets: (a)
template distributions of mreco
for background and signal with mt =173.0 GeV/c2 compared with data for the events
t
with four jets, two of them b-tagged; (b) calibration curve for the top mass estimator: bias on top mass as function
of the top mass chosen in the simulated sample.

4

Tevatron Combination

A joint CDF and DØ working group performs combinations of top quark measurements, including
mass, tt̄ production cross section and other properties.
The combination technique for the top mass measurements is based on a Best Linear Unbiased
Estimator 12 , relying on the assumption that each source of uncertainty is assumed to be described
by a normal distribution. The method requires the detailed knowledge of the correlation of the
uncertainties between all the measurements to be combined. The uncertainties are split in 14
categories, defined so that the correlations within each of them are well defined. The categories
include seven related to jet energy scale, two about detector modelling, two about background
modelling; the remaining ones are the signal modelling, the modelling of the underlying event and
the calibration method.
The choice of measurements follows two guidelines. The measurements must be as independent
as possible, and the most precise available. Their independence guarantees that their statistical
uncertainty is uncorrelated, and it maximises the available information. Therefore the 12 measurements chosen (Table 1) span the two Tevatron experiments, the two Tevatron runs and many
final states, including the two measurements presented in this report.
Table 1: Summary of the 12 mass measurements from Tevatron in the March 2013 top mass combination, and the
combination result.

Mass of the Top Quark

15

March 2013

(* preliminary)

CDF-I dilepton

167.40 ± 11.41 (± 10.30 ± 4.90)

DØ-I dilepton

168.40 ± 12.82 (± 12.30 ± 3.60)

CDF-II dilepton

170.56 ± 3.79

(± 2.19 ± 3.09)

DØ-II dilepton

174.00 ± 2.76

(± 2.36 ± 1.44)

CDF-I lepton+jets

176.10 ± 7.36

(± 5.10 ± 5.30)

DØ-I lepton+jets

180.10 ± 5.31

(± 3.90 ± 3.60)

CDF-II lepton+jets

172.85 ± 1.11

(± 0.52 ± 0.98)

DØ-II lepton+jets

174.94 ± 1.49

(± 0.83 ± 1.24)

CDF-I alljets

186.00 ± 11.51 (± 10.00 ± 5.70)

CDF-II alljets

172.47 ± 2.07

(± 1.43 ± 1.49)

CDF-II track

166.90 ± 9.46

(± 9.00 ± 2.90)

CDF-II MET+Jets *

173.95 ± 1.85

(± 1.35 ± 1.26)

Tevatron combination *

173.20 ± 0.87

(± 0.51 ± 0.71)

CDF March'07

χ2/dof
= 8.5/11
(67%)
(± 1.50
± 2.20)
12.40
± 2.66

( ± stat ± syst)

0
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The result of the combination 13 is
mt = 173.20 ± 0.51 (stat.) ± 0.71 (syst.) GeV/c2 = 173.20 ± 0.87 GeV/c2

wose precision of 0.50% qualifies it as the most precise estimation of the top mass to date.
The precision of the combination is dominated, as the most precise among the contributing
measurements, by the uncertainties on the energy scale of the jets and on the signal modelling.
5

Summary

The precision of the measurements of the top mass keeps being improved by the Tevatron experiments. To date, the top mass is know with an uncertainty of 870 MeV/c2 (0.5%), with the
contribution of the first measurements from the full dataset by CDF. Further improvements are
expected with the inclusion of the remaining Tevatron analyses currently in preparation.
The most precise single measurements have been since long time limited by the systematic uncertainties. The leap in precision can be only achieved by the better understanding of the signal
modelling, common to all measurements, and by the combination of measurements with different and independent uncertainties. The largest gain comes with the contributions from different
experiments. It must be stressed that all the measurements are consistent, regardless of the detector, technique or events signature, including the measurements from the LHC pp events. This
indicates the combination of all the measurements from Tevatron and LHC as the necessary mean
to improve the precision of the measurement of the top mass from hadron collisions.
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TOP QUARK PRODUCTION AT THE LHC
M. AOKI
on behalf of the ATLAS and CMS Collaborations
Kobayashi-Maskawa Institute for the Origin of Particles and the Universe (KMI),
Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
Measurements of the production cross section for top quark pairs and the single top quark by
the ATLAS and CMS collaborations at the LHC are presented. Improved measurements at
√
√
s =7 TeV as well as new measurements at s =8 TeV are highlighted. All the measurements
are in good agreement with the standard model predictions.

1

Introduction

The top quark is the heaviest known elementary particle, whose mass is close to the scale of the
electroweak symmetry breaking. If there is physics beyond the standard model in this field, it
may appear with the top quark. Events with one or two top quarks are also expected to be a
large background for several new physics searches. Precise determination of the production and
the kinematics of the top quark would increase the sensitivity of such searches.
2

Production cross section of the top quark pair

In the standard model, the production rate of the top quark pair is expected to be 164+13
−10 pb
√
√
+22
1
at s = 7 TeV, and 238−24 pb at s = 8 TeV . This rate has been measured by the ATLAS 2 and CMS 3 collaborations with high statistics data samples. The recent result of the
√
LHC-combined inclusive top quark pair production cross section at s = 7 TeV is 173.3 ±
2.3(stat) ± 9.8(syst) pb 4 . Further improvements and understanding of tt̄ production have been
made by both collaborations, which are summarized in Table 1. The irreducible systematic
uncertainty, which is coming from the signal modeling, is taking a large part in most of the
measurements, therefore, it is important to measure the differential cross section in order to
reduce this uncertainty.

Table 1:

A summary of the recent measurements of the inclusive top quark pair production cross section 5,6,7,8,9,10,11 .

Mode
Dilepton 5
`+jets with soft µ tag 6
τhad +jets 7
τhad +jets 8
`+jets 9
`+jets 10
Dilepton 11

Experiment
CMS
ATLAS
ATLAS
CMS
ATLAS
CMS
CMS

√
s [TeV]
7
7
7
7
8
8
8

R

Ldt [fb−1 ]
2.3
4.7
1.7
3.9
5.8
2.8
2.4

σtt̄ [pb]
161.9
165
194
152
241
228
227

∆σ(stat)
±2.5
±2
±18
±12
±2
±9
±3

∆σ(syst)
+5.1
−5.0

±17

∆σ(L)
±3.6
±3

±46
±32
±31
+29
−26

±11

±3
±9
±10
±10

Figure 1: Differential cross section as a function of mtt̄ , ptT and y t 12 .

Figure 2: Distributions of the jet multiplicity in tt̄ events. Left: inclusive jet multiplicity. Right:jet multiplicity
subtracting jets from tt̄ 13 .

In Figure 1, the normalized differential cross sections as a function of tt̄ invariant mass (mtt̄ ),
transverse momentum of a top quark (ptT ), and rapidity of a top quark (y t ) are shown 12 . The
measured distributions agree well with the theoretical predictions within experimental uncertainties, and the approximate-NNLO provides the best description of the data.
Measurements of jets associated with the tt̄ production could constrain models of initial and
final state radiation at the scale of the top quark mass, and also provide a test of perturbative
QCD in the LHC energy regime. Figure 2 shows the distributions of the inclusive jet multiplicity
in tt̄ events, and the distributions of the jet multiplicity subtracting those from the tt̄ decay 13 .
All the theoretical predictions agree well with the data, although the MC@NLO+HERWIG
prediction tends to underestimate the data for events in the higher jet multiplicity bins.
An alternate method to see the jet activity is to measure the gap fraction, which is defined
as the fraction of events with no additional jets with transverse momentum above a threshold.
Figure 3 shows distributions of the gap fraction measured in the dilepton channel 14 . All the
theoretical predications agree well with the data within experimental uncertainty for the overall
rapidity region. However, the MC@NLO prediction tends to have higher gap faction in the
central rapidity region, and none of the predictions agrees with data in the forward rapidity
region.
Another interest is to measure the flavor of such jets. The CMS collaboration has performed
the first measurement of the cross section ratio σ(pp → tt̄bb̄)/σ(pp → tt̄jj), where the tt̄jj final
state is defined by the presence of two additional jets in addition to the two b quarks from the
decays of the top quark pair. The resulting measured cross section ratio is [3.6 ± 1.1(stat) ±
0.9(syst)]% 15 . This number can be compared to the predictions using MADGRAPH 16 and
POWHEG 17 , which are 1.2% and 1.3%, respectively

Figure 3: Distributions of the gap fraction. Left: overall detector acceptance. Center:central rapidity region.
Right: forward rapidity region 14 .

3

Single top production

Single top production is an alternative top quark production mechanism via the weak interaction.
Measurement of this production rate allows for a measurement of |Vtb | without assumptions
about the number of quark generations. Three subprocesses contribute to single top quark
production: the exchange of a virtual W boson in the t-channel, or in the s-channel, and the
associated production of a top quark and an on-shell W boson.
The ATLAS collaboration has reported evidence of the associated production of a top quark
and a W boson using 2.05 fb−1 of 7 TeV data. The signal is extracted using a multivariate
analysis technique in the analysis. The measured production cross section is 16.8 ± 2.9(stat) ±
18
4.9(syst) pb with a significance of 3.3 standard deviations, and |Vtb | is determined as 1.03+0.16
−0.19 .
This is also confirmed by the CMS collaboration with more statistics, 4.9 fb−1 of 7 TeV data.
The reported production cross section is 16+5
−4 pb with a significance of 4.0 standard deviations,
+0.03
19
and |Vtb | is measured to be 1.01+0.16
(exp)
−0.13
−0.04 (th) . In the standard model, this production
cross section is expected to be 15.7 ± 1.1 pb 20 .
√
With a higher beam energy of s =8 TeV, the single top production in the t-channel has
been confirmed by both the ATLAS and the CMS collaborations. In the standard model, this
21 The signal is extracted, for ATLAS,
production cross section is expected to be 87.8+3.4
−1.9 pb
by a fit to the output distribution of a neural network discriminant in 5.8 fb−1 of data. The
measured production cross section is 95.1 ± 2.4(stat) ± 18.0(syst) pb, and |Vtb | is measured to be
−1
22
1.04+0.10
of data. The signal
−0.11 . The CMS collaboration measures this production using 5.0 fb
is extracted by a fit to the pseudo-rapidity distribution of the recoil jet, and the production cross
section is measured to be 80.1 ± 5.7(stat) ± 11.0(syst) ± 4.0(lumi) pb, and resulting |Vtb | is found
to be 0.96 ± 0.08(exp) ± 0.02(th) 23 .
The cross-section ratio between top and anti-top quarks, Rt = σt /σt̄ , in single top quark
production is sensitive to the momentum probability density of quarks in the proton. The
up-quark density inside the proton is about twice as high as the down-quark density, and the
production cross-section of single top-quarks is about twice as high as the cross section for antitop quark production. This cross section ratio has been measured by the ATLAS collaboration
24
using 4.7 fb− 1 of 7 TeV data, and they report that Rt is 1.81 ± 0.10(stat)+0.21
−0.20 (syst) . This
−1
ratio has been also measured by the CMS collaboration using 12.2 fb of 8 TeV data, and Rt
has been determined as 1.76 ± 0.15(stat) ± 0.22(syst) 25 . In Fig. 4, the measured Rt is compared
with expectation using several different PDF sets.

Figure 4: Rt results compared to several theoretical predictions 24,25 .

4

Conclusions

Measurements of top quark production by the ATLAS and CMS collaborations have been presented. All those results are in good agreement with the standard model predictions. The high
luminosity of the LHC proton-proton collider at a TeV energy allows for high precision and
detailed measurements of top quark production.
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D. Orbaker on behalf of the CDF and DZero collaborations
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Since the discovery of the top quark nearly twenty years ago, the CDF and DZero collaborations have been working to see if measurements of top quark properties agree with predictions
√
from the Standard Model. We present multiple analyses of pp̄ collisions with s = 1.96 TeV
−1
at the Tevatron, using integrated luminosities up to 9.4 fb for various tt̄ decay signatures.
Included in our discussion are measurements of W helicity, t quark decay branching fractions,
t quark width and tt̄ forward-backward production asymmetries.

1

Introduction

The top quark (t) was discovered in 1995 by the CDF and DZero experiments using pp̄ collisions from
the Tevatron. At the time of discovery, each experiment had tens of t quark candidate events. Now
each experiment has data samples consisting of thousands of t quark candidates. The top quark is the
heaviest known fermion and the only constituent of matter heavier than the Higgs Boson. Because
of the extremely large mass of the top quark, mass measurements test the internal consistency of
electroweak symmetry breaking in the Standard Model (SM) via the relationship between the H, W
and t masses. Measurements of top quark properties are necessary to test the SM and to perhaps
provide discrepancies that give insight into physics beyond the Standard Model.
In this paper, we focus on top quark pair production (pp̄ → tt̄), the main production mechanism
for top quarks at the Tevatron. In the Standard Model, the top decays via the weak force to (t → W q),
where q is a b quark nearly 100% of the time. The W boson can decay leptonically (W → lν) or
hadronically (W → q q̄ 0 ). The decay of the W boson decides which objects we identify the tt̄ decay
with. In this paper, we discuss measurements made in the dilepton channel (t → W bW b̄ → llννbb̄)
and the lepton+jets channel (t → W bW b̄ → lνq q̄ 0 bb̄). In both of these channels, unless otherwise
specified, l is either an electron or a muon. In the following sections we describe a group of analyses
that measure properties of the production and the decay of the top quark.
2

W helicity

The W boson from top quark decay can have three possibility helicity states: right-handed (+),
left-handed (-) and longitudinal (0). The Standard Model predicts that ∼ 70% of W bosons have
longitudinal helicity (f0 ), while ∼ 30% are left-handed (f− ) and ∼ 0% are right-handed (f+ ). Any
deviations from these fractions in a sample of top quark events could point to physics beyond the
SM, either in tt̄ production or at the t → W b decay vertex.
The CDF collaboration recently published a measurement using the matrix element method with
8.7 fb−1 in the lepton+jets channel 1 . For each event, probabilities are found using the leading order
matrix elements for the event to be a signal event produced with a given helicity and for the event
from background production. Each jet-parton assignment is used to construct this probability. All of
the probabilities are combined together to form a likelihood, and this likelihood is maximized to get

measured values for f0 , f+ and the fraction of signal events in the data sample. By utilizing the matrix
element method, this analysis uses more information from tt̄ decay than previous CDF lepton+jets
analyses and achieves better statistical power. The results are f0 = 0.726 ± 0.066 (stat) ± 0.067(syst)
and f+ = −0.045 ± 0.043(stat) ± 0.058(syst), which are consistent with the Standard Model.
The CDF and DZero Collaborations published a combined result for the W helicity 2 . The
result combines three measurements: a CDF matrix element analysis using 2.7 fb−1 of data in
lepton+jets channel; a CDF template-based analysis using 5.1 fb−1 of data in the dilepton channel;
and a DZero template-based analysis using 5.4 fb−1 of data in both the lepton+jets and dilepton
channels. The template-based analyses use distributions in the reconstructed helicity angle, cos θ∗ ,
to extract f0 and f+ . The three measurements are combined using the measured values and the
covariance matrices for the uncertainties. the results are f0 = 0.722 ± 0.062(stat) ± 0.052(syst) and
f+ = −0.033 ± 0.034(stat) ± 0.031(syst), in good agreement with the standard model predictions.
3

Branching ratio of the t quark

The branching ratio of top quark decays is R =

t→W b
t→W q .

The branching ratio can also be described in

|Vtb |2
.
|Vtb |2 +|Vts |2 +|Vtd |2

In the Standard Model, R is extremely close
terms of CKM matrix elements: R =
to 1 (0.998). Any large deviation from 1 would indicate that new physics is involved in the decay of
the top quark.
The latest measurement of R from the CDF collaboration uses 8.7 fb−1 of data in the lepton+jets
channel 3 . To differentiate between tt̄ decays with different branching ratios, events are broken up by
the number of jets and the number of b tags into six different categories: 3 jets, one b-tag; 3 jets, ≥ 2
b-tags; 4 jets, one b-tag; 4 jets, ≥ 2 b-tags; ≥ 5 jets, one b-tag and ≥ 5 jets, ≥ 2 b-tags. The analysis
excludes events with 0 b-tags, which are dominated by background processes. Each category is put
into a bin in a histogram. Templates are made for tt̄ signal distributions with different R values and
for the background distributions. A maximum likelihood fit is used to simultaneously measure the tt̄
cross section (σtt̄ ) and the branch fraction. As the background normalization has some dependence
on σtt̄ , the fit is run iteratively until the measured value for σtt̄ converges.
The results of the maximum likelihood fit are σtt̄ = (7.5 ± 1.0) pb and R = 0.94 ± 0.09, with
a statistical uncertainty for R of 0.04 and total systematic uncertainty for R of 0.08. As one might
expect, the systematic uncertainties are dominated by uncertainties on the b-tagging, where migrations between bins would have a large effect on the measured value of R, and uncertainties on the
background normalization. The measurement is good agreement with the SM, and places a lower
limit on the branching ratio of R > 0.785 at 95% confidence level. Assuming that the CKM matrix
is unitary and that there are only three generations of quarks, we measure |Vtb | = 0.97 ± 0.05 and
place a lower limit of |Vtb | > 0.89 at 95% confidence level. These results are consistent with previous
measurements from the Tevatron.
4

Width of the t quark

The CDF collaboration has released result of a direct measurement of the width of the top quark,
using 8.7 fb−1 of data in the lepton+jets channel 4 . The observed decay products are kinematically
reconstructed with the constraints mW = 80.4 GeV and mt,1 = mt,2 . The analysis essentially
uses the shape of the reconstructed top mass distribution to extract the width. Probability density
functions (p.d.f.) found using Kernel Density Estimation, P (mreco
, mjj |Γt , ∆JES ), are made for the
t
reconstructed top mass, mreco
and
the
invariant
mass
of
the
two
jets
assigned to the W boson, mjj ,
t
given different top widths (Γt ) and the change in the nominal JES (∆JES ). For signal, multiple p.d.f.s
with different Γt and ∆JES are made, while for background p.d.f.s with different ∆JES are made. A
likelihood, constructed from these probabilities for all events, is maximized to find the measured
values of Γt and ∆JES .
Pseudo experiments are used with the Feldman-Cousins scheme to calibrate the analysis and calculate the uncertainties. Before calibration, the width from data is Γt = 1.63 GeV. After calibration,
the final result is

+1.46
Γt = 2.21−0.92
(stat)+1.12
−0.62 (syst) GeV,
in good agreement with the standard model prediction of 1.25 GeV. As might be expected, the
largest systematic uncertainties are from jet resolution and different simulated effects, such as color
reconnection and the fraction of tt̄ events arising from gg versus q q̄. Using the Heisenberg Uncertainty
−25 s.
Principle, the lifetime of the top quark is measured to be τt = 2.98+3.00
−1.35 × 10

5

Forward-backward tt̄ production asymmetry

At the Tevatron, the color charge asymmetry in production for q q̄ → tt̄ is manifested as a forwardbackward asymmetry, AFB , in pp̄ → tt̄. One of the more simple quantities to reconstruct and measure
is the asymmetry based on the lepton from tt̄ decay, AlFB , which is defined as:
N (ql yl > 0) − N (ql yl < 0)
,
(1)
N (ql yl > 0) + N (ql yl < 0)
where ql is the charge of the lepton and yl is the rapidity of the lepton. Both the CDF and DZero
Collaborations have recently released results for the lepton-based asymmetry, DZero in the dilepton
channel using 5.4 fb−1 of data 5 and CDF in the l+jets channel using 9.4 fb−1 of data 7 . Both
collaborations present asymmetries made from distributions of data after subtracting the predicted
shapes and normalizations from background processes. As the angular resolution for leptons is
extremely good, there is no need to unfold distributions from background-subtracted data for effects
from reconstruction. Lepton-based distributions are corrected for effects from acceptance, which differ
for the dilepton and lepton+jets channels. The CDF Collaboration applies an additional correction
to extrapolate the asymmetry beyond the angular range of the CDF detector to the inclusive range
for leptons from tt̄ decay.
The results from the DZero dilepton analysis are summarized in Table 2 of the publication 5 . For
the sake of brevity, they will not be shown here. All of the results are in good agreement with the
predicted asymmetries from mc@nlo, with additional QCD+EW corrections. The results for AlFB
are combined with the results from the DZero AlFB measurement in the lepton+jets channel 6 , for
value of AlFB = (11.8 ± 3.2)%, which is about 2σ higher than the predicted value of (4.7 ± 1.1)%.
In the lepton+jets channel, the CDF Collaboration measures lepton-based asymmetries that are
somewhat higher than the predictions. For asymmetries made from background-subtracted data,
CDF measures AlFB = (7.0 ± 1.9 (stat) ± 1.1 (syst))%, which can be compared to the prediction from
powheg of 2.3%. After applying an acceptance correction and extrapolating the asymmetry, CDF
8
finds AlFB = (9.4 ± 2.4 (stat)+2.2
−1.7 (syst))%, which is about 2σ higher than the prediction of 3.8% .
AlFB =

6

An alternative to the asymmetry

The CDF collaboration has released a new analysis that aims to measure the entire angular distribution in t production via cos(θt ) via Legendre moments, rather than summarize the distribution into
one number, AFB 9 . Previous tt̄ asymmetry measurements from CDF and DZero have measured the
asymmetry in multiple regions of |∆y|, which give a slightly more detailed picture about the entire
distribution. The analysis uses 9.4 fb−1 of data in the lepton+jets channel, with almost the same
selection as the CDF AFB measurement 10 . The only change is a relaxed requirement on the ET of
one of the four jets, from 20 GeV to 12 GeV. This change reduces effects from acceptance and allows
more events into the analysis. A χ2 -based kinematic fit is used to reconstruct the tt̄ four-vectors and
extract cos(θt ) for each event.
R1
The following equation decomposes a given function into the Legendre moments: al = 2l+1
−1 dxf (x)Pl (x),
2
1
2
where Pl (x) is the lth Legendre polynomial (P0 = 1, P1 = x, P2 = 2 (3x − 1),· · ·). For this
analysis, the function is the sum of Dirac delta functions at the reconstructed values of cos(θt ),
P
P
f (cos θ) = i δ(cos θ − cos θi ). The combination of the equations results in al = 2l+1
i Pl (cos θi ).
2
The ai are unfolded for effects from acceptance and reconstruction by inverting the matrix in
P
parton , where adetector is lth reconstructed moment, aparton is mth partonadetector
= 2l+1
m
m Klm am
l
l
2
level moment and Klm is the migration matrix between these moments, found from simulated tt̄
events.

Because this analysis measures the entire distribution in cos θt , it has more differentiating power
between different new physics models than a standalone AFB analysis. The results of this technique
applied to CDF data are shown in Table 1. The moment with the largest deviation from the predicted
moments 8 is a1 , which differs by 2σ. All other measured moments are in good agreement with the
predictions.
Table 1: Measured Legendre moments of cos θt from CDF data, with statistical and systematic uncertainties.

Legendre degree (l)
1
2
3
4

al for data (stat+syst)
0.40 ± 0.09 ± 0.08
0.44 ± 0.14 ± 0.21
0.11 ± 0.20 ± 0.08
0.22 ± 0.25 ± 0.11

al predicted from NLO (QCD+EW)
0.15+0.066
−0.033
0.28+0.053
−0.030
0.030+0.014
−0.007
0.035+0.016
−0.008

Conclusions
New results for measurements of top quark properties at the Tevatron have been presented, with
many analyses using the entire Tevatron data sample. These analyses make precision measurements
of various aspects of top quark production and decay, via the W helicity, branching fraction, width
and asymmetry. None of the results provide a smoking gun for physics beyond the Standard Model,
but some deviations from the predictions remain. These results use novel, advanced analysis techniques, and exemplify the dedication and passion of experimenters at both the CDF and DZero
Collaborations.
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Recent measurements of top quark properties at the LHC from ATLAS and CMS experiments
are presented. The presented results include top quark mass, dependence of top mass measurements on event kinematics, top anti-top mass difference, bottom quark content in top quark
decays, W boson polarization and anomalous couplings, search for CP violation in single top
events, vector boson production associated with top-antitop pairs and top polarization.

1

Introduction

The top quark is the most massive particle known to date and has a shorter lifetime than the
hadronizarion timescale, 1/λQCD which makes its bare quark properties directly accessible. The
analyses presented in this note use the data collected with the ATLAS 1 and CMS 2 detectors
during 2011 and 2012 data taking periods with proton-proton collisions at center-of-mass energies
of 7 and 8 TeV, respectively.

2
2.1

Top Quark Mass
Combined LHC Results

Top quark mass measurements performed by the ATLAS and CMS experiments using 7 TeV data
with integrated luminosities up to 4.9 fb−1 are combined using the measurements in lepton+jets,
di-lepton and all-jets final states3 . The combination is performed using the BLUE method 4
and yields mt = 173.3 ± 0.5 (stat) ±1.3 (syst) GeV. For the combination, the most recent
measurements have not been included yet.
2.2

Dependence of Top Quark Mass Measurement on Event Kinematics

Interpretation of the top mass measurements is not straightforward when the precision becomes
smaller than the top width, Γt ∼1 GeV. It is difficult to define a pole mass for an unstable and
colored particle 5,6 . Based on the most precise single top quark mass measurement 7 , possible
kinematic biases in the measurement of top-quark mass are studied8 . Different observables
are studied which are expected to be sensitive to color reconnection effects, initial/final state
radiation and b-quark kinematics (two such distributions are displayed in Figure 1). This study
represents the first top quark mass measurement binned in kinematic observables. We conclude
that with the current precision, there is no mis-modelling effect due to color reconnection,
initial/final state radiation, or b-quark kinematics.
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Figure 1: Jet energy scale vs the separation of the light-quark jets (left) and top-quark mass vs
the transverse momentum of the hadronically decaying top quark (right). The systematic and
statistical uncertainties are added in quadrature. The hatched areas represent the statistical
uncertainties on the simulated quantities.
2.3

Top Antitop Mass Difference

√
The direct measurement of ∆mt = mt − mt tests CPT invariance. The measurement at s = 8
TeV 9 has been made using the same method utilized for the most precise single LHC top-quark
mass measurement in the lepton+jets final state 7 . The sample is divided into two samples with
opposite lepton charge. The mt − mt difference is found to be −272 ± 196 (stat) ± 122 (syst)
MeV consistent with 0. This represents the most precise measurement of ∆mt .
3
3.1

Top Quark Couplings
Measurement of the Ratio R = B(t → W b)/B(t → W q)

In the standard model (SM), the top quark decays to a W boson and a b quark practically with
a branching ratio of ∼ 100%. Decays to other down-type quarks are suppressed in the CabibboKobayashi-Maskawa (CKM) matrix with |Vtb | > 0.999 >> |Vts |, |Vtd | under the assumptions
of unitarity and exitence of three quark generations. A measurement of |Vtb | can be made by
measuring the branching fraction ratio R = B(t → W b)/B(t → W q). The measurement of R
is perfomed in the tt di-lepton final state measured using 8 TeV data 10 . R is extracted from
a profile likelihood fit to data-drived analytic probability models of signal purity, number of
reconstructed tops in different jet categories and number of b-tags as 1.023+0.036
−0.034 (stat+syst)
without any constraints in the fit (see Figure 2). If the physical condition of R ≤ 1 is imposed,
then a lower limit for R is derived to be R > 0.945 at 95% C.L. With the assumption of CKM
unitarity and existence of three generations, the measurement can be converted to a measurement
of |Vtb |. The CKM matrix element |Vtb | is measured as 1.011+0.018
−0.017 and the lower limit is derived
to be |Vtb | > 0.972 at 95% C.L. The results obtained for R and |Vtb | are consistent with the
SM predictions and are the most precise measurement of R and the most stringent direct lower
limit on |Vtb |.
3.2

W Boson Polarization and Anomalous Couplings

The top quark partial with can be parametrized in terms of left-handed (FL ), right-handed
(FR ), longitudinal (F0 ) W boson helity fractions and the θ∗ angle between the momentum of
the d-type fermion in the W boson rest frame and the momentum of the W boson in the top
quark rest frame. Measurements of helicity fractions probe the anomalous couplings, gL and
gR . ATLAS and CMS made measurements of W boson helicities in tt̄ events in dilepton and
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√
lepton+jets final states 11,12,13 and combined the W helicity measurements 14 at s = 7 TeV.
All measurements are found to be consistent with each other and with SM predictions at NNLO
QCD (See Figure 3).
Measurement of W Helicity fractions is also performed in single-top topologies 15 studying
√
µ + jets final state at s = 7 and 8 TeV. The helicity fractions are obtained from likelihoods
with reweighted signals including all processes involving the top quark. The measurements
√
performed at s = 7 and 8 TeV are combined yielding F0 = 0.713 ± 0.114 (stat)±0.023 (syst),
FL = 0.293 ± 0.069 (stat)±0.030 (syst) and FR = −0.006 ± 0.057 (stat)±0.027 (syst). The
results are found to be consistent with the SM and measurements in the tt̄ channels. All the W
helicity measurements discussed above are also used to set exclusion limits on the real part of
the anomalous couplings.
3.3

Search for CP Violation in Single Top Events

The angle θ∗ is not sensitive to the complex phases of anomalous coplings. Non-zero complex
phases might indicate a CP-violating component in the top quark decay. In the t-channel
single top production, the top quarks are produced with a high degree of polarization along
~ , normal to the top polarization and W (or b)
the spectator quark direction. The vector, N
directions in the helicity frame can be used to define forward-backward asymmetry (AN
F B ) which
N
is proportional to the imaginary part of gR . Using the unfolded distributions of cos θ , ATLAS
collaboration measured the forward-backward asymmetry at the parton level 16 in the lepton +
√
+0.029
jets channels at s = 7 TeV as AN
F B = 0.031±0.065 (stat)−0.031 (syst). Assuming a polarization
of P = 0.917,18 , the measurement is converted into limits on =(gR ) = [−0.20, 0.30] at the 95% C.L.
This represents the first limit on =(gR ) and the results are consistent with the SM predictions.
3.4

Vector Boson Production Associated with Top-Antitop Pairs

Studying vector boson production in association with tt̄ pairs provides a test of the SM top
quark-vector boson coupling. Measurement of these couplings are important for new physics
searches and also the discovery of the Higgs boson in tt̄H process. The first cross section
measurements of the tt̄V processes are done at the LHC 19,20 using the same-sign dilepton for
√
tt̄W and tt̄Z and trilepton signature for tt̄Z process at s = 7 TeV. The cross section for tt̄V
+0.09
+0.14
+0.06
is measured by CMS to be 0.43+0.17
−0.15 (stat)−0.07 (syst) pb and tt̄Z to be 0.28−0.11 (stat)−0.03 (syst)

pb. Both ATLAS and CMS measurements are consistent with the SM NLO calculations 21,22 .
The tt̄Z measurements represent the first direct measurements of top quark-Z boson coupling.
4

Top Polarization

Top quarks are produced unpolarized in the tt̄ process. This is verified by ATLAS in the
lepton+jets 23 and by CMS in the dilepton final state 24 . The distribution of the polar angle is
proportional to 1 + αi p cos θi in the parent top rest frame. ATLAS used templates with different
α × p values to fit to the reconstructed cos θl distribution and extracted the fraction of positively
polarized top quarks, f = 0.470 ± 0.009 (stat)+0.023
−0.032 (syst) compatible with the SM expectation.
5

Conclusions

Measurements of top quark properties by ATLAS and CMS at the LHC are providing thorough
tests of the SM. All top quark properties measurements at the LHC show good agreement with
the SM predictions.
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MEASURING TOP-QUARK POLARIZATION IN TOP-PAIR + MISSING
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The polarization of a top-quark can be sensitive to new physics beyond the standard model.
We propose a novel method to measure top-quark polarization, based on the charged lepton
energy fraction in top-quark decay, and illustrate the method with a detailed simulation of
top-quark pairs produced in supersymmetric top squark pair production. We show that the
lepton energy ratio distribution that we define is very sensitive to the top-quark polarization
but insensitive to the precise measurement of the top-quark energy.

1

Introduction

Events with a top-quark pair plus missing energy (tt̄+ 6 ET ) are promising channels in which
to investigate models of new physics (NP) beyond the standard model (SM). Missing energy
originates typically from non-interacting or otherwise invisible dark matter (DM) candidates in
the NP models, along with neutrinos from SM weak decays. In these events the polarization
of the top quark is sensitive to the chirality structure of the top quark’s interaction with a
postulated parent new heavy resonance and the DM. The top-quark polarization might provide
a new way to gain insight into NP models. Measurements of the top-quark polarization tend to
rely on the predicted angular correlation of the momentum of a charged lepton (from the topquark decay) with the top-quark spin 1 . However, this measurement is difficult in tt̄+ E
6 T events
because it is generally not possible to reconstruct the top-quark kinematics, i.e., to disentangle
the kinematic effects of the DM particles from neutrinos that accompany the charged leptons in
the top-quark leptonic decay.
We define and examine the energy fraction of the charged lepton from the top quark as a
novel measure of top-quark polarization, without the requirement of top-quark reconstruction
and knowledge of the dark matter mass and spin 2 . We emphasize a few advantages of our
energy ratio variable: (i) it is sensitive to the top-quark polarization; (ii) it is not sensitive to
the mass splitting between a heavy resonance parent and the DM candidate, provided that this
splitting is not too small; (iii) the difference between the left-handed (tL ) and the right-handed
top quark (tR ) is not sensitive to the spin of a heavy parent resonance or to the collider energy.
2

The method

In the leptonic decay of a top quark, t → bW + → b`+ ν, the correlation of the momentum of the
charged lepton `+ with the polarization ŝt of the top-quark, viewed in the top-quark rest frame,
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Figure 1:
(a)Distributions of the energy fraction x` of a charged lepton from top-quark decay for Et =
250, 500, 1000 GeV; (b) The ratio R as a function of the cut threshold xc for Et = 250, 500, 1000 GeV.
The solid lines represent left-handed top-quark decay while the dashed lines represent right-handed top quarks.

takes the form (1 + ŝt z)/2, where z ≡ cos θ is the cosine of the angle between the top-quark spin
axis and the lepton momentum. For a boosted top quark with energy Et , the distribution in
the energy fraction x` ≡ 2E` /Et of the charged lepton becomes
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B − xγ 2 (1 − zβ)
Here, A = ΓW /mW is the ratio of the W -boson width and W -boson mass, B = m2W /m2t ≈ 0.216
is the squared ratio of the W -boson mass and top-quark mass, and the limits of integration
2
2
are
p zmin = max[(1 − 1/γ x)/β, −1], zmax = min[(1 − B/γ x)/β, 1] with γ = Et /mt and β =
1 − 1/γ 2 . The function Arctan is defined as arctan(x) for x ≥ 0 while π + arctan(x) for x < 0.
We introduce a ratio R as a quantitative measure of the energy fractions of tL and tR ,
Z
1 xc dΓ
Γ(x` < xc )
R(xc ) =
dx` ≡
.
(2)
Γ 0 dx`
Γ
This ratio is a function of the the cut threshold xc of the energy fraction x` . An analytic
expression can be derived for R(xc ) in the limit β → 1. It takes the form
R(xc ) =

3xc (1 − λt ) 3λt x2c (1 − B + ln B)
−
,
2(1 + 2B)
2(1 + 2B)(1 − B)2

(3)

for xc ∈ (0, 2B), and
B 2 (2B − 3)
3xc (1 − λt )
3x2c [1 + 2λt ln(xc /2)]
x3c (1 + 3λt )
+
−
+
(1 + 2B)(1 − B)2 2(1 − B)2 (1 + 2B)
4(1 − B)2 (1 + 2B)
8(1 − B)2 (1 + 2B)
(4)
for xc ∈ (2B, 2), where λt = (−1, +1) for (tL , tR ), respectively. For small xc , these expressions
show that R(xc ) grows linearly with xc for tL , whereas R(xc ) grows as x2c for tR (λt = 1).
The analytic expressions Eqs. 3 and 4 also explain why the curves for Et = 500 GeV
(β = 0.94) and Et = 1000 GeV (β = 0.99) almost overlap. For an energetic top quark, an
important consequence is that the difference between R(xc ) for tL and tR is not sensitive to Et ,
i. e., the mass splitting between the parent heavy resonance and the DM candidate, as long as
the mass splitting is not too small. The tL and tR curves are insensitive to the origin of the
top quark in the collision, whether from a heavy fermion decay or from a scalar decay. In other
words, R(xc ) quantifies the top-quark polarization but not the top-quark origin. Moreover, in
order to extract NP signal events from SM backgrounds, one must normally impose a set of
R(xc ) =

hard kinematic cuts on the leptons and jets in the final state. These hard cuts force the top
quark to be very energetic and thus to satisfy the limit β → 1. Therefore, another virtue of
the R(xc ) variable is that the difference between the tL and tR curves does not vary with the
hard cuts. To prove this method useful, we turn to an explicit calculation of top squark (t̃) pair
production, pp → t̃t̃X → tt̄χ̃χ̃X.
3

Collider simulation

We perform a parton-level Monte Carlo simulation of top squark (t̃) pair production pp →
t̃t̃X → tt̄χ̃χ̃X to demonstrate that R remains useful for distinguishing tL and tR even when Et
cannot be measured directly. We assume the colored scalar t̃ decays entirely into tχ̃ through
the effective coupling Lt̃tχ̃ = geff t̃χ̃(cos θeff PL + sin θeff PR )t, where the angle θeff depends on
the mass matrix mixings of the top squark and the neutralino sector, and PL/R is the usual
left/right-handed projector. Our benchmark point has mt̃ = 350 GeV and a representative
DM mass mχ̃ = 50 GeV. We simulate t̃ pair production with decay to a top-quark pair plus
DM candidates at the LHC with 8 TeV energy. We demand that the top-quark decays semileptonically, and that the antitop-quark decays hadronically. Two irreducible SM backgrounds,
tt̄ and tt̄Z production, are considered. The details of the simulation can be found in our paper 2 .
After all cuts, we find that the numbers of signal and background events
are 130 and 22 at 8
√
TeV and 20 fb−1 integrated luminosity, for a signal significance of S/ B = 28.
In t̃ pair production the decay chains of t̃ → tχ̃ and t̄˜ → t̄χ̃ have similar kinematics because
the heavy t̃’s are not highly boosted. In this work we investigate the energy of the antitop
quark as an estimator of the top-quark energy, with the antitop-quark required to decay into
three jets a . We define a new energy fraction variable x0` = 2E` /Et̄ . After convolution with the
production cross section, a ratio R0 can be defined as
Z x0c
σ(x0` < x0c )
1
dσ 0
0 0
R (xc ) =
≡
dx
,
(5)
`
σ(tot) 0 dx0`
σ(tot)
where dσ/dx0` is the differential cross section, and x0c is the cut threshold of x0` .
We use a χ2 -template method based on the W boson and top-quark masses to select the
three jets from the hadronic decay of the antitop quark. For each event we pick the combination
which minimizes χ2 = (mW − mjj )2 /∆m2W + (mt − mjjj )2 /∆m2t , where ∆mW and ∆mt are the
width of the W -boson and the top-quark, respectively. The efficiency of this method is 84%.
After the antitop-quark energy is reconstructed in the lab frame, R0 can be obtained with its
cut threshold x0c dependence.
Armed with both the Monte Carlo level momenta and the reconstructed momenta, we perform several comparisons to evaluate how faithful the R0 distribution is to the true R (Fig. 2).
We conclude that x0c is a good variable when xc cannot be obtained. Lastly, comparing R at
the Monte Carlo level and at the reconstruction level, we see a slight downward shift for both tL
and tR . This effect arises because the pT cuts on the lepton reduce the number of events with
x0` < x0c .
The results in Fig. 2 (a) establish that x0c is a suitable variable and that R0 serves as a good
substitute for R. After all the cuts, about 87 (101) signal events are needed to distinguish tL
(tR ) from an unpolarized top quark at 95% confidence level (C.L.) in the absence of background,
with only about 23 signal events to discriminate tR from tL . Although the benchmark point
chosen has been subsequently excluded 4 , the method proposed in this work remains powerful
for masses in the allowed region.
Thus far in this section, we assume the t-t̃-χ̃ coupling is completely left-handed or righthanded, but in general the coupling is a mixture of both. Once data are obtained, we could use
a
Another useful variable in the literature is E` /(E` + Eb ) where the b-jet and `+ originate from the same
top-quark decay 3 .
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Figure 2: (a) The R distributions as a function of the cut threshold x0c for a 350 GeV t̃ quark with pure righthanded or left-handed couplings at the LHC with 8 TeV energy. The lepton energy fraction is evaluated in the
0
lab frame from either t̄rec
had (x` ) or the top-quark energy tlep (x` ). With sin θeff = 1 (cos θeff = 1) the top quark is
mainly right-handed (left-handed), and the curves are labeled by tR (tL ). (b) The statistical uncertainty band of
R is shown for both tL and tR at the 1σ confidence level for an assumed 20 fb−1 of integrated luminosity.

the R0 curves shown in Fig. 2(b) as templates in fits to these data to extract θeff and shed light
on the nature of top squark mixing.
4

Other implications

Our method can be applied to several NP models. We performed a detailed simulation of pair
production of a T -odd top-quark partner (T− ) in the Littlest Higgs Model with T-parity (LHT),
pp → T− T − X → tt̄AH AH X, where AH is the T -odd photon partner. Our numerical results are
very similar to those shown for tR in Fig. 2. Verification of mainly right-handed polarization
would provide a powerful check of the model 5 . Another example is the leptophobic Z 0 boson,
which couples only to the SM quarks. The top-quark polarization could be used to probe the
handedness of the Z 0 -q-q coupling which is sensitive to how the SM quarks are gauged under
the new gauge symmetry 6 .
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SINGLE TOP QUARK PHYSICS AT THE TEVATRON
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The University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom

Recent analyses of single top quark production in proton-anti-proton scattering at a centerof-mass energy of 1.96 TeV are discussed representing up to 9.1 fb−1 of Tevatron data. Measurements of the inclusive single top quark production cross section in the s- and t-channels
and the extraction of |Vtb | are presented. Furthermore, top quark property measurements
exploring single top quark production and searches for new physics in single top quark final
states are reviewed. The extraction of the top quark width and lifetime and the search for
anomalous W tb couplings are presented in more detail.

1

Introduction

Top quarks were first observed via pair production at the Fermilab Tevatron Collider in 1995 1 .
At the Tevatron, top quarks are either produced in pairs via the strong interaction or singly via
the electroweak interaction. In the framework of the standard model (SM), each top quark is
expected to decay nearly 100% of the times into a W boson and a b quark W bosons can decay
hadronically into q q̄ 0 pairs or leptonically into eνe , µνµ and τ ντ with the τ in turn decaying into
an electron, a muon, or hadrons, and associated neutrinos.
Single top quark production serves as a probe of the W tb interaction 2 , and its production
cross section provides a direct measurement of the magnitude of the quark mixing matrix element
Vtb without assuming three quark generations 3 . However, measuring the yield of single top
quarks is difficult because of the small production rate and large backgrounds. At the Tevatron
single top quarks are produced predominantly by a t-channel exchange of a virtual W boson
which combines with a highly energetic b quark to produce a top quark, or by an s-channel
exchange of a far off-shell W boson which decays to produce a top quark and a b antiquark.
2

Cross Section Measurements and Extraction of |Vtb |

In March 2009, the CDF and D0 Collaborations reported observation of the electroweak produc√
tion of single top quarks in pp̄ collisions at s = 1.96 TeV based on 3.2 fb−1 (CDF) 4 and 2.3 fb−1
(D0) 5 of data. Both collaborations used events containing an isolated electron or muon and

Figure 1: NN output distributions for different b-tagging requirements in the e/µ+jets analysis (left) and in the
Single
Top s-uncertainties
vs. t-channel
MET+jets analysis (middle, right). KS/χ2 tests take into account statistical
and systematic
on
signal and background processes.
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in
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Top Quark Production at the Tevatron
- Christian Schwanenberger Moriond QCD
density for D0 (middle) and CDF (right). The measured cross section and SM prediction are overlaid.

6 T ), together with jets where one or two of the jets were required to
missing transverse energy (E
originate from the fragmentation of b quarks (b-tagging). The data are divided into independent
sets depending on lepton flavor, jet multiplicity, number of b-tags and in the case of D0 the run
period. CDF and D0 each combine many variables using different multivariate analysis (MVA)
methods such as Boosted Decision Trees (BDT), Neural Networks (NN), Bayesian Neural Networks (BNN), Matrix Elements (ME) and Likelihood functions to increase the separation power
between signal and background. The discriminant outputs of each MVA are combined to one
discriminant taking the correlations into account. The measurements in different final states are
summarized (blue) in Fig. 2 (left).
After the observation D0 has updated the measurement of the single top quark production
cross section combining BNN, BDT and neuroevolution of augmented topologies (NEAT) MVA
6 T , and two, three, or four
methods in final states with an isolated electron or muon, large E
jets, with one or two of them containing a bottom hadron (e/µ+jets) using 5.4 fb−1 of data 6 .
Recently, CDF has updated their measurement (e/µ+jets) using the NN method analyzing final
6 T from the W boson decay and two or three
states with an isolated electron or muon, large E
jets, at least one of them is required to be identified as originating from a bottom quark 7 . The
resulting NN discriminate distribution is shown in Fig. 1 (left). To increase the acceptance in
the combination, CDF has also performed a measurement of the single top quark production
cross section selecting events consistent with a W +jets topology but where no electron or muon
has been identified, and where the tau lepton in the t → W b → τ νb channel is reconstructed as
a jet in the calorimeters (MET+jets). A recent update with 9.1 fb−1 of data has been performed
utilizing the NN method 8 . NN output distributions in the signal region are presented for two
different b-tagging requirements in Fig. 1 (middle, right).

20

The three measurements since the observation are summarized (red) in Fig. 2 (left). All
measurements agree with each other and the Standard Model (SM) prediction 9 . The results are
translated into a direct measurement of the amplitude of the CKM matrix element Vtb without
making assumptions on the number of quark generations and the matrix unitarity. D0 obtains
6
7
|Vtb | = 0.92+0.10
−0.11 , CDF derives |Vtb | = 0.92 ± 0.10 , while the Tevatron combination represents
10
the most accurate result of |Vtb | = 0.88 ± 0.07 .
It is important to measure s-channel and t-channel production separately in a modelindependent way, because the SM relation between the two production channels could be changed
due to the existence of new physics. D0 has observed t-channel production for the first time
separately considering s-channel production as background using 5.4 fb−1 of integrated luminosity 11 . Selecting events containing an isolated electron or muon, missing transverse energy and
one or two jets originating from the fragmentation of b quarks, the cross section was measured as
σ(pp̄ → tqb + X) = 2.90 ± 0.59 (stat + syst) pb for a top quark mass of 172.5 GeV, corresponding
to a significance of 5.5 standard deviations.
Both collaborations have also used the measurements of the single top quark production
cross section 6,7 to construct a two-dimensional (2D) posterior probability density as a function
of the cross sections for the s-channel and t-channel processes. As Fig. 2 shows (middle, right)
both measurements agree with the SM predictions.
3

Top Quark Properties

It is an interesting fact that the Tevatron single top quark data set allows sensitive measurements
of fundamental top quark properties, such as of the top quark polarization 12 and the top quark
width and lifetime 13 . The determination of the latter property has been updated using 5.4 fb−1
of integrated luminosity 14 . The total width Γt is extracted by combining the partial decay width
Γ(t → W b) and the branching fraction B(t → W b). Following the idea proposed in 16 , Γ(t → W b)
is obtained from the measured t-channel single top quark production cross section 11 assuming
that the coupling leading to t-channel single top quark production is identical to the coupling
leading to top quark decay. B(t → W b) has been measured in top quark pair production 15 . For
a top quark mass of 172.5 GeV, the resulting total width is Γt = 2.00+0.47
−0.43 GeV. This translates
+0.90
−25
s.
to a lifetime of τt = (3.29−0.63 ) × 10
4

Searches for New Physics

Analyses of single top quark final states at the Tevatron also provide sensitive searches for new
physics. So far searches for anomalous W tb couplings 17,18 , for a fourth-generation b quark
coupling to the top quark 13 , for single top quark production via flavor-changing neutral currents 19,20 , for W 0 → tb resonances 21 and for charged Higgs bosons decaying to top and bottom
quarks 22 have been performed.
D0 has performed a new search for physics beyond the SM in the form of anomalous W tb
right-handed vector couplings or left- or right-handed tensor couplings, described by an effective
Lagrangian including operators up to dimension five 23 . It has been demonstrated that combining the anomalous W tb couplings search in the single top quark final state 18 with the W
boson helicity measurement in top quark decays 24 , leads to significant improvements in sensitivity 25 . Fig. 3 shows resulting posterior density distributions for different anomalous couplings.
Consistency with the SM is found and 95% C.L. limits on anomalous W tb couplings are set.
5

Summary

The analysis of single top quark final states provides a very rich physics program at the Tevatron.
The inclusive s+t-channel (separate t-channel) production cross section has been measured with
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an uncertainty of 18% (20%). The CKM matrix element |Vtb | has been extracted with an
uncertainty of 8%. Separate evidence of s-channel production is still one of the most important
aims of the single top quark program at the Tevatron. Top quark properties such as the top
quark decay width have been measured and many sensitive searches for new physics have been
performed. All measurements agree with the SM predictions. Final results with the full data
set of ≈ 10 fb−1 and a new Tevatron combination of the single top quark cross section and |Vtb |
are expected soon.
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5.
Heavy Ion

HEAVY-ION SESSION: A (quick) INTRODUCTION
B. HIPPOLYTE
Institut Pluridisciplinaire Hubert Curien, Département de Recherches Subatomiques, 23 rue du Loess,
F-67037 Strasbourg, France
These proceedings summarise the short introduction given at the beginning of the heavy-ion
session of the XLVIIIth Rencontres de Moriond – QCD. The choice is deliberately to focus on
global pictures describing the collision of ultra-relativistic heavy ions and its evolution whereas
highlights, recent results and latest developments are reported by the other participants of the
session. Using mainly Pb–Pb data at the Large Hadron Collider, the emphasis is made on the
initial state conditions as well as the observables which qualitatively illustrate how “perfect”
and opaque the strongly interacting Quark-Gluon Plasma is.

The basic steps of the evolution of a heavy-ion collision could be described with a single
sentence: at first Lorentz contracted ultra-relativistic heavy ions are colliding, leading to a preequilibrium phase dominated by initial conditions, very shortly followed by the Quark-Gluon
Plasma (QGP) which expands and cools until hadronisation occurs, and eventually long lived
particles reach the detectors. Such a short description would certainly not reflect the recent
precision measurements presented during the heavy-ion session of this conference. These are
performed both at the Large Hadron Collider (LHC) with Pb–Pb collisions at the unprecedented
√
energy of sNN = 2.76 TeV and at the Relativistic Heavy Ion Collider (RHIC) where the gold
√
beam energy is varied (Beam Energy Scan program, BES) corresponding to sNN = 7.7, 11.5,
19.6, 27, 39, 62.4 and 200 GeV with including comparisons to other colliding systems (pp and
p–Pb at the LHC; pp, d–Au, Cu–Cu and U–U at RHIC). As an introduction to the session,
these proceedings focus on the general picture emerging from several years of study at RHIC
and the LHC. The main steps of a heavy-ion collision are presented in section 1 together with
some definitions and considerations related to the initial state conditions and the fluctuations
observed at that stage. Several global observables and space time properties are discussed in
the next section and followed by a qualitative illustration of the QGP opacity.
1

The main steps of the system evolution

Part of the recent progress in the understanding of the evolution of the system created in heavyion collisions is illustrated a with Fig.1. The initial conditions for the two colliding nuclei are, to
a large extent, driven by the geometrical overlap region. The centrality of the collision is defined
by correlating the multiplicity of the produced particles with the geometry of the system 1 : the
most central collisions are the head-on ones for which the multiplicity is the largest. Several
quantities are often used to characterise the centrality of the collision: the number of participating nucleons (Npart ), the number of binary collisions (Ncoll , i.e. the number of nucleon-nuclon
inel ). Although
inelastic collisions) or the geometrical nuclear overlap function (TAA = Ncoll /σNN
a

it is updated with respect to the one shown at the time of the conference.
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Figure 1: Light cone of the evolution of the system created in heavy-ion collisions at RHIC and the LHC. The main
phases and steps are specified on the right side together with the different temperatures driving the transition from
the strongly interacting QGP to the hadrons measured in the detectors (successively the critical temperature Tc for
the chiral symmetry restoration, the chemical freeze-out temperature Tch and the kinetic freeze-out temperature
Tfo ). Formalisms used to described successfully this evolution are shown on the left side of the schematisation.

fluctuations in the initial state and their importance were discovered quite recently, they are
unambiguously needed for reproducing event-by-event measurements of the anisotropic flow coefficients vn=2,3,4 2 and several contributions of this session are dedicated to that topic 3 . The
resulting pre-equilibrium Glasma phase, which includes fluctuations of the energy density distribution on a small scale, is now precisely modelled by combining initial nuclear wave functions
and classical Yang-Mills dynamics of the produced color fields 4 . Hard parton scatterings quickly
occur, leading to jet and heavy flavour production (see section 3), as well as the thermalisation
of the system to the phase where deconfined partons are strongly interacting (sQGP). This
fast approach to local thermodynamical equilibrium generally justifies the use of hydrodynamics
which is extremely successful for modelling the expansion and the cooling of the QGP (see ref.5
and references therein).
Lattice QCD (LQCD) calculations provide significant inputs for establishing the equation of
state (EOS). The transition between the partonic matter and the hadron gas, as represented in
Fig. 1, corresponds to a cross-over and, concerning the value of the (pseudo-) critical temperature
for chiral symmetry restoration, there is currently a very good agreement between the WuppertalBudapest and HotQCD collaborations: Tc = 155 ± 3 (stat.) ± 3 (sys.) MeV 6 and Tc = 154 ±
8 (stat.) ± 1 (sys.) MeV 7 respectively. Some systematic uncertainties are still to be resolved for
the EOS as can be seen in Fig. 2 (left) which shows the normalised trace anomaly as a function
of the critical temperature: the values from both collaborations are compatible below Tc but
the HotQCD ones are systematically higher by ∼ 25% above Tc . Later, as it expands and cools,
the system consists of a dense then a dilute hadronic gas modelled by hadronic transport codes
until particles stop interacting at the kinetic freeze-out. From the statistical analysis of hadron
abundances as well as the study of their transverse momentum (pT ) differential yields, both
the chemical freeze-out temperature (Tch ) and the kinetic freeze-out temperature (Tfo ) can be
estimated.
Obviously the presented picture of Fig. 1 remains a simplified one, often used as a guideline
to separate “hard” (from the first steps of the collision and involving large momentum transfer
between partons) and “soft” probes (corresponding mainly to low pT phenomena) of the QGP.
it is important to remember that measures often correspond to observables which are integrated
over time and that many questions which are beyond the scope of this introduction stay open,
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mainly at the interfaces (e.g. how thermalisation happens so quickly? are other hadronisation
mechanisms than fragmentation at play? what are the consequences of such a fast expansion
for the system?).
2

Several global observables and space-time properties

The number of charged particles produced per unit of pseudorapidity dNch /dη is among the first
measurements performed with heavy-ion collisions at the LHC. ALICE value is shown in Fig. 2
(right) after normalisation by the average number of participant nucleon pairs 8 . Measurements
obtained by ATLAS and CMS agree within uncertainties 9,10 . Comparing the value at LHC
with lower energy A–A collisions at RHIC and SPS, it can be noted that the evolution of this
√
charged particle multiplicity with sNN behaves like a power law and its scaling exponent (0.15)
is slightly larger than the one (0.11) extracted from non-single diffractive pp (and pp) data. The
energy density (ε) for heavy-ion collisions in the central rapidity region can be estimated with
the following formula derived from ref. 11 :
ε=

E
1
dET
=
,
1/3
2
V
π(r0 A ) τ0 dy

(1)

where boost invariance is assumed for the energy E (corresponding to the transverse energy
per unit of rapidity) and the volume V is defined as the cylinder which radius section is, for
central collisions, the one of the colliding nuclei (i.e. r = r0 A1/3 with r0 = 1.2 fm and A = 208
for 208 Pb) and τ0 is the formation time. The CMS measurement of the transverse energy per
unit of pseudorapidity for the 5% most central collisions gives dET /dη = 2007 ± 100 GeV at
mid-rapidity 12 . Choosing a value for τ0 is a sensible task. Using the conservative value of 1 fm/c,
as done at RHIC, leads b to an initial energy density of 14 GeV /fm3 which is almost 3 times
the one obtained at RHIC 13 and about a factor 30 above the phase transition expected from
LQCD 14 .
Basic space-time properties can be inferred from Hanbury Brown–Twiss (HBT) analyses
of selected events. The three HBT radii (Rout , Rside and Rlong ) correspond to the spatial
extent along orthogonal directions at decoupling for identified particles 15 . The volume of this
homogeneity region (V ∼(2π)3/2 Rout Rside Rlong ) for charged pions is shown as a function of the
b
a Jacobian of ∼ 1.1 is taken into account; using the charged particle multiplicity, assuming a factor of 3/2
due to the neutral particles and a mean transverse energy per particle of ∼ 1 GeV give a similar estimate.
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charged particle density in the left panel of Fig. 3 for the most central nucleus–nucleus collisions
from AGS to LHC energies 16 . An approximately linear dependence is observed and the volume
obtained for Pb–Pb collisions at the LHC is twice as large as the Au–Au one at RHIC while the
√
energy increases from sNN = 200 GeV to 2.76 TeV. The duration of the longitudinal expansion
of the system i.e. the decoupling time can be estimated c by fitting the k⊥ dependence of Rlong
with fixing Tfo . In the right panel of Fig. 3, the decoupling time is plotted vs. the cube root of
the charged particle density for the most central events: the system lifetime scales linearly and
reaches 10 fm/c at the LHC i.e. a value ∼ 30% higher than what was measured at RHIC.
No discussion on anisotropic flow measurements nor comparison with models is given here
since the latest results are presented in several other contributions of this session with great
details 3 . However, as mentioned in section 1, additional insights on the transverse expansion
of the system can be obtained by simply studying hadron integrated yields and low pT spectra. At the LHC energies, the ALICE collaboration reports some tension between the measured
protons yields and thermal model predictions from the extrapolation of RHIC energy results 17 :
without including the possibility of sudden (non-equilibrium) freeze-out 18 , thermal model calculations using Tch = 164 MeV would overestimate the proton yields despite being favoured
by multi-strange baryon measurements. With respect to the latest implementations of 3D+1
hydrodynamical models followed by hadronic transport, blast-wave fits of hadron pT spectra
seem obviously simplistic and outdated. They can still be of interest for systematical studies
such as the comparison of the radial flow profile and velocity between RHIC and the LHC energies. For most central events at the LHC, the average transverse flow velocity estimated with
the pT spectra of π, K and p is hβT i = 0.65 ± 0.02 i.e. a 10% increase with respect to similar
measurements at RHIC. The value of Tfo extracted at the LHC is 95 MeV, similar to the one
at RHIC within uncertainties, and decreases with centrality although hydrodynamics does not
seem to be fully appropriate for most peripheral events 17 .
3

Probing the opacity of the QGP

Characterising some of the properties of the produced matter can be done with “hard probes”.
The idea is here to use energetic partons produced in the early stages of the collision as a
tomographic probe of the system. These partons are expected to interact with the coloured
medium and the modification of their evolution can be compared with what would happen in
c

this is actually an underestimation due to the rapid transverse expansion of the system.
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when traversing the QGP, one of the scattered parton looses a significant fraction of its energy and the resulting
jet, if ever identified and reconstructed, is quenched; (right) when traversing the QGP, photons and electroweak
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vacuum (or rather for a pp or a p-A collision). For instance, quarkonia can be used to investigate
the temperature of the system (for a recent review, see ref.19 ). In this paragraph, only the probes
related to the characterisation of the opacity of the system will be mentioned from a qualitative
point of view (for a detailed discussion on the corresponding formalism, see ref.20 ). Due to their
large mass, heavy-flavoured quarks are produced primarily by gluon fusion at the beginning
of the heavy-ion collision. They are supposed to lose energy in the coloured medium very
early whereas light-flavoured quarks and gluons lose most of their energy at the end of their
propagation. Contrarily, electroweak bosons γ, W± and Z0 are considered as benchmark probes
of the QGP because they (as well as their leptonic decays) are not supposed to interact with
the hot and dense matter. Figure 4 illustrates the principles of the performed measurements.
It is remarkable that a large suppression is seen in almost all hadronic processes when their
production rates are compared to pp interactions after normalisation by the number of binary
nucleon-nucleon collisions 21,22 . As shown in Fig. 5, for direct photons selected by isolation
criteria as well as the W± and Z0 bosons selected via their muonic decay, no deviation from
the binary-scaled production is observed. More details on these CMS results can be found in
refs.23 . How these suppressions translate into quantitative measurements of the opacity of the
QGP would require much more time than the one allotted for this contribution.
4

Summary

Now that measurements performed in heavy-ion collisions are entering a precision era a clear
picture emerges from the main stages of the Quark-Gluon Plasma evolution. Many results are already available at the LHC but also at RHIC with the Beam Energy Scan which turns on/off key
features and it is currently a question of testing thoroughly the validity of models/descriptions
from 7.7 GeV to 2.76 TeV. With the upgrades of the experiments after the Long Shutdown 1
and 2, additional statistics will allow for further differential measurements.
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Azimuthal Anisotropy from STAR Experiment
Yadav Pandit (for the STAR Collaboration)
Department of Physics, University of Illinois at Chicago, USA

We report the measurement of first (n = 1) and higher order(n = 2-5) harmonic coefficients
(vn ) of the azimuthal anisotropy in the distribution of the particles produced in Au+Au colli√
√
sions at sN N =200 GeV and U+U collisions at sN N =193 GeV, recorded with the STAR
detector at RHIC. The differential measurement of (vn ) is presented as a function of transverse
momentum (pT ) and centrality. We also present vn measurement in the ultra-central collisions
in U+U collisions. These data may provide strong constraints on the theoretical models of the
initial condition in heavy ion collisions and the transport properties of the produced medium.

1

Introduction

The study of azimuthal anisotropy, based on Fourier coefficients, is widely recognized as an
important tool to probe the hot, dense matter created in heavy ion collisions 1 . The distribution
of particles with respect to the participant planes can be written as
dN
∝ 1 + v1 cos(∆φ) + v2 cos 2(∆φ) + v3 cos 3(∆φ) + v4 cos 4(∆φ) + ..
d∆φ

(1)

where vn is the nth order Fourier coefficient and ∆φ is the difference between φ, the azimuthal
angle of each particle, and Ψn , the generalized participant event planes at all orders for each
event. The second harmonic also called elliptic flow v2 has been extensively studied both experimentally and theoretically. Recently higher order harmonic also have gained considerable
attention from theory 2 and experimental community 3 . These higher order harmonics can provide valuable information about the initial state of the colliding system 4 and also provide a
natural explanation to the ridge phenomena in heavy ion collisions 5 . Measurement of these
harmonics in different systems and collisions energy helps to further understand the heavy ion
physics in general.
In uranium - uranium (U+U) collisions, there is the potential to produce more extreme
conditions of excited matter at higher density and/or greater volume than is possible using
spherical nuclei like lead or less deformed nuclei like gold at the same incident energy 6 . Uranium
has quadrupole deformed shape. So U+U collisions may offer an opportunity to explore wider
range of initial eccentricities. The collisions of special interest are the “ideal tip-tip” orientation

in which the long axes of both deformed nuclei are aligned with the beam axis at zero impact
parameter, and the “ideal body-body” orientation in which the long axes are both perpendicular
to the beam axis and parallel to each other at zero impact parameter. The “ideal tip-tip” and
“ideal body-body” collision events allow to test the prediction of hydrodynamical models by
varying the transverse particle density at spatial eccentricity similar to central Au+Au collisions.
2

The STAR experiment and Analysis Details

√
Data reported in this proceedings were collected in Au+Au collisions at sN N = 200 GeV in
√
the year 2004 with a minimum bias trigger and U+U collisions at sN N = 193 GeV in the
year 2012 with a minimum bias trigger and the ultra central events which were taken with
a dedicated central trigger. The Time Projection Chamber (TPC) 7 is the primary tracking
detector at STAR. Event used in this analysis are required to have the primary vertex along
the beam direction to be less than 30 cm and transverse direction to be less than 2 cm from
the center of the beam pipe. Centrality classes in U+U and Au+Au collisions are defined using
the number of charged particle tracks reconstructed in the TPC within pseudorapidity |η| < 0.5
and passing within 3 cm of interaction vertex. We used scalar product method as well as the
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Figure 1: vn (pT ) measurement at 0-5% central in upper panels and 30-40% central collisions in the lower panels
for U+U collisions at 193 GeV (solid stars) and for Au+Au collisions at 200 GeV(open stars).

event plane method to measure the signal 8 . In the scalar product method, the subevents were
separated by η gap of 1.0 units between two subevents and at least 0.5 unit with the particle of
interest and the subevent to which it is correlated . In the event plane method, the subevents
were separated by η gap of 0.2 units. Larger pseudorapidity separation was desired but we
are limited by the event plane resolution. To reduce the effects from high pT particles in the
estimation of the event plane, we used pT weight only up to 2 GeV/c. The non-flow contribution
from the jets/minijets is not known and might be a significant contributor to the systematic
uncertainties especially at peripheral collisions.
3

Result and discussion

Results are presented with only statistical errors. In these studies, contribution from short
range correlation such as Bose-Einstein correlations, coulomb interactions are studied using
a pseudorapidity gap of at least 0.5 units in pseudorapidity between the event vector and the
particle of interest using scalar product method. Results from both methods, scalar product with
larger psuedorapidity gap and event plane method with smaller pseudorapidity gap are consistent

with each other, which suggests that non-flow contribution from short range correlations are
small.
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Figure 2: vn measurement at 0-10% central in upper panels and mid central (30-40%) collisions in the lower
panels as a function of pT for Au+Au collisions at 200 GeV compared with various model calculations

The vn of all charged hadrons, for n = 1, 2, 3, 4 and 5 as a function of pT at various
centralities, as shown in Fig. 1. The data for 0–5% centrality are shown in the upper panels,
and for intermediate centrality (30–40%) in the lower panels. All vn measurements show an
increasing trend as a function of pT . Except for v2 , we observe very weak centrality dependence.
Also shown are the same measurement from Au+Au collisions at 200 GeV for the comparisons.
We observe the difference in vn for n = 1 and n = 2 at 0-5% central between U+U and Au+Au
collisions. This may hint to initial overlap geometry difference in the central collisions between
two systems Au+Au and U+U collisions. The difference diminishes in higher harmonics and
more peripheral collisions.
Fig. 2 shows the flow harmonics vn for n = 1 to n = 5 as a function of pT in 200 GeV
Au+Au collisions compared to the model predictions. In the ideal hydrodynamic NeXSpheRIO
calculation 9 (shown in black line), the fluctuating initial condition is introduced from MC event
generator Nexus. The IP Glasma + Music 10 viscous hydrodynamic calculation(shown in red
line) uses IP−Glasma initial condition and low viscosity setting of η/s =0.12. For the viscous
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Figure 3: vn as a function of centrality at 0-5% central collisions on left and vn as a function of pT at ultra
central(0-0.5%) collisions on right

hydrodynamic calculation 11 (shown in blue line), they use a smooth density profile with an added
deformation to reproduce the data with low viscosity setting of η/s =0.16. For lower harmonics
and central collisions, the models with low viscosity setting and fluctuating initial condition or
added deformation to the smooth initial density profile describe the data well however the model
curve overshoot in the higher harmonics and peripheral collisions at high pT
We also report measurement of vn for 0-5% central U+U collisions taken with a dedicated
central trigger. We subdivide 0-5% central bin into 10 smaller centrality bins upto most central
0-0.5% centrality. In Fig. 3 (a), vn as a function of centrality for ultra central collisions is
shown. Other than second harmonic coefficient, the vn do not change in this centrality range.
We observe small change for v2 since it still has some contribution from initial overlap geometry.
This observation suggests that there is still a small contribution from body-body collisions. In
Fig. 3 (b), the v1 signal along with v2 , v3 , v4 and v5 a function of transverse momentum up to pT
∼ 5 GeV/c is shown for ultra central (0-0.5%) collisions. The most central 0-0.5% collisions is
expected to have dominant contribution from tip-tip collisions. In these most central events we
find that higher harmonics are also significant in magnitude compared with second harmonics
in the intermediate transverse momentum. Contributions from higher harmonics should not
be overlooked interpreting dihadrom correlation data at intermediate transverse momentum.
These higher harmonics may offer natural explanation to the novel ridge phenomena in heavy
ion collisions 4 . Model comparisons with these new data may help us to better understand the
medium properties.
4

Summary

We report the first measurement of azimuthal anisotropy vn for n=1-5 as a function of transverse
√
momentum pT and centrality in U+U collisions at sN N =193 GeV, recorded with the STAR
detector at RHIC. Centrality dependence is weak for harmonics other than second harmonics.
For higher harmonics and mid central collisions, vn (U+U) is similar to vn (Au+Au), the difference
appears at central collisions for v1 and v2 . At intermediate pT range 3-5 GeV/c, vn ’s are
comparable to the v2 signal in ultra central collisions. Model calculation specially at ultra
central collisions may be useful to constrain the initial condition and transport coefficient of the
medium produced in heavy ion collisions.
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SEARCH FOR CHIRAL MAGNETIC EFFECTS IN AU+AU COLLISIONS AT
STAR
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1

We report the STAR’s measurements of the electric charge separation with respect to the
√
reaction plane in Au + Au collisions at sN N = 200, 62.4, 39, 27, 19.6, 11.5 and 7.7 GeV. It is
believed to be a probe to the possible Local Parity Violation in heavy ion collisions. We also
report the measurements of azimuthal anisotropy, v2 , of charged pions as a function of eventby-event charge asymmetry, Ach . We found that the v2 of π − (π + ) linearly increases (decreases)
with the increasing charge asymmetry. The slope parameter (r) of the v2 (Ach ) between π −
and π + shows similar centrality dependency to calculations based on the Chiral Magnetic
√
Wave and it only shows weak energy dependency at sN N = 200, 62.4, 39, 27, 19.6 GeV.

1

Introduction

In relativistic heavy ion collisions a hot and dense quark-gluon matter may be created in the
collision region, where the chiral symmetry may be restored. On the other hand, the spectators in
mid-central collisions can create extremely strong magnetic field in the center of the collision region.
The peak intensity can reach up to eBy ≈ m2π 1 . Two phenomena Chiral Magnetic Effect (CME) 1
and Chiral Separation Effect (CSE) 2,3 characterize the interplay between the quark-gluon matter
and the magnetic field.
The CME is the interplay between a non-zero axial chemical potential and the magnetic filed,
which separates electric charge along the magnetic field. Since the magnetic field generated in
heavy ion collisions is perpendicular to the reaction plane, electric charge separation with respect
to the reaction plane beyond the statistical fluctuation is expected to be observed due to CME.
STAR and PHENIX experiments at RHIC and ALICE experiment at LHC have measured the
charge separation in Au + Au 4,5,6,7 and Pb + Pb 8 collisions and provide possible evidences for the
possible CME. The CSE refers to the chiral charge separation alone the magnetic field due to the
interplay between a non-zero vector chemical potential and the magnetic field.
The CME and CSE can actually induce each other and make a collective excitation called Chiral
Magnetic Wave (CMW) 9 , which is a density wave of electric charge and topological charge . The
CMW in heavy ion collisions induces an electric quadrupole moment in the fireball created, which
acquires more negative charge near the equator of the fireball and more positive charge near the
two poles. This configuration can be reflected in the azimuthal anisotropy, v2 , of final state charged

particles, in particular by charged pions as argued by theorists 10 . Based on the idea of CMW, there
is another charge asymmetry dependent part of the v2 on top of the baseline v2 (π ± ).
 
qe
±
base ±
v2 (π ) = v2 (π ) ∓
Ach ,
(1)
ρ̄e
where Ach = (N+ − N− )/(N+ + N− ) is the event-by-event charge asymmetry, qe reflects the electric
quadrupole and ρ̄e is the charge density. The v2 difference between π + and π − caused by the CMW
can be written as
∆v2CMW = v2 (π − ) − v2 (π + ) ≈ rAch .
(2)
The slope parameter r = 2(qe /ρ̄e ) will be our interested observable, which represents the electric
quadrupole momentum induced by CMW.
In these proceedings, we will present the charge separation with respect to the reaction plane
measured by STAR in Sec. 2. Charge asymmetry dependency of charged pions’ v2 will be presented
in Sec. 3.
2

Charge Separation with respect to the Reaction Plane

If there are small bubbles, where the parity is locally violated (LPV), created in heavy ion collisions,
the Chiral Magnetic Effect will cause electric charge separation alone the magnetic field. This will
lead the same charge emission tend to stay in the same side of the reaction plane. A three-particle
correlator is proposed to measure such asymmetry 11 ,
γ = hcos(φα + φβ − 2ψRP )i

(3)

where α, β = +, − represent the charge sign of two particles involve in the correlation and ψRP is the
azimuthal angle of the reaction plane. In STAR, both of the same sign correlator γSS (α = β) and

STAR Preliminary

Figure 1: The centrality dependency of three-particle correlators, γSS and γOS , measured by STAR
√
in Au + Au collisions from sN N = 200 GeV to 7.7 GeV. The ALICE measurement is showing for
comparison 8 .
the opposite sign correlator γOS (α = −β) have been measured in minimum bias triggered Au + Au
√
collisions at all STAR energies. The data samples used include 57 M events at sN N = 200 GeV
taken in year 2007, 7 M at 62.4 GeV (2005), 100 M at 39 GeV (2010), 40 M at 27 GeV (2011), 20 M
at 19.6 GeV (2011), 10 M at 11.5 GeV (2010) and 4 M at 7.7 GeV (2010) 12 . The results are shown
in Fig. 1. The ALICE measurement in Pb + Pb collisions at 2.76 TeV is also shown in the same
figure for comparison 8 .
The main background for such measurements include the radial flow, the charge conservation
and the influence of the statistical fluctuations. Those sources of background are believed to be
same for γSS and γOS 12 . Therefore, the difference between the two correlator γOS − γSS should be a
better signal, which is showing in Fig. 2. The signal does not show strong energy dependency from
2.76 TeV to 11.5 GeV and it seems to disappear at 7.7 GeV 12 .

STAR Preliminary

Figure 2: The centrality dependency of the difference between the two correlators γOS − γSS in
√
Au + Au collisions from sN N = 200 GeV to 7.7 GeV. The ALICE measurement is showing for
comparison 8 .
3

Charge Asymmetry Dependency of Pion Azimuthal Anisotropy

π-+
π

Au + Au 200 GeV 30-40%
0.15 < p < 0.5 GeV/c
T

0.2

Au + Au 200GeV
30-40%

2

3.8

v2(π-) - v (π+) (%)

v2{2} (%)

To study the charge asymmetry dependency of the v2 of charged pions, more than 200 M Au
+ Au minimum bias events taken in year 2010 are used. Other data samples include 60 M at
62.4 GeV (2010), 100 M at 39 M (2010), 40 M at 27 GeV (2011) and 20 M at 19.6 GeV (2011).
To select charged pions, charged particles are chosen if its ionization energy loss in STAR TPC
stays within 2σ from the expected value of pions. Meanwhile, the selected pions are also required
to have a distance of the closest approach (DCA) to primary vertex less than 1 cm and stays in
low transverse momentum range, 0.15 < pT < 0.5 GeV/c. To measure the event-by-event charge
asymmetry Ach , all charged particles within DCA < 1 cm are used except the protons and antiprotons with pT < 0.4 GeV/c. Low pT (anti-)protons are excluded to avoid the influence of beam
pipe protons. The measured Ach are corrected subject to the limited tracking efficiency via HIJING
model and GEANT simulation. The left panel of Fig. 3 shows the v2 measurements for π + and
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Figure 3: Left: Integrated v2 measurement over 0.15 < pT < 0.5 GeV/c for π + and π − as a function
√
of measured charge asymmetry in Au + Au collisions at sN N = 200 GeV, 30-40% centrality.
Right: the v2 difference in the same centrality as a function of corrected charge asymmetry.
√
π − as a function of measured charge asymmetry in Au + Au collisions at sN N = 200 GeV,
30-40% centrality 13 . The right panel shows the v2 difference between π + and π − as a function
of corrected charge asymmetry. We observed that the v2 of π + (π − ) linearly decreases (increases)
with the increasing charge asymmetry in 30-40% centrality. The slope parameter of ∆v2 (Ach ) is
extracted in all centralities and all energies under study 12 . The results are showing in Fig. 4. The
±
behavior of v2π (Ach ) and the rise and fall feature of the slope parameter as a function of centrality
are qualitatively consistent with calculation based on CMW. However, it is not clear why the slope

parameter as a function of centrality only shows weak energy dependency from
to 27 GeV.
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Figure 4: Centrality dependency of the slope parameter r measured in Au + Au collisions from
√
sN N = 200 GeV to 19.6 GeV. A set of theoretical calculation based on CMW is showing for
comparison.

4

Summary

The three-particle correlation have been measured in STAR, which may provide the evidence for the
Local Parity Violation and Chiral Magnetic Effect. It turns out that the signal almost unchanged
from 2.76 TeV to 11.5 GeV and seems to disappear in 7.7 GeV.
We also measured the charge asymmetry dependency of the charged pion v2 from 200 GeV to
±
19.6 GeV. The observed v2π (Ach ) and its difference between π + and π − qualitatively consistent with
the expectation of Chiral Magnetic Wave model. But the reason for the weak energy dependency
of the slope parameter as a function of centrality is not quite clear yet.
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Propagation of nonlinear gauge theory and corresponding phenomenology in
deconfined strong interaction matter
LI Shi-Yuan
School of Physics, Shandong University, Jinan 250100, PR China
We summarize the shock wave propagation of non-linear gauge theories, and point out that
the results are the same for Abelian and Non-Abelian gauge theories. Then we argue that
the deconfied strong interaction matter can be employed to study the Non-Abelian non-linear
propagation. We discuss the examples for various external strong fields and investigate the
way to measure the predicted polarizations

Non-linear field theory models have attracted a lot of attentions. Soliton is one example.
The other interesting topic is shock wave propagation. There are yet a lot of questions to
be addressed. Assuming that the classical nonlinear Lagrangian is real, i.e., Hermitian after
quantizied. In the Heisenberg picture, the solution of the non-linear equation of motion of the
field operators do not respect the superposition principle, and hence the Green functions. On
the other hand, since the Hamiltonian is Hermitian, it still is possible to construct the linear
Hilbert space of the states with the eigenstates of the Hamiltonian as bases. How to relate the
field operators and the states from the Hilbert space is a complex question to address the ’wave
(field) and particle (state) correspondence’. In this paper we only encounter the simple example
that the field propagation select the polarization states.
A feasible framework to deal with the shock wave propagation of the non-linear theory is
the Hadamard method 1 . The main point is to calculate the discontinuity in space-time to
study the wave vector (dispersion relation) as well as the polarization. This method has the
advantage that one need not to linearize the equation of motion, so that can be applied to the
case that the propagation can not be treated as perturbation of the more strong slowly-varying
background/external field. From this method, it is also very straightforward to see that the
formulations of the propagation is the same for Abelian as well as non-Abelian gauge theory.
The key point is that the discontinuity is only non-zero for second-order derivative of the vector
gauge field.
In fact, a thorough investigation for the most general non-linear Lagrangian for the Abelian
case is also needed. I.e., to write down the most generally framework to see how to set the
configurations to get the specified propagation phenomenon. Here we first list the frameworks
and results. We start from the general Lagrangian density L = L(F, G), where F and G are the
two local gauge invariants defined in terms of the tensor field Fµν = gi [Dµ , Dν ], and its dual
1
F ∗αβ = ηαβ στ Fστ ,
2

(1)

= F µν Fµν

(2)

as
F

G = F

µν

F ∗µν .

(3)

~ and magnetic B
~ field strengths we have F = −2(E 2 − B 2 ) and
In terms of the electric E
~ · B.
~ Here the covariant derivative is Dµ = ∂µ − igAµ , with g the coupling constant.
G = −4E
In the above formulations, if applied to the non-Abelian case, the vector/tensor field such as
~ and B
~ are understood as also a N-dimensional vector of
Aµ , Fµν , as well as the components E
the inner joint-representation space. The contraction of the field tensor are also done for the
inner space. However, for the Non-Abelian case, there could be more invariants than F and G
2 . Here we will not discuss such a complexity, for our following example does not depend on
all the other non-Abelian invariants. The field equation can be obtained from the least action
principle. In addition, Fµν satisfies the Bianchi identity F ∗µν ,ν = 0.
The method of field discontinuities can be briefly stated as follows 1,3 . Consider a differentiable inextendible oriented borderless hyper-surface Σ, defined locally by φ(xµ ) = 0, where
φ is a real differentiable scalar field which locally is a function of the spacetime coordinates
xµ = (t, ~x). Let U + be the spacetime points whose coordinates satisfy φ(xµ ) > 0, and similarly
U − be such that φ(xµ ) < 0. Let P be any given point of Σ. For each sufficiently small r > 0,
let Vr (P ) be a neighborhood of P which consists of the spacetime points Q whose Euclidean
distance from P is [(tQ − tP )2 + ||~xQ − ~xP ||2 ](1/2) smaller than r. Let P + ∈ U + ∩ Vr (P ) and
P − ∈ U − ∩ Vr (P ) be any two neighbor points from P arbitrarily chosen at opposite sides of Σ.
Let f be any given tensor field defined at Vr (P ). The Hadamard discontinuity at P of f across
Σ is defined as
.
[f ]Σ (P ) = lim [f (P + ) − f (P − )].
(4)
r→0+

Suppose f such that [f ]Σ = 0 for each P ∈ Σ. Following Hadamard 1 , we have [f,λ ]Σ (P ) =
kλ f¯(P ), where kλ = φ,λ |P is the normal vector to Σ at P and f¯ is a tensor field defined at Σ
with the same rank and the same algebraic symmetries as those of f .
We assume the tensor field Fµν to be smooth in each U ± , but merely continuous at Σ (that
is to say, the Fµν are continuous functions at Σ but their derivatives may present discontinuities
at Σ). The Hadamard discontinuities at Σ of the equation of motion and the Bianchi identity
lead to 3
2
fβλ k λ +
Nβ µνρ fνρ kµ = 0
(5)
LF
and
fαβ = α kβ − β kα ,
(6)
where the quantities fαβ are related to the derivatives of Fαβ on Σ by [Fαβ,λ ]Σ = fαβ kλ and µ
is the polarization vector [Aµ,αβ ]Σ = eµ kα kβ . Here


.
N µναβ = LF F F µν F αβ + LGG F ∗µν F ∗αβ +LF G F µν F ∗αβ +F ∗µν F αβ .

(7)

Use is being made here of the notation LX 1 X 2 ···X n = ∂ n L/∂X 1 ∂X 2 · · · ∂X n previously introduced 3 , where each X i is one of the two invariants F or G upon which the Lagrangian L
arbitrarily depends.
We set kλ = ωVλ + qλ as the wave 4-vector, where Vλ = δλ0 is the 4-velocity of the observer
which decomposes F µν into ’electric’ and ’magnetic fields’. The components of this 4-vector kλ
are thus the frequency ω and the wave vector ~q = q q̂. Taking together Eqs. (5) and (6), we
obtain the general eigenvalue equation 4,3
Z µ ν ν = 0,
where

(8)

4 µα
.
Z µ ν = k2 δµ ν +
N νβ kα k β .
(9)
LF
Nontrivial solutions of Eq. (8) can be found only if det | Zµν | = 0, the well known generalized
Fresnel equation, and yields
α(k 2 )2 + βf 2 k 2 + γ(f 2 )2 = 0,
(10)

where f 2 = F αµ Fα ν kµ kν , and
α = L2F + 2LF (GLF G − F LGG ) − (LF F LGG − L2F G )G2 ,
β = 4LF (LF F + LGG ) − 8(LF F LGG −
γ = 16(LF F LGG −

L2F G )F,

L2F G ).

(11)
(12)
(13)

.
The phase velocity v = ω/q of the waves can be obtained from a fourth order equation, we
could find up to four solutions for the phase velocity, in the same wave direction.
In what follows we study a particular model. Such a model appears in different contexts in
the literature, for instance as the effective Lagrangian density for quantum electrodynamics.
1
F
LN L = − b0 F log 2 ,
4
λ

(14)

where b0 and λ are constants. Particularly λ can be chosen in order to split the above model in
a Maxwellian part plus a nonlinear contribution. When the F is construted by the SU (3) gauge
field, this can be a good effective theory of QCD (see, e.g., 2 ).
~ = E x̂ and magFor a most interesting example, let us assume constant external electric E
~ = B ŷ fields, much larger than their wave counterparts. The calculations 5 show there
netic B
could be trirefregence. If in a gluon plasma, such external colour field configuration can be set,
we can try to observe the similar novel behaviour of gluons. However, such an external field
configuration is very difficult to prepare in QCD case. Since now what can be studied is only
the bulk of hot matter produced in heavy ion collisions. In such an collision, as the lowest order
approximation we adopt the following symmentric average
Ei = 0,

Hi = 0,
Ei Ej
Hi Hj

Ei Hj − Hi Ej = 0,

1
= − E 2 ηij ,
3
1
= − H 2 ηij ,
3

(15)
(16)
(17)

We find that it behaves as a polarizer 6 , since a physical propagation can only be the ’ordinary
ray’, with the specified polarization determined by the colour fields.
In the hadronization process, the polarization can be tranferred into hadrons. Λ is a good
example. From the SU(6) quark model, one finds that in Λ the (ud) quark must be a scalar,
hence the spin of the s quark is just the spin of the Λ. When the gluon splits into quark pair,
because of helicity conservation, the specified helicity state of the gluon determines the helicity
states of the quark and antiquark, e.g., |1, 1 >→ | 12 21 >. As mentioned above, only the ordinary
ray of the gluon field can propagate, and the polarization vector can be calculated via Eq. (8)
when the direction and the colour field are definite so that Z µν in Eq. (8) is determined. Since
any polarization vector can be expanded by the two helicity state of the gluon, then we easily
deduce that the spin state of the quark pair produced from the gluon can be determined. This
means that a quark which comes from the gluon moves in a specific direction must be in a
definite spin state. If the quark is an s quark and combine a diquark to hadronize as a Λ, its
polarization is definite.
However, in each collision, for different direction, the spin state is different. Further more,
for different collision, the colour fields are different. For an average among all events and all
particles the results vanishing. To construct SO(3) scalar, one experimental observable for the
polarization correlation has been suggested 6 . This can be extracted from the ideal case of two
Λ particles with the same polarization P~ , with P = |P~ | representing the polarization rate. The
conventional way to measure P~ of a single Λ is by measuring the direction vector (denoted as
p̂) of the momenta of the daughter particles, e.g., proton or pion from the Λ decay, at the rest

frame of Λ. Then the angular distribution,
dN
∼ 1 + αp̂ · P~ = 1 + αP cosθ,
(18)
dcosθ
can give the information on the polarization. Here α is the hyperon decay parameter. From this
equation we see that if the direction of P~ is random, the average of all Λ0 s gives zero, then P is
not able to be measured. However, for the two Λ0 s with the same polarization, in the rest frame
of each Λ, respectively, the direction vectors p̂1 and pˆ2 can be measured. Then we calculate the
expectation value < p̂1 · p̂2 >, which results in
p

P = 3 < p̂1 · p̂2 >/α.

(19)

P

In reality, we can not expect in an event, there could be easily find two Λ move exactly
parallel. So that we can only try to find two particle with the nearest moving directions.
In such a case, employing the formulation right hand side of Eq. (19), we can not get the
exact polarization value but an approximation P 0 . However, imagining the case of a heavy ion
collision with the center of mass energy infinite, the multiplicity is also infinite, so that we can
have P 0 → P .
At RHIC and LHC, the center of mass energy is not infinite but very high, we will find the
0
P is not a bad approximation. Fig. 1 demonstrates this fact. This shows the results of RHIC
energy. To mimic the true data, we employ a generator developed by the Shandong University
group. Here we did not show the comparing of the kinematic details of the model and real
data, but only requiring the averaged multiplicity and multiplicity distribution of this model
consistent with the data.
1
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In the concrete calculations, we only employ the pairs of Λ0 s with the smallest relative angles
which are all smaller than π4 . We find that such a restriction will keep enough statistics. To
have enough large multiplicity, We only investigate the most central 5% collision. This also
guarantees that the asymmetries are largely reduced.
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FLOW PHENOMENA IN CMS
Quan Wang for the CMS Collaboration
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Lawrence, KS 66045-7582, USA

Measurements by the CMS experiment of azimuthal angle correlations of charged hadrons in
√
sN N = 2.76 TeV Pb+Pb collisions are presented. The second-order elliptic flow harmonic
v2 is shown as a function of transverse momentum (pT ) and centrality in a broad kinematic
range. Various techniques are employed to extract the signal strength of the harmonics: the
event-plane method, cumulant, Lee-Yang Zeros and di-hadron correlation methods. Higherorder harmonic results, v3 from the event-plane method and v3 , v4 , v5 and v6 from di-hadron
correlation methods are also shown. The results indicate that higher-order, odd harmonics
are mainly dominated by initial-state fluctuations. Neutral particle π 0 v2 results and high-pT
particle (up to 60 GeV/c) v2 results are also shown. The di-hadron correlation results of v2
√
and v3 in sN N = 5.02 TeV p+Pb collisions are presented and compared to p+p results.

1

Introduction

In non-central, heavy-ion collisions, the initial nuclear overlap region is spatially anisotropic and
is usually characterized with an “almond-like” shape. The initial spatial anisotropy leads to
a final-state momentum azimuthal anisotropy resulting from the pressure gradients developed
in collision. The azimuthal anisotropy, characterized by Fourier expansion coefficients, is an
important feature of the hot, dense medium produced in heavy-ion collisions. The distribution
of charged particles with respect to the participant plane can be written as,
dN
∼ 1 + 2v2 cos 2(φ − ψ2 ) + 2v3 cos 3(φ − ψ3 ) + · · ·
d∆φ

(1)

where vn is the n-th order Fourier coefficient, and φ is the azimuthal angle of each particle. ψn
is the n-th harmonic participant plane of each event. The second harmonic v2 is often called
elliptic flow, which is one of the most important measurements providing information of the
strongly couple quark-gluon plasma (sQGP) 1 . The third harmonic coefficient v3 is referred to
as triangular flow, which is the largest coefficient next to v2 . Higher order terms, vn where
n > 2, can provide information of the initial-state fluctuations, whose magnitude can be sizable
compare to v2 . 2
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Figure 2: π 0 elliptic flow compared
Figure 1: Elliptic flow of Pb+Pb at 2.76 TeV based on
to lower energy PHENIX 8 and CMS
four methods.
charged particle results 3 .

2

Data Analysis and Results

Figure 1 shows the v2 differential results, obtained from Pb+Pb collision at a center-of-mass en√
ergy of sN N = 2.76 TeV, for the event-plane 4 , two- and four-particle cumulant 5 and Lee-Yang
Zeros 6 methods with 0.3 < pT < 20 GeV/c and for twelve centrality classes 3 . The differences
between methods are understood by their different sensitivities to non-flow and fluctuation effects. Two-particle cumulant method is very sensitive to non-flow, especially at high pT . The
four-particle cumulant method and Lee-Yang Zeros method are less sensitive to non-flow due to
the nature of multi-particle correlations. There is no pseudo-rapidity gap required in two- and
four-particle cumulant methods, while a gap of three units of pseudo-rapidity is applied in the
event-plane method between the particles used for the flow analysis and particles used for the
event-plane reconstruction. Hence the event-plane method can largely suppress non-flow.
The CMS π 0 elliptic anisotropy for Pb+Pb 2.76 TeV results 7 are shown in Fig. 2, and
compared to CMS charged particle event-plane v2 3 and PHENIX π 0 results for Au+Au at 200
GeV 8 . The CMS π 0 results are comparable to the lower energy PHENIX results, while lower
than the CMS charged particle results. This is consistent with the higher elliptic anisotropy
seen for baryons as previously found at RHIC.
For higher pT particles, the lenticular-shape of the overlap region in heavy–on collisions can
lead to azimuthal asymmetry as a result of the path length dependence of parton energy loss.
Figure 3 shows the v2 coefficients for six centrality classes 9 with an extended pT range up to 60
GeV/c obtained from data selected by a dedicated high-pT trigger in the 2011 Pb+Pb run, along
with previous ATLAS 10 and CMS results from 2010 data 3 . The v2 coefficient results remain
finite up to at least pT = 40 GeV/c, and become consistent with zero above that for mid-central
collisions (above 30%). These results shed light on the path length dependent energy loss of
high pT partons in the medium.
In Fig. 4 the integrated v2 values 9 for different pT ranges are shown as a function of the
number of participant nucleons (Npart ) for two different pseudo rapidity ranges. These results
demonstrate that the higher pT asymmetries are influenced by the initial-state geometry. Below
4 GeV/c, the v2 values are consistent with the hydrodynamic flow behavior of a hot dense
medium. Above 14 GeV/c, the flow component is expected to be negligible. For these higher
pT ranges, the increase in v2 as the collisions become more peripheral (decreasing Npart ) reflects
the corresponding increase in the eccentricity of the lenticular overlap region as Npart decreases.
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Figure 3: Extended v2 (pT ) distribution up to 60
Figure 4: v2 values as a function of the number
GeV/c for six centrality bins. Lower pT results
of participant nucleons for given pT ranges.
from both CMS 3 and ATLAS 10 are shown.
Higher-order harmonics have been measured at CMS for Pb+Pb at 2.76 GeV using various
methods, including the event-plane method and di-hadron correlation methods 11 . Significant
contributions are found up to at least the 5-th order harmonics (v5 ), with little centrality dependence seen for the odd harmonics n=3 and n=5. These results suggest that these higher odd
harmonic anisotropies are dominated by initial-state fluctuation of the collisions.
The initial-state geometry of the produced medium in relativistic heavy-ion collisions results
in a large uncertainty for the deduced value of the shear viscosity to entropy ratio (η/s) of the
medium. It has been suggested that the initial condition has less an influence on very central
events where the geometry is determined only by the extent of the colliding nuclei 12 13 . Using a
dedicated ultra-central collision trigger, CMS selects the most central 0-0.2% events in Pb+Pb
collisions at 2.76 GeV 14 . The flow coefficients v2 through v6 are measured using the di-hadron
correlation method. The pT dependence of vn is shown in Fig. 5, where higher order harmonics
(n > 2) are strongly excited. v3 , v4 and v5 even rise above v2 at higher pT values, suggesting
the strong influence of the initial-state fluctuations in these ultra-central collisions.
The recent p+Pb di-hadron correlation results of high-multiplicity triggered events at 5.03
TeV reveal a long-range, near-side ridge like structure, suggesting a flow-like behavior 15 . In
Fig. 6 di-hadron correlation yield, after applying ZYAM procedure are shown for various selections of pT and multiplicity, along with corresponding results obtained from p+p collision at 7
TeV using the same procedure. The data were recorded using a high multiplicity trigger implemented to select ultra-central events. The HIJING simulation results 16 , shown as dashed curves,
qualitatively reproduce the shape of the correlation yield at low multiplicity, but fail at high
multiplicity. Long-range, near-side particle correlations in p+Pb collisions have been predicted
using models that assume collective hydrodynamic expansion with fluctuating initial-conditions.
The correlation results 17 from the predicted elliptic and triangular flow components for p+Pb
collision at 4.4 TeV are shown as solid curves for 1.0 < pT < 2.0 GeV/c. The correlation yields
in high multiplicity events are strongly enhanced compared to p+p collisions. Further analysis
is needed to investigate the origin of the ridge like correlations and the collective behavior.
3

Summary

The LHC Pb+Pb runs at 2.76 TeV in 2010 and 2011 have provided abundant new results
that can be informative for the understanding of the properties of the medium produced in
heavy-ion collisions. The CMS program has investigated the azimuthal asymmetries in a wide
kinematic range, from the hydrodynamic flow behavior at low pT , the π 0 azimuthal anisotropies
at intermediate pT , and the asymmetric anisotropy from parton energy loss in the medium at
high pT . At low pT , pT differential vn results are sensitive to the initial-state fluctuations and

Figure 5: vn as a function of pT
for ultra-central events.
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Figure 6: Di-hadron correlated yield for 5.02 TeV p+Pb and
7 TeV p+p, compared to p+Pb predictions for HIJING 16
(dashed curve) and a hydrodynamics model 17 (solid curve)
the property of the hot dense medium created in heavy-ion collisions. A single-track, high-pT
trigger enables us to extend the v2 measurements up to 60 GeV/c, making it possible to explore
the path length dependence of parton energy loss in the medium. An ultra-central collision
trigger has allowed a measurement of vn coefficients with n=2 through 6 for the top 0.2% most
central events. The recent p+Pb run at 5.03 TeV in 2012 has revealed a near-side long-range
ridge like structure in di-hadron correlation analysis, which could suggest hydro-like correlations
arising in a small system. Further work is needed to study the origin and behavior of the ridge
structure.
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FLOW PHENOMENA IN ATLAS
A. ANDREAZZA, on behalf of the ATLAS Collaboration
INFN Sezione di Milano and Dipartimento di Fisica, Università di Milano
Via Celoria 16, I-20133, Milano, Italy
Measurements of flow anisotropy coefficients have been performed with the ATLAS detector
at the LHC, on a sample of 8 µb−1 minimum bias Pb+Pb collisions at centre-of-mass energy
√
√
sNN = 2.76 TeV and a sample of 1 µb−1 p+Pb collisions at sNN = 5.02 TeV. The large
statistics Pb+Pb sample is used to derive event-by-event distribution of v2 , v3 and v4 . Within
uncertainties, the distributions of v3 and v4 agree with a pure Gaussian function over a wide
centrality range, while significant deviations from this function are observed for v2 in midcentral and peripheral collisions. In the p+Pb sample, a long-range near-side and away-side
correlation is observed for events with high transverse energy in the detector. This structure
can be described by v2 anisotropy coefficients of magnitude similar to what is observed in
Pb+Pb collisions.

1

Introduction

Heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC) create hot, dense matter that is thought to be composed of strongly interacting quarks
and gluons. A useful tool to study the properties of this matter is the azimuthal anisotropy of
particle emission in the transverse plane.1 This anisotropy is believed to result from pressuredriven anisotropic expansion (referred to as “flow”) of the created matter, and is described by
a Fourier expansion of the particle distribution in azimuthal angle, around the beam direction:
∞
∞
X
X
dN
def.
∝1+2
vn cos n(φ − Φn ) = 1 + 2
vn,x cos nφ + vn,y sin nφ,
dφ
n=1
n=1

(1)

where vn and Φn represent the magnitude and phase of the nth -order harmonics, respectively.
In this paper some recent measurements of the vn in Pb+Pb and p+Pb collisions are
presented.2,3,4 They are performed by the ATLAS detector5 at the LHC, using the charged
particles reconstructed in the inner detector, within its acceptance in pseudorapidity |η| < 2.5a .
The event centrality is derived from the transverse energy deposition in the forward calorimeter
(FCal) covering 3.2 < |η| < 4.9.6
The data samples were collected with a minimum bias trigger. They consist of 8 µb−1
√
integrated luminosity of Pb+Pb collisions at sNN = 2.76 TeV from the 2010 LHC run, and of
√
1 µb−1 integrated luminosity of p+Pb collisions at sNN = 5.02 TeV from a short pilot run in
September 2012.
a

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2).
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2
expected for the radial projection of a 2D Gaussian distribution.

2

Event-by-Event distributions

The average values of vn and their dependence on centrality, pT and η, have been measured at
the LHC 7,8,9 with different techniques. In particular the “elliptic flow”, v2 , has large values
reflecting the shape of the overlapping nuclei.10,11,12 The Fourier coefficients in Eq. 1 can also be
2
computed on an event-by-event (EbE) basis
q from the particle azimuthal distribution.
2 + v 2 (n = 2–4), after unfolding for the smearing
The measured distributions for vn = vn,x
n,y
due to finite charged particle multiplicity, are shown in Figure 1. The remaining width is expected to reflect fluctuations in the initial state geometry. In case of pure Gaussian fluctuations,
the distributions would be described by the radial projection of a 2D Gaussian distribution:
2

vn − vn
P (vn ) = 2 e 2δn2 ,
δn

r

hvn i =

π
δn ,
2

σn2

=

hvn2 i

π 2
− hvn i = 2 −
δ .
2 n
2





(2)

The data show this is the case for v3 and v4 on a wide centrality range, and for v2 in the
most central events. For less central events, v2 has a significant contribution from the shape
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of the overlapping region between
the interacting nuclei. This is quantitatively illustrated in
p
Fig. 2 where the values of hvn2 i/hvn i obtained by the vn distributions are compared with the
expectation from Eq. 2, as a function of the average number of participants in each
p centrality
interval, hNpart i, as estimated from a Glauber model Monte Carlo.13 In this Figure, hvn2 i is also
compared with p
the vnEP obtained by the event plane method.9 This method is expected to give
EP
hvn i < vn < hvn2 i, the actual value being experiment-dependent.14 The published ATLAS
values of vnEP are very near to the upper bound.
If anisotropy is due to the hydrodynamic expansion of the strongly interacting system, the
vn is expected to scale with the eccentricity εn obtained by averaging the positions of the
participanting nucleons with respect to their centre-of-mass, in the transverse r − φ plane:15
p

εn =

hrn cos nφi2 + hrn sin nφi2
.
hrn i

(3)

In Fig. 3 the eccentricity distribution ε2 is computed using a Glauber model 13 and the MC-KLN
model 16 , and rescaled to the average v2 distribution. The rescaled ε2 of both models describe
the data well in the 1% most central collisions, but start to fail towards less central events.
Neither model describes the more peripheral data well.
3

The ridge in p+Pb collisions

Proton-nucleus collisions at the LHC are crucial for the interpretation of results from the Pb+Pb
program.17 In particular, the relationship between fluctuations in the initial geometry and finalstate particle correlations can be further investigated by studying correlations in p+Pb collisions
with observables such as the two particle correlation function3 and the two- and four-particle
cumulants.4 These observables are studied as a function of the transverse energy deposited on
P Pb
the FCal in the side of the outgoing Pb beam, ET
, and of the particle pT .
P Pb
Figures 4a and 4b show two-particle correlation function, C(∆η, ∆φ), at low and high ET
,
P Pb
respectively. At high
ET a “ridge”, a long-range correlation in ∆η at ∆φ ∼ 0, is evident.
The recoil component at ∆φ ∼ π is also enhanced. The amount of correlated pairs is evaluated
using the per-trigger yield18 after subtracting the pedestal of uncorrelated pairs (zero-yield at
P Pb
minimum, ZYAM, method), as shown in Figure 4c. At low ET
only a recoil contribution is
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Figure 4: Two-dimensional correlation functions for (a) peripheral events and (b) central events, both with a
truncated maximum to suppress the large correlation at (∆η, ∆φ) = (0, 0); (c) the per-trigger yield ∆φ distribution
C
together with pedestal
for peripheral (bP
ZYAM ) and central (bCZYAM ) events, and (d) integrated per-trigger
P levels
Pb
yield as function of
ET for pairs in 2 < |∆η| < 5. The shaded boxes represent the systematic uncertainties,
and the statistical uncertainties are smaller than the symbols.3 (e) The second-order
v2 , calculated with
P harmonic,
Pb
. Systematic uncertainties
two- and four-particle cumulants (circles and stars, respectively), as a function of
ET
are shown as shaded bands. Also shown is v2 {2P C} from two-particle correlations (squares) and predictions from
a hydrodynamic model22 (triangles) for the same selection of charged particles as in the data.4
Pb a correlated component appears at |∆φ| ∼ 0, π. Figure 4d
visible at |∆φ| ∼ π. At high ET
displays the per-trigger yields integrated on the “near” (|∆φ| < π/3) and the “away” (|∆φ| >
P Pb
2π/3) sides as a function of ET
. Both regions show a correlated rise with transverse energy,
with same magnitude in the near- and away-side.
P Pb
P Pb
In order to quantify this rise, the yield of low ET
events is subtracted from high ET
events. This difference as a function of ∆φ can be described mostly by a cos(2∆φ) modulation.
Such a feature in the two-particle correlation function can be converted into a v2 Fourier coefficient of the single-particle distribution of Eq. 1.9 These coefficients, v2 {2P C}, are compared in
Figure 4e with v2 {2} and v2 {4} obtained by the two- and four-particle cumulants.19 The large
magnitude of v2 {2} compared to v2 {4} suggests a substantial contamination from non-flow correlations. The four-particle cumulant shows a value of approximately 0.06, which agrees with
P Pb
P Pb
v2 {2P C} at high ET
. The disagreement at low ET
could be due either to the subtraction
procedure in the v2 {2P C} determination or to residual non-flow effects in v2 {4}.
The pT -dependence of v2 has also been studied and the trend in p+Pb collisions is similar to
what observed in Pb+Pb collision, with a magnitude between that measured in the most central
and peripheral Pb+Pb collisions.9,10 Comparable magnitude of v2 has also been reported by
ALICE.20 and can be possibly explained within the colour glass condensate and hydrodynamic
models.21,22

P

4

Conclusions

The high statistics Pb+Pb samples collected by the ATLAS experiment at the LHC allow for
studies of flow phenomena with a wide range of analysis techniques.9,10,11,12,23 In particular
the Fourier coefficients of the anisotropy flow can be measured on an event-by-event basis,
accessing their fluctuations.2 The resulting v3 and v4 distributions are compatible with Gaussian

fluctuations on a wide rapidity range, while for v2 there is a significant contribution from the
initial shape of the overlapping nuclei. The observed distributions cannot be described by basic
Glauber models.
Already the initial pilot run of p+Pb collision at the LHC has provided interesting observations. In high transverse energy events, the ridge in the two particle correlation function shows
a flow-like anisotropy, dominated by a term v2 ≈ 0.06,3,4 comparable to the value observed in
Pb+Pb collisions.
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The Double Ridge Phenomenon in p–Pb Collisions Measured with ALICE
Jan Fiete Grosse-Oetringhaus for the ALICE collaboration
CERN, 1211 Geneva 23, Switzerland

The ALICE collaboration has measured two-particle angular correlations in p–Pb collisions
√
at sNN = 5.02 TeV using data from the p–Pb pilot run in September 2012 at the LHC 1 . In these
correlations, the number of associated particles (Nassoc ) per number of trigger particles (Ntrig )
is studied as a function of the azimuthal difference (∆ϕ) and the difference in pseudorapidity
(∆η) and expressed as associated yield per trigger particle:
1 d2 Nassoc
.
Ntrig d∆ηd∆ϕ

(1)

This correlation is determined at mid-rapidity (|η| < 1.2) in different bins of trigger particle
momentum pT,trig and associated particle momentum pT,assoc . The event sample is divided
into four multiplicity classes depending on the measured multiplicity in two forward detectors
(2.8 < η < 5.1 and −3.7 < η < −1.7).
The two-particle correlation of low-multiplicity (lowest 40%) events is subtracted from the
one in high-multiplicity (highest 20%) events which removes the jet contribution to the correlation to a large extent. The resulting correlation is shown in Fig. 1 for one bin in momentum
and multiplicity. A double-ridge structure is observed with a near-side ridge centered at ∆ϕ = 0
and an away-side ridge centered at ∆ϕ = π. Both are independent of ∆η.
This intriguing phenomenon has been characterized by calculating the ridge yields as well
as the Fourier decomposition of the excess structure. The details can be found in Ref. 1.
Theoretical explanations which aim at describing this feature involve a hydrodynamic phase 2 or
the color-glass condensate 3 . While these models succeed in describing the results qualitatively,
this phenomenon is a long way from being well understood.
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Figure 1:
The associated yield per trigger particle in ∆ϕ and ∆η for pairs of charged particles with 2 <
pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in high-multiplicity (0–20%) p–Pb collisions from which the
correlation in low-multiplicity (60–100%) p–Pb collisions has been subtracted. Figure from Ref. 1.
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Long-range angular correlations by strong color fields in hadronic collisions
Kevin Dusling
Physics Department, North Carolina State University, Raleigh, NC 27695, USA

I present an overview of the ridge phenomenon in proton-proton and proton-lead collisions.
This novel collimation between rapidity separated hadron pairs is a consequence of non-linear
gluon dynamics within the small−x wave-function of the colliding hadrons.

Multi-particle correlations in high-energy hadronic collisions can serve as sensitive tests of
QCD dynanmics. In the fall of 2010 the CMS collaboration made a striking discovery 1 . In highmultiplicity proton-proton collisions a correlation was uncovered between charged-particle pairs
having a large pseudo-rapidity separation (∆η  1) and a narrow angular separation (∆φ . 1)
in azimuth. Figure 1 displays the original CMS result. As the structure of the two-particle
correlation resembles a mountain range the new discovery was dubbed “The Ridge” when it
was first observed in heavy-ion collisions. It should be stressed that the heavy-ion ridge has a
unique physical interpretation from the ridge in p+p and p+Pb collisions. While the former is
attributed primarily to final-state rescattering and hydrodynamic flow the latter, which will be
the focus of this proceeding, is a consequence of gluon saturation 2 .

Figure 1: Two particle correlation function from minimum-bias (left) and high-multiplicity (right) events in
√
proton-proton collisions at s = 2.76 TeV. Data from the CMS collaboration 1 .

The ridge in proton-proton and proton-lead collisions is a natural consequence of gluonsaturation and non-linear parton dynamics in the nuclear wave-function before the collision

Figure 2: The ridge in La Thuile on March 14th 2013.

occurs. The full structure of the two-particle correlation is explained by two competing QCD
diagrams; as long as they are both computed within the CGC-EFT 3 . The first diagram corresponds to the production of two gluons from a single ladder as shown in the right-most Feynman
diagram appearing in Fig. 3. This production mechanism creates particles primarily back-toback (i.e. on the away-side for ∆η & 1) and does not generate any near-side collimation. A
second class of diagrams, herein called “Glasma Graphs”, where two gluons are produced from
different ladders, is responsible for the near-side collimation identified with the ridge. The twoparticle correlation generated by the Glasma graphs is symmetric with respect to ∆φ = π/2 and
therefore produces an equal away-side collimation as well; however, this is hidden underneath
the away-side jet and was only recently observed after a careful subtraction of peripheral events.
Saturation dynamics comes into play when determining the relative contribution of these two
diagrams towards the two-particle correlation. A power counting exercise demonstrates that the
Glamsa graph is enhanced by a factor of αS−8 in the presence of saturation, which we associate
with central / high-multiplicity collisions. This should be compared to the αS−4 enhancement of
the jet-graph in going from min-bias to central collisions.

Figure 3: Anatomy of a proton-proton collision. The away-side peak, associated with mini-jet production arises
from the jet-graph (two gluons produced from a single ladder) as shown in the right diagram along with its
schematic contribution to the per-trigger-yield plotted in blue. The Glasma graph contribution (left diagram)
is shown schematically by the orange curve. The shaded gray region (extracted experimentally by the ZYAM
procedure) is referred to as the associated yield.

The near-side collimation produced by the Glasma graph can be understood by looking at
the schematic form of the double-inclusive cross section
Z
2
d σ∝
Φ2A (x1 , kT )ΦB (x1 , pT − kT )ΦB (x2 , qT − kT ) + · · ·
(1)
kT

Figure 4: Unintegrated gluon distribution function evolved from the M.V. model initial condition
to larger rapidities via the rcBK evolution equation.

The full expression used in computations along with all relevant details is presented in 4 .
The function Φ(x, kT ) appearing in these expressions is the unintegrated gluon distribution and
is obtained by solving the rcBK equation with MV model initial conditions at large x. The
Cauchy-Schwarz inequality dictates that the correlation strength at ∆φ = 0 must be greater
than or equal to that at ∆φ = π/2;
Z
Z
2
2
2
d k⊥ ΦA (kT ) ΦB (|pT − kT |) ≥ d2 k⊥ Φ2A (kT ) ΦB (|pT − kT |) ΦB (|qT − kT |) .
(2)
Furthermore the equality holds if and only if
Φ(|pT − kT |) ∝ Φ(|qT − kT |) ,

(3)

and therefore, as long as the gluon distribution is a non-trivial function of momentum, there
must be a collimation. The strength depends on the detailed structure of the gluon distribution
function shown in fig. 4.
The rapid rise of the associated yield (see Fig. 3 for the definition) with centrality for
asymmetric collisions can also be understood from equation 1 as well. If we take the unintegrated
gluon distribution function as narrowly peaked around the saturation scale QA and QB of the
projectile and target respectively, the associated yield increases quadratically with the larger of
the two saturation scales 5 ,
CY ∝

Q2
ΦB (QB )
.
 −−−−−→ 1 + B
q
Q2A
ΦB
2p2T + 2Q2A − Q2B QB QA

(4)

A recent work 6 has compared predictions made within the CGC-EFT to the CMS 7 , ALICE 8
and ATLAS 9 experimental data. Two examples of the quality of the theory to data comparison
is shown in figure 5. While the CGC-EFT provides a unified description of both p+p and p+Pb
collisions at a quantitative level one may still question the role played by final state effects.
While this can only be addressed by detailed modeling there is strong evidence that final state
interactions are small and not responsible for the ridge.
A crucial piece of evidence stems from the away-side jet, which remains unmodified from
peripheral to central collisions; a fact confirmed a posteriori by the successful subtraction of
the peripheral jet from central data by the LHC experimentalists. If final-state rescattering
was strong enough to collimate the medium’s particles to create the ridge, rescattering should
similarly modify the jet. This is indeed observed in heavy-ion collisions but it is not the case in
p+p and p+Pb collisions.
A natural question is whether there is a unique final state interpretation of both the protonproton and proton-lead ridge? The differences in systematics between these two systems is

Figure 5: Comparison of calculations within the CGC-EFT framework with recent experiments. The left figure
shows the ATLAS 9 per-trigger-yield as a function of azimuthal separation (∆φ) for peripheral events as blue
circles and central events as red squares. The solid curves show the theory calculation for these two event classes.
For peripheral events only the jet diagram is visible in both the data and theory calculation. The right figure
shows data from the ALICE collaboration 8 where the difference between central and peripheral events allowed
for the discovery of the away-side ridge. The gray band shows shows the contribution from the Glasma graphs.

naturally understood within the CGC framework. Whether there is a consistent final-state
model is far from clear. It seems extremely difficult for a final-state interpretation to account for
an associated yield four times larger in p+Pb than in p+p at the same multiplicity, considering
our expectation that the overlap areas in the two systems are approximately the same.
There is compelling evidence that the ridge in proton-proton and proton-lead collisions is
a consequence of gluon saturation and non-linear gluon dynamics. This remarkable discovery
of a novel collimation between two particles flying in opposite directions in ultra-rare high
multiplicity events is probing rare quantum fluctuations within the proton and nucleus at the
smallest length scales experimentally possible.
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Jet Results in pp and Pb-Pb Collisions at ALICE
Oliver Busch for the ALICE collaboration
Universität Heidelberg, Physikalisches Institut, Heidelberg, Germany
We report results on jet production in pp and Pb-Pb collisions at the LHC from the ALICE
√
collaboration. The jet cross section in pp collisions at s=2.76 TeV is presented, as well as the
charged particle jet production cross section and measurements of the jet fragmentation and jet
√
shape in pp collisions at s=7 TeV. NLO pQCD calculations and simulations from MC event
generators agree well with the data. Measurements of jets with a resolution parameter R=0.2
√
in Pb-Pb collisions at sN N =2.76 TeV show a strong, momentum dependent suppression in
central events with respect to pp collisions. The centrality dependence of the suppression of
charged particle jets relative to peripheral events is presented. The ratio of jet spectra with
R=0.2 and R=0.3 is found to be similar in pp and Pb-Pb events. The analysis of the semiinclusive distribution of charged particle jets recoiling from a high-pT trigger hadron allows
an unbiased measurement of the jet structure for larger cone radii.

1

Introduction

Jets are collimated sprays of particles associated with hard scattered partons. The study of
jet production and fragmentation allows us to test our understanding of perturbative and nonperturbative aspects of QCD. In heavy-ion collisions, jets produced in the initial stage probe
the hot and dense nuclear matter created during the quark gluon plasma phase of the fireball
evolution. Interactions with the medium give rise to additional induced radiation. Jet reconstruction aims to capture the full dynamics of jet quenching and to quantify the in-medium jet
energy loss.
2

Data analysis

Charged jets are reconstructed in the ALICE central barrel from primary charged particle tracks
measured in the Inner Tracking System (ITS) and the Time Projection Chamber (TPC). Tracks
with transverse momentum pT > 150 MeV/c in the pseudo-rapidity interval |η| < 0.9 are
clustered with the FastJet 1 anti-kT algorithm using a boost invariant pT recombination scheme.
We use different values of the jet resolution parameter from R=0.2 to R=0.4. Jets are selected
so that they are fully contained within the detector acceptance. For full jet reconstruction, we
include neutral particles (mostly neutral pions) reconstructed with the ALICE Electromagnetic
Calorimeter (EMCal). Clusters in the EMCal acceptance |η| < 0.7 and 1.4 < ϕ < π with
a transverse energy ET > 300 MeV are used. The energy of charged particles pointing to
EMCal clusters is subtracted to avoid double-counting. The jet shape and jet constituents’
transverse momentum spectra (jet fragmentation) are measured with charged particles in the
leading (highest pT ) jet in each event. The jet spectra, shape, and fragmentation distributions
are corrected for detector effects (including the missing energy from e.g. neutrons and KL0 in
the measurements that include the EMCal) via unfolding or bin-by-bin corrections based on
detector simulations.

Jet reconstruction in heavy-ion collisions proceeds against a large background from the
underlying event uncorrelated to hard parton scattering. The average charged background
energy density is evaluated event by event from the median pT density of FastJet 1 kT clusters
and subtracted jet by jet. For charged+EMCal jet reconstruction, the charged background
density is scaled to the level of charged+neutral particles. The spectra are corrected for detector
effects and background flucutations via unfolding.
3

Results from pp collisions

d2σ/dpTdη (mb c/GeV)

In the top-left panel of Fig. 1, we present the inclusive differential jet cross sections 2 in pp
√
collisions at s=2.76 TeV, measured using charged+neutral particles. The data are compared
to NLO pQCD results 3,4 : good agreement is found when hadronization effects are applied to
the perturbative calculations.
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Figure 1: Results from pp collisions at s=2.76 TeV and 7 TeV. Top left: inclusive differential jet cross section
√
for R=0.4 at s=2.76 TeV. Boxes show the systematic uncertainty. The data are compared to NLO pQCD
calculations indicated by the bands, ratio of calculations to data are shown in the lower panel. Top right:
√
charged jet cross section for R=0.4 at s=7 TeV. Systematic uncertainties are indicated by the boxes, the lower
panel shows the contributions from detector effects and unfolding superimposed linearly. Bottom left: radial
distribution of transverse momentum density measured in leading charged jets with 20 < pch
T,jet < 30 GeV/c.
Bottom right: scaled transverse momentum distribution of jet fragments for 30 < pch
T,jet < 40 GeV/c. Jet
shape and fragmentation distributions are compared to from calculations from PYTHIA (tunes Perugia0 and
Perugia2011) and Phojet MC event generators.

√
In the top-right panel of Fig. 1, the charged jet cross section 5 at s=7 TeV is shown. The
bottom-left panel of Fig. 1 presents the leading charged jet shape 7 distribution of particle pT sum
in radial slices relative to the jet axis. The slope of the distribution measures the jet collimation.
The fragmentation spectrum of scaled transverse momentum ξ = ln (pjet,ch
/pparticle
) for the
T
T
charged jet constituents 8 shown in the bottom-right panel exhibits the characteristic humpbacked plateau structure indicating QCD coherence. The area of the distribution is equal to the
charged particle multiplicity of the fragments. The measured jet shape and fragmentation are
compared to MC simulations from the PYTHIA 9 (tunes Perugia0 and Perugia2011) and Phojet 10

event generators. The pp underlying event contribution was measured inside perpendicular cones
transverse to the jet axis and subtracted from the jet cross section, fragmentation and shape
measurements, consistently in data and simulations. The data are reasonably well described by
the simulations.
4

Jets in Pb-Pb Collisions

√
Figure 2 shows the single inclusive jet cross section results 11,12 in Pb-Pb collisions at sN N =
2.76 TeV. In the top-left panel we present the charged+EMCal jet spectrum for R=0.2 for the
10% most central events. Minimum transverse momentum, pT > 5 GeV, is required for the
leading charged constituent. In the top-right panel the jet nuclear modification factor RAA is
shown, defined as the ratio of the measured jet spectra in Pb-Pb collisions to the pp reference
d2 Njet /dpT,jet dη
1
scaled by the number of binary collisions 15 : RAA (pT ) = hNcoll
. The measured
i d2 N pp /dp
dη
T,jet

jet

RAA is significantly smaller than unity, indicating a strong suppression of jets in Pb-Pb collisions.
The suppression is strongest at low jet momentum, at high momentum RAA rises to values of
the order of 0.5. The centrality dependence of the quenching is investigated via the charged jet
RCP , a quantity conceptually similar to RAA , but using peripheral Pb-Pb events as a reference.
RCP 13,14 is presented in Fig. 2 in the bottom-left panel for 3 different centrality intervals. The
suppression is seen to increase with centrality (lower RCP values), and a more pronounced
momentum dependence can be observed. In the bottom-right panel, we show, for two centrality
classes, the ratio of the charged jet spectra obtained for R=0.2 to R=0.3. The ratio is sensitive
to the jet structure. The measured ratio is consistent with the PYTHIA values for peripheral
and central events: no broadening of the hard core of the reconstructed jets is observed within
the present systematic uncertainties.
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Figure 2: Single inclusive jet measurements in Pb-Pb collisions at sN N = 2.76 TeV. Top left: inclusive jet
spectrum for R=0.2 in the 10% most central events, with a 5 GeV/c fragmentation bias on the leading jet
constituent. Systematic uncertainties are indicated by the shaded band. Top right: nuclear modification factor
for R=0.2 biased jets in 0-10% central events. Bottom left: nuclear modification factor RCP for charged jets with
R=0.3 for different centrality selections. Bottom right: ratio of charged jet spectra with radius parameter R=0.2
and R=0.3 in central and peripheral Pb-Pb events, compared to PYTHIA calculations.

5

Hadron triggered recoil jets in Pb-Pb

The analysis of hadron triggered recoil jets allows us to extend the study of jet quenching to
larger values of R. The semi-inclusive distribution of charged jets recoiling back-to-back from a
high-pt charged hadron in Pb-Pb collisions 16 is measured. Constructing the difference spectra
for different intervals of trigger hadron pT , we subtract the contribution of combinatorial jets
uncorrelated to the hadron trigger:
∆recoil ((ptrig,1
−ptrig,2
)−(ptrig,3
−ptrig,4
))= N 1
T
T
T
T

trig,2
trig,4
dN
dN
(ptrig,1
<ptrig
)−c N 1
(ptrig,3
<ptrig
)
T
T <pT
T
T <pT
trig dpch
trig dpch
T,jet
T,jet

The ∆recoil spectrum for R=0.4 is shown in the left panel of Fig. 3 for hadron trigger intervals
from 20-50 GeV/c and 15-20 GeV/c, using a scale factor c = 0.956. This novel variable allows
us to study an unbiased sample of jets reconstructed with a large radius, maintaining a jet
constituent cutoff as low as pconst
> 0.15 GeV/c.
T
To explore the energy redistribution within recoil jets, we consider the ratio for the measured
P Y T HIA , presented in the
∆recoil distribution over PYTHIA (tune Perugia 2010) simulations ∆IAA
P
Y
T
HIA
right panel of Fig. 3. We find consistent ∆IAA
for different values of R and constituent
pT threshold 16 (not shown). Within present experimental uncertainties, we do not observe
significant redistribution of the jet energy.
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HARD PROBES WITH ATLAS

I. GRABOWSKA-BOLD
for the ATLAS Collaboration
AGH University of Science and Technology, Al. Mickiewicza 30,
Kraków, Poland
An overview of the latest results on high-transverse momentum particle production in lead√
lead collisions at a center-of-mass energy sN N = 2.76 TeV obtained with the ATLAS
detector is presented. Updated jet quenching measurements are discussed including inclusive
jet suppression as a function of jet radius and a modification of jet fragmentation functions.
Results on Z boson and isolated direct photon production are shown, also in conjunction
with jets, which reveal a transverse momentum imbalance of the system. These results bring
some further insight into parton shower modifications due to interactions with the medium.
A majority of measurements use the entire statistics of the 2011 lead-lead run.

1

Introduction

Collisions between lead (Pb) ions at the Large Hadron Collider (LHC) are thought to create
strongly interacting matter at temperatures well above the QCD critical temperature. The
Relativistic Heavy Ion Collider (RHIC) has established 1 that at such temperatures, strongly
interacting matter is expected to take the form of quark-gluon plasma (QGP). The energetic
color charge carriers generated in hard-scattering processes during the initial stages of nuclear
collisions are expected to lose energy in the QGP. Both RHIC and LHC experiments have reported a suppression of charged hadron yields by a factor of two at high transverse momenta in
heavy-ion (HI) collisions 2,3,4 . On the other hand particles which are created in hard scatterings
and whose products do not interact via the strong force, provide an alternative means to investigate the phenomenon of energy loss in the QGP. The PHENIX experiment at RHIC measured
the properties of highly energetic photons 5 while the ATLAS and CMS experiments at the LHC
provided in addition the first measurements of Z and W bosons decaying leptonically at the
LHC energy 6,7,8,9 . In this context measurements of hard probes at the LHC are important as
they are a valuable source of information on the matter produced in the ultra-relativistic Pb-Pb
collisions.
The LHC commenced a HI program in two Pb-Pb runs which took place in 2010 and 2011
√
at sN N = 2.76 TeV per colliding nucleon pair. In this document a report on inclusive jet
and electroweak boson measurements based on the entire data sample of 2011 from the ATLAS
experiment will be given. These results give additional insight into behavior of jets in the QGP
and confirm that electroweak boson production rates follow the scaling with a number of binary
collisions.

2

Inclusive jets

Jets are considered to be one of the most direct probes to study hot matter through the process
of jet quenching, which generally refers to the phenomenon by which a quark or a gluon can lose
energy and/or have its parton shower modified in a medium of high color-charge density 10,11 .
The ATLAS experiment has established a direct evidence of jet quenching, reporting on the
modification of the dijet asymmetry distribution as a function of centrality in the early PbPb data 12 . More recently the inclusive jet measurements have been released 13 . Jets were
reconstructed in the calorimeter over the pseudorapidity interval |η| < 2.1 and over the transverse
momentum range 38 < pT < 210 GeV using the anti-kt algorithm with values for the distance
parameter that determines the nominal jet radius of R = 0.2, 0.3, 0.4 and 0.5. The centrality
dependence of the jet yield is characterized by the jet central-to-peripheral ratio, Rcp , which is
defined as a ratio of the central to peripheral events scaled by the number of binary nucleonnucleon collisions, Ncoll . Jet production is found to be suppressed by approximately a factor of
two in the 10% most central collisions relative to peripheral collisions as shown in the left panel
of Fig. 1. The observed suppression is only weakly dependent on jet radius that is nonetheless
significant when taking into account the correlations in the uncertainties between the different
R values.

Figure 1: (left) Rcp as a function of jet radius for four centrality bins for jets with 89 < pT < 103 GeV 13 . (right)
Ratios of the longitudinal fragmentation function, D(z) for central (0-10%) collisions to those in peripheral (6080%) collisions for R = 0.2 jets 14 .

Different models of jet quenching predict different levels of modification of the jet internal
structure. Both transverse and longitudinal structure of the jet are expected to be modified
due to the medium-induced radiation. To quantify the effect of the jet modification the jet
fragmentation functions have been measured as a function of z - the longitudinal fraction of the
jet momentum carried by the charged particles 14 . The right panel of Fig. 1 shows a ratio of
the longitudinal fragmentation functions, D(z) for jets in the 0-10% centrality class to jets from
the 60-80% centrality class. One can see an enhanced yield of low-z fragments and a suppressed
yield of fragments at intermediate z values in more central collisions relative to the peripheral
ones. The size of these observed modications was also found to decrease gradually with centrality
between central and peripheral collisions.
3

Photon-jet Momentum Imbalance

Photons are hard probes which do not carry a color charge and as such they are expected not
to interact with the QGP. Therefore, studying photon-jet pairs produced in hard scattering

processes offers the possibility of calibrating the energy of the initial jet. Recently ATLAS
has reported on a measurement of production rates of isolated direct photons with transverse
momenta 45 < pγT < 200 GeV and |η γ | < 1.3 in Pb-Pb collisions 15 . It was found that photon
production yields exhibit a linear scaling with the number of binary collisions.
More recently, a measurement of the correlation of back-to-back isolated prompt photons
with jets as a function of transverse momentum and centrality has been done 16 . The left panel of
γ
a
Fig. 2 shows the energy fraction xJγ = pjet
T /pT for data and PYTHIA+Data MC as a function
of centrality represented by a number of participants, Npart . In the peripheral centrality interval,
hxJγ i is just below what is obtained using the truth jet and true photon energies in the MC. As
the centrality increases, the hxJγ i systematically decreases, although quite slowly. However, the
most central value is significantly different than the PYTHIA+Data prediction. The right panel
of Fig. 2 shows an integrated yield of jets per photon, RJγ as a function of Npart in comparison to
the PYTHIA+Data MC. As the centrality increases RJγ decreases significantly deviating from
the MC.

Figure 2: (left) The mean energy fraction hxJγ i from fully corrected and unfolded distributions for R = 0.2 jets
calculated as a function of Npart 16 . (right) The integrated yield of R = 0.2 jets per photon RJγ calculated as a
function of Npart 16 .

4

Z Boson Production

Like photons, weak bosons do not interact via strong forces, therefore they are supposed not
to lose energy in the QGP. As such they are a perfect tool to calibrate energies of jets. The
ATLAS experiment has performed a measurement of Z boson production decaying to di-muon
and di-electron final states 18 . A left panel of Fig. 3 shows the invariant mass of selected electron
and muon opposite signed signal pairs together with estimated combinatorial backgrounds from
same sign pairs compared with the simulation normalized to the number of pairs in the region
66 < mll < 102 GeV (l = e, µ). The background contamination is less than 3% which makes
this measurement very clean in particular in the context of Z+jet correlation studies 19 . The
per-event yields of Z bosons have been extracted from the mass peak. These yields where scaled
by the number of binary collisions, Ncoll , and are shown as a function of centrality represented
by Npart for several Z boson transverse momentum intervals. Within the statistical significance
of the data sample, the Z boson per-event yield obeys the binary collision scaling with centrality.
5

Summary

The updated results on high-transverse momenta particles from the ATLAS experiment based
on Pb-Pb collisions from the 2010-11 LHC heavy-ion runs have been presented. Inclusive jets
are found to be suppressed in central events by a factor of two relative to peripheral events,
a
A hard process is generated by PYTHIA and embedded into a minimum-bias event from real data. The
in-medium energy loss is not modelled.

Figure 3: (left) The invariant mass distributions of Z → ee and Z → µµ candidates, integrated over momentum,
rapidity, and centrality 18 . (right) Centrality dependence of Z boson yields for di-electron, di-muon and combined
data divided by hNcoll i and a total number of minimum bias events Nevents 18 .

with no significant dependence on the jet size. At the same time jet fragmentation functions are
found to be enhanced for fragments at low-z values followed by a suppression of intermediate-z
fragments in the most central collisions relative to 60-80% centralities. Di-electron and di-muon
pairs have been used to measure Z boson production yields which are found to scale linearly
with a number of binary collisions. Events with photon-jet pairs have been analyzed to measure
a transverse momentum imbalance. Both the mean energy fraction and the yield of jets per
photon are found to be significantly reduced in the most central collisions. All these results may
provide more insight into our understanding of the jet quenching phenomenon.
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Hard Probes in CMS
Yaxian Mao for the CMS Collaboration
Department of Physics and Astronomy, Vanderbilt University,
Nashville, TN 37235, USA
This paper reviews recent experimental results on hard probes in heavy-ion collisions from the
CMS Collaboration. These studies include various energy loss phenomena (jet nuclear modification factors, tagged b-quark jets, di-jet and photon-jet energy imbalance); observables
characterizing jet properties like jet fragmentation function and jet shapes; and measurements of high-pT charged hadrons from jet fragmentation (nuclear modification factors up to
100 GeV/c. All of the presented results utilize the high statistics PbPb data, about 150 µb−1 ,
collected in late 2011 at the LHC.

1

Introduction

Hard probes - processes involving scatterings with large momentum transfer - and their modification in Pb-Pb collisions with respect to pp collisions, can be used to study the transport
properties of the hot quark-gluon plasma (QGP) medium created in heavy ion collisions at ultrarelativistic energies 1 . The objective is to understand how a color charge (carried by quarks and
gluons) is transported in the colored medium. Among the observables, often chosen to be high
pT particles or jets, there are two categories: those that interact strongly and are thus expected
to be modified, such as (charged) hadrons, inclusive jets and heavy-quark jets; and those that
remain largely unmodified such as high-energy photons, Z 0 and W ± bosons. The production of
electroweak bosons can be used to calibrate the associated jet energy from 2 → 2 hard processes.
The energy lost by energetic partons which traverse the hot and dense matter (in a phenomenon
known as “jet quenching”) measures the “stopping power” of the QGP, as well as its characteristic dependence on parton type (quark vs gluon), parton mass m (light vs. heavy quark),
path length inside the medium, and parton energy. It is well established that the parton energy
loss is a consequence of the modification of the hard-scattering processes in the final state of the
heavy ion collisions at RHIC and LHC 2,3,4,5 . It is evident in the suppression of high pT charged
hadrons and jets, as well as in the associated yield in two-particle correlations measurements 6 ,
which is accompanied by an enhancement of low pT hadrons, suggesting a softening of jet fragmentations. The CMS experiment at the LHC is ideally suited to measure these hard probes,
due to its large acceptance, good efficiency and low fake rate for track reconstructions, and
high level trigger capable of full event reconstruction even in a high multiplicity environment 7 .
Taking advantage of the high statistics data collected in 2011, the present analysis enables us
to study the parton energy loss in more detail than previously possible.
In the following, we discuss the inclusive and b-tagged jet nuclear modification factor RAA ,
the di-jets and γ−jets imbalance distribution, and the measurements of the jet fragmentation
and the jet shapes.
2

Energy loss studies by inclusive jet properties

Jets are reconstructed using the anti-kT jet algorithm, with a radius parameter R = 0.3, combining tracking and calorimetric information from CMS particle-flow (PF) objects 8,9 . The
contribution of the underlying heavy-ion event is removed using an iterative pileup subtraction
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Figure 1: Nuclear modification factors, RAA , for jets reconstructed with the anti-kT algorithm using R = 0.3,
after bayesion unfolding for jet pT between 100 and 300 GeV/c in different centrality bins.

method 10 . In order to measure the inclusive jet pT spectra in PbPb and compare them to the
production in pp collisions, and form their ratios (nuclear modification factors, RAA ), scaled
by the appropriate number of equivalent pp collisions, for each centrality bin, careful treatment
of the jet energy resolutions, as well as the application of smearing or unfolding methods are
necessary. The preliminiary results of the jet nuclear modification factors between 100 and
300 GeV/c of jet pT are presented in Fig. 1, in six centrality bins, 0-5% representing the 5%
most central PbPb collisions. A suppression of the jet yield reconstructed from PbPb data is
observed, which is independent of the jet pT , and increases reaching a value of about 0.5 in
the most central events 11 . The jet nuclear modification factors can be compared to those of
charged particles 3 , and the similarity of RAA obtained for charged particles in the 50 – 100
GeV/c, and for jets in the 100 – 200 GeV/c range, which implies that the hard part of the
jet fragmentation in pp and PbPb collisions are very similar, taking into account that high pT
leading charged particles typically originate from the fragmentation of jets with about two times
larger transverse momentum.
The inclusive jets are dominated by gluon- and light quark-jets. The parton energy loss is
expected to be different for light and heavy flavor quarks due to their mass difference, arousing
interest in the seperation of b-quark jets. The b-quark jets can be experimentally recognized
by the presence of a B-hadron, creating a high-mass secondary vertex at its decay point. The
purity of b-jet tagging is determined from template fits to the secondary vertex invariant mass
distribution, and the efficiency of the secondary vertex tagging can be estimated in a datadriven way. Thus, the fraction of b-jet among inclusive jets can be measured as a function of
transverse momentum after purity and efficiency corrections. The fraction of b-jets in pp and
PbPb collisions are comparable, with no pT dependence observed, indicating that b-quark jets
are quenched similarly as light quark jets, i.e. the RAA value is ∼ 0.5 12 .
High energy photons are not modified by the strongly interacting medium, therefore serve
as an energy tag for the jet parter in γ−jet events. These collisions produce a jet and a photon
approximately back-to-back in azimuth, with similar transverse momenta. The ratio between
γ
momenta is denoted as xJγ = pjet
T /pT . The measured distribution of xJγ in central PbPb
collisions is shifted to lower values with respect to the distribution in pp collisions 13 . The
mean value of this ratio, < xJγ >, is presented on the left panel of Fig. 2 as a function of
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Figure 2: The average ratio of jet transverse momentum to photon transverse momentum, < xJγ > (left), and
the average fraction of isolated photons are associated to a partner jet above 30 GeV/c, RJγ (right), as a function
of Npart from PbPb (red) and pp (black rectangle) collisions and MC simulation (open circle).

the number of nucleons participating in the PbPb collision, Npart , used for characterizing the
collision centrality. The filled rectangle indicates the results obtained from pp data taken at 2.76
TeV, limited by statistic uncertainties, but in agreement with pp events simulated by PYTHIA
Monte Carlo generator, embedded in PbPb events simulated by HYDJET where no medium
effect is included. While the pp reference shows almost no dependence of < xJγ > on centrality,
the γ−jet PbPb events exhibit a significantly lower ratio in most central events. The right panel
on Fig. 2 shows the average fraction of isolated photons that are associated to a partner jet with
pT above 30 GeV/c, RJγ , as a function of Npart . In central PbPb events, a significant fraction
of isolated photons lost their jet partner compared to pp reference. Therefore, a sizeable jet
(parton) energy loss is observed in the γ−jet channel, similarly to the di-jet studies 14 .
3

Anatomy of the jets

A significant amount of jet quenching was observed in inclusive jet, di-jet and γ−jet events.
Those observations raise questions related to the parton energy loss mechanism: how do partons
lose their energy in the nuclear medium? Does the energy loss changes the fragmentation pattern
of the jets and modify the jet shape? Measurements of jet fragmentation properties provide an
experimental constraint which is complementary to the measurement of the global jet properties,
and can also be used to connect the jet observables to the measurements of high pT particle
production.
For the present analysis, the events with jets above pT > 100 GeV/c within 0.3 < |η| < 2
region are selected, where the jet trigger is fully efficient. The central pseudorapidity region
|η| < 0.3 is excluded to avoid jet cones overlapping with the η-reflected cone used for the
background estimation. The minimum transverse momentum for tracks entering the analysis is
set to 1 GeV/c.
The jet shapes, ρ(r), describing how the transverse momentum
of the particles comprising
q
the jet is distributed radially with respect to the jet axis r = (ηjet − ηtrk )2 + (φjet − φtrk )2 , are
studied. The measured jet shapes in PbPb collisions are compared with the shapes obtained in
pp collisions (Fig. 3 of top panels), with their ratios shown in the bottom panels. The ratios are
close to unity for non-central collisions (50-100%), and show a rising trend towards large radii r
for the mid-central and most central collisions (10–30% and 0–10%). This observed enhancement
is consistent with the excess in the low pT part of jet fragmentation functions, defined as the
distribution of ξ = ln(pjet /ptrack
), where ptrack
is the projection of the track momentum onto
||
||
15
the jet axis . The jet shape and fragmentation function results indicate that suppression of
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Figure 3: Differential jet shapes in PbPb and pp collisions for pjet
T > 100 GeV/c with track pT > 1 GeV/c (top
panels) and the ratio of the PbPb and pp jet shapes (bottom panels).

intermediate pT particles is transported to larger radii with low pT particles enhancements by
energy redistribution.
4

Summary

The CMS experiment has shown that the heavy quark jets quench the similar way as light
quark jets, with no strong dependence on jet pT . The photon-jet correlations support the dijet quenching picture. Jet shapes and fragmentation functions indicate an energy transport to
large distance from the jet axis (low pT enhancement) from smaller jet radii (intermediate pT
suppression), consistent with results from two-particle correlation measurements 6 . In summary,
the jet quenching picture painted by CMS hard probe results has become more precise, detailed
and quantitative, providing a new insight into the behavior of the high energy density medium
formed in heavy-ion collisions.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Bjorken, J. D., FERMILAB-PUB-82-059-THY 1982.
Shimomura M., arXiv: nucl-ex/0510023 2005.
CMS Collaboration, Eur. Phys. J. C 72 1945 2012.
ATLAS Collaboration, Phys. Rev. Lett. 105, 252303 (2010).
ALICE Collaboration, Phys. Lett. B 696, 30 (2011).
CMS Collaboration, CMS-PAS-HIN-12-010 2012.
CMS Collaboration, JINST 3 S08004 2008.
CMS Collaboration, CMS-PAS-PFT-09-00 2009.
CMS Collaboration, CMS-PAS-PFT-10-002 2010.
Kodolova, O. et. al., Eur. Phys. J. C 50, 117 (2007) .
CMS Collaboration, CMS-PAS-HIN-12-004 2012.
CMS Collaboration, CMS-PAS-HIN-12-003 2012.
CMS Collaboration, Phys. Lett. B 718, 773 (2013).
CMS Collaboration, Phys. Lett. B 712, 176 (2012).
CMS Collaboration, CMS-PAS-HIN-12-013 2012.

Jet tomography of AA-collisions at RHIC and LHC energies
B.G. ZAKHAROV
L.D. Landau Institute for Theoretical Physics, GSP-1, 117940,
Kosygina Str. 2, 117334 Moscow, Russia
We present our recent results on jet tomography of AA-collisions at RHIC and LHC. We focus
on flavor dependence of the nuclear modification factor. The computations are performed
accounting for radiative and collisional parton energy loss with running coupling constant.

1. In this talk I present results of jet tomographic analysis of the RHIC and LHC data on the
nuclear modification factor RAA for light hadrons, single electrons, and D-mesons. A major
purpose of this study is to examine whether it is possible in the pQCD picture of parton energy
loss in the quark-gluon plasma (QGP) to describe simultaneously quenching of light and heavy
flavors. One can expect that predictions for variation of RAA from light to heavy flavors should
be more robust than that for RAA itself, which have significant theoretical uncertainties. The
analysis is based on the light-cone path integral approach 1,2 . We evaluate RAA using the scheme
developed in 3 .
2. We define the nuclear modification factor for a given impact parameter b as
RAA (b) =

dN (A + A → h + X)/dpT dy
,
TAA (b)dσ(N + N → h + X)/dpT dy

(1)

where pT is the particleR transverse momentum, y is rapidity (we consider the central region
near y = 0), TAA (b) = dρTA (ρ)TA (ρ − b), TA is the nucleus profile function. We write the
differential yield for A + A → h + X process in the numerator in the form
dN (A + A → h + X)
=
dpT dy

Z

dρTA (ρ)TA (ρ − b)

dσm (N + N → h + X)
,
dpT dy

(2)

where dσm (N + N → h + X)/dpT dy is the medium-modified cross section for the N +N → h+X
process. As in the ordinary pQCD formula, we write it as
dσm (N + N → h + X) X
=
dpT dy
i

Z 1
dz
0

z2

m
Dh/i
(z, Q)

dσ(N + N → i + X)
,
dpiT dy

(3)

where piT = pT /z is the parton transverse momentum, dσ(N + N → i + X)/dpiT dy is the hard
m is the medium-modified fragmentation function (FF) for transition of a parton
cross section, Dh/i
i into the observed particle h. For the parton virtuality scale Q we take the parton transverse
momentum piT .
In first approximation, overlap between the DGLAP and induced stages of the parton show3
ering can be neglected at pT <
∼ 100 GeV . Then, assuming that the final particle h is formed
outside the medium, the medium-modified FF can be written as
m
in
Dh/i
(Q) ≈ Dh/j (Q0 ) ⊗ Dj/k
⊗ Dk/i (Q) .

(4)

Here ⊗ denotes z-convolution, Dk/i is the ordinary DGLAP FF for i → k parton transition,
in is the FF for j → k parton transition in the QGP due to induced gluon emission, and D
Dj/k
h/j
describes fragmentation of the parton j into the detected particle h outside of the QGP.
We computed the DGLAP FFs with the help of the PYTHIA event generator 4 . For the
stage outside the QGP for light partons we use for Dh/j (Q0 ) the KKP 5 FFs with Q0 = 2 GeV.
We treat the formation of single electrons from heavy quarks as the two-step fragmentations
c → D → e and b → B → e. For the c → D and b → B transitions we use the Peterson FF with
parameters c = 0.06 and b = 0.006. The z-distributions for the B/D → e transitions have
been calculated using the CLEO data 6,7 on the electron spectra in the B/D-meson decays. We
did not include the B → D → e process, which gives a negligible contribution.
The one gluon induced spectrum has been computed using the method elaborated in 8 . We
take mq = 300 and mg = 400 MeV for the quark and gluon quasiparticle masses, for heavy
quarks we take mc = 1.2 GeV, and mb = 4.75 GeV. We use the Debye mass obtained in the
lattice calculations 9 that give µD /T ∼ 2.5 ÷ 3. We use the running αs frozen at some value αsf r
at low momenta. For vacuum a reasonable choice is αsf r ≈ 0.7 10 . In plasma αs can be reduced
due to thermal effects, and we regard αsf r as a free parameter of the model. The multiple gluon
emission has been accounted for employing Landau’s method (for details see 3 ).
We incorporate the collisional energy loss, which is relatively small 11 , by renormalizing the
initial temperature of the QGP, T0 , for the radiative FFs according to the following condition:
0
∆Erad (T0 ) = ∆Erad (T0 )+∆Ecol (T0 ), where ∆Erad/col is the radiative/collisional energy loss, T0
0
is the real initial temperature of the QGP, and T0 is the renormalized temperature. We calculate
the collisional energy loss within Bjorken’s method with an accurate treatment of kinematics
of the 2 → 2 processes (for details see 11 ) with the same parametrization of αs (Q) as for the
radiative one.
We calculate the hard cross sections using the LO pQCD formula with the CTEQ6 12 PDFs.
To simulate the higher order K-factor we take for the virtuality scale in αs the value cQ with
c = 0.265 as in the PYTHIA event generator 4 . The nuclear modification of the parton densities
(which leads to some small deviation of RAA from unity even without parton energy loss) has
been incorporated with the help of the EKS98 correction 13 .
We describe the QGP in the Bjorken model with 1+1D expansion, which gives T03 τ0 = T 3 τ .
We take τ0 = 0.5 fm. For simplicity we ignore variation of the initial temperature T0 in the
transverse directions
in the overlapping of two nuclei. We fix T0 using the entropy/multiplicity
.
√
ratio dS/dy dNch /dη ≈ 7.67 obtained in 14 . It gives for central Au+Au collisions at s = 200
√
GeV T0 ≈ 320 MeV and for Pb+Pb collisions at s = 2.76 TeV T0 ≈ 420 MeV. The fast parton
path length in the QGP, L, has been calculated according to the geometry of the hard process
and AA-collision. To account for the fact that at times about 1 ÷ 2 units of the nucleus radius
the transverse expansion should lead to a fast cooling of the hot QCD matter we impose the
condition L < Lmax . We take Lmax = 8 (Lmax = 10 fm gives almost the same).
3. Fig. 1 shows comparison of our predictions for RAA for αsf r = 0.4 and 0.5 in 0–5% cen√
trality bin for (a) π 0 -mesons in Au+Au collisions at s = 200 GeV to PHENIX data 15 ,
√
and for (b,c) charged hadrons in Pb+Pb collisions at s = 2.76 TeV to (b) ALICE 16 and
(c) CMS 17 data. We show the total RAA with radiative and collisional energy loss and for
purely radiative energy loss. One can see that the effect of the collisional mechanism is relatively small (especially for LHC). We present the results for pT >
∼ 5 GeV since for smaller
momenta our calculations of the induced gluon emission (based on the relativistic approximation) are hardly robust. Fig. 1 shows that for light hadrons the window αsf r ∼ 0.4 ÷ 0.5
leads to a reasonable magnitude of RAA . For RHIC the agreement of the theoretical RAA (radiative plus collisional energy loss) with the data is better for αsf r = 0.5. And for LHC the
value αsf r = 0.4 seems to be preferred by the data (if one considers the complete pT range).
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Figure 1: (a) RAA for π 0 for 0–5% central Au+Au collisions at s = 200 GeV from our calculations compared
√
15
to data from PHENIX . (b,c) RAA for charged hadrons for 0–5% central Pb+Pb collisions at s = 2.76 TeV
16
17
from our calculations compared to data from (b) ALICE and (c) CMS . Systematic experimental errors are
shown as shaded areas. The curves show our calculations for radiative and collisional energy loss (solid), and for
purely radiative energy loss (dashed) for αsf r = 0.4 (upper curves) and 0.5 (lower curves).
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Figure 2: The electron RAA in Au+Au collisions at
√
s = 200 GeV for (a) 0–5%, (b) 10–40%, (c) 0–10%, (d)
20–40% centrality classes. The curves show calculations
for radiative and collisional energy loss (solid), and for
purely radiative energy loss (dashed) including charm
and bottom contributions for αsf r = 0.4 (upper curves)
and 0.5 (lower curves). Data points are from STAR 19
and PHENIX 20 . Systematic errors are shown as shaded
areas.

Figure 3: The electron RAA for 0–10% central Pb+Pb
√
collisions at s = 2.76 TeV for αsf r = 0.4 (upper curves)
and 0.5 (lower curves). The total c + b → e RAA (solid),
c → e (dashed), b → e (dotted) with collisional energy
loss. Data points are the preliminary ALICE data 21 .
Systematic errors are shown as shaded areas.
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benchmarks for calculations of nuclear sup- Figure 4: RAA of D-mesons for 0–20%√ (left) and 0–
7.5% (right) central Pb+Pb collisions at s = 2.76 TeV
pression for heavy flavors at RHIC and LHC for αsf r = 0.4 (upper curves) and 0.5 (lower curves).
energies.
The solid line: radiative and collisional energy loss. The
radiative mechanism. Data points
In Fig. 2 we compare results of our model dashed line: purely
are from ALICE 22 (left), 23 (right). Systematic errors
19
20
with STAR
and PHENIX
data on the
are shown as shaded areas.
electron RAA . In Fig. 2 we show the total
(charm plus bottom) RAA with and without collisional energy loss. Comparison to the data
from ALICE 21 is shown in Fig. 3. There we show the total (charm plus bottom) and separately
charm and bottom RAA with collisional energy loss. Figs. 2, 3 demonstrate that the same
window of αsf r as for light hadrons leads to a quite satisfactory agreement with data on the

electron RAA . Similarly to data for light hadrons the electron data support αsf r ≈ 0.5 for RHIC,
and αsf r ≈ 0.4 for LHC. Thus, the simultaneous description of the nuclear suppression of light
hadrons and single electrons in the pQCD picture seems quite possible.
In Fig. 4 we compare our results with the ALICE data 22,23 on the RAA for D-mesons in
√
Pb+Pb collisions at s = 2.76 TeV for 0–20% and 0–7.5% centrality bins. Fig. 4 shows the
results for the c → D fragmentation. We have found that the process b → B → D increases
RAA only by about 2%. From Fig. 4 we can conclude that the same window in αsf r as for light
hadrons allows to obtain a fairly reasonable description of the D-meson data as well.
4. In summary, we have analyzed the RHIC and LHC data on RAA for light hadrons, single
electrons, and D-mesons. We have found that once αs is fixed from data on RAA for light
hadrons it gives a satisfactory agreement with data on the electron and D-meson RAA as well.
Our results give support for the pQCD picture of parton energy loss both for light and heavy
flavors.
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FROM JET QUENCHING TO WAVE TURBULENCE
E. IANCU
Institut de Physique Théorique de Saclay
F-91191 Gif-sur-Yvette, FRANCE
We discuss average properties of the gluon cascade generated by an energetic parton propagating through a dense QCD medium. The cascade is mostly made with relatively soft gluons,
whose production is not suppressed by the LPM effect. Unlike for usual QCD cascades in the
vacuum, where the typical splittings are very asymmetric (soft and collinear), the medium–
induced branchings are quasi–democratic and lead to wave turbulence. This results in a very
efficient mechanism for the transport of energy at large angles with respect to the jet axis,
which might explain the di–jet asymmetry observed in Pb–Pb collisions at the LHC.

One remarkable phenomenon discovered in the lead–lead collisions at the LHC is the di–jet
asymmetry, a strong imbalance between the energies of two back–to–back jets. This asymmetry
is commonly attributed to the effect of the interactions of one of the two jets with the dense QCD
matter that it traverses, while the other leaves the system unaffected. Originally identified 1,2 as
missing energy, this phenomenon has been subsequently shown 3 to consist in the transport of a
sizable part (about 10%) of the total jet energy by soft particles towards large angles. The total
amount of energy which is thus lost by the jet, ∼ 20 GeV, is considerably larger than the typical
transverse momentum, ∼ 1 GeV, of a parton in the medium. In that sense, the effect is large and
potentially non–perturbative. Yet, there exists a mechanism within perturbative QCD which
can naturally explain the energy loss at large angles: the BDMPSZ mechanism for medium–
induced gluon radiation (from Baier, Dokshitzer, Mueller, Peigné, Schiff 4 and Zakharov 5 ). Most
previous studies within this approach have focused on the energy lost by the leading particle,
which is controlled by rare and relatively hard emissions at small angles. More recently, in the
wake of the LHC data, the attention has been shifted towards softer emissions, for which the
effects of multiple branching become important. The generalization of the BDMPSZ formalism
to multiple branchings has only recently been given 6,7 , and this turns out to have interesting
physical consequences 8 . These recent developments will be briefly reviewed in what follows.
The BDMPSZ mechanism relates the radiative energy loss by an energetic parton propagating through a dense QCD medium (‘quark–gluon plasma’) to the transverse momentum
broadening via scattering off the medium constituents. A central concept is the formation time
τf (ω) — the typical times it takes a gluon with energy ω  E to be emitted. (E is the energy
of the original parton, a.k.a. the ‘leading particle’.) The gluon starts as a virtual fluctuation
which moves away from its parent parton via quantum diffusion: the transverse a separation b⊥
grows with time as b2⊥ ∼ ∆t/ω. The gluon can be considered as ‘formed’ when it loses coherence w.r.t to its source, meaning that b⊥ is at least as large as the gluon transverse wavelength
λ⊥ = 1/k⊥ . But the gluon transverse momentum k⊥ is itself increasing with time, via collisions
a
The ‘transverse directions’ refer to the 2–dimensional plane orthogonal to the 3–momentum of the leading
particle, which defines the ‘longitudinal axis’.

c

0

L

Figure 1: The jet produced in a ‘rare event’ which, besides the leading particle and the (quasi–deterministic) soft
gluon cascades at large angles, also contains a hard gluon with ω ∼ ωc , which propagates at a small angle θ ∼ θc .
2 ∼ q̂∆t.
which add random kicks ∆k⊥ at a rate given by the jet quenching parameter q̂ : ∆k⊥
The ‘formation’ condition, b⊥ >
∼ 1/∆k⊥ for ∆t >
∼ τf , implies (below, kf and θf are the typical
values of the gluon transverse momentum and emission angle at the time of formation)

s

τf (ω) '

2ω
,
q̂

kf2 = q̂τf (ω) ' (2ω q̂)1/2 ,

θf '

kf
'
ω



2q̂
ω3

1/4

.

(1)

Eq. (1) applies as long as `  τf (ω) < L, where L is the length of the medium and ` is the
mean free path between successive collisions. The second inequality implies an upper limit on
the energy of a gluon that can be emitted via this mechanism, and hence a lower limit on the
2
3 1/2
emission angle: ω <
∼ ωc ≡ q̂L /2 and θf >
∼ θc ≡ 2/(q̂L ) . The BDMPSZ regime corresponds
2
b
3
to q̂L  1 and hence θc  1. Choosing q̂ = 1 GeV /fm (the weak coupling estimate 4 for a
QGP with temperature T = 250 MeV) and L = 4 fm, one finds ωc ' 40 GeV and θc ' 0.05.
Eq. (1) shows that the relatively soft gluons with ω  ωc have (i) short formation times
τf (ω)  L and (ii) large formation angles θf  θc . Both properties are important for us here.
Property (i) implies that such gluons are produced abundantly : their emission can be initiated
at any place inside the medium, hence the associated spectrum (below, ᾱ ≡ αs Nc /π)
dN
αs Nc L
ω
'
= ᾱ
dω
π τf (ω)

r

ωc
,
ω

(2)

is enhanced by a factor L/τf (ω)  1, which expresses the relative longitudinal phase–space
available for their emission. Property (ii) shows that the soft gluons have the potential to
transport a part of the jet energy towards large angles. This looks like a small effect, since soft
gluons carry only little energy, but this is enhanced by multiple emissions, as we shall see.
Eq. (2) is the BDMPSZ spectrum for a soft, medium–induced, gluon emission 4,5 . Note
that the emission probability is small, of O(ᾱ), for a relatively hard gluon with ω ∼ ωc . This
is a consequence of the LPM effect (from Landau, Pomeranchuk, Migdal) — the fact that
one needs a large number τf (ω)/`  1 of successive scatterings in order to produce a single
gluon. Such
a rare but hard emission dominates the average energy loss by the leading particle,
R ωc
∆E ≡
dω ω(dN /dω) ∼ ᾱωc , but it cannot contribute to the observed di–jet asymmetry,
because a hard gluon propagates at a very small angle ∼ θc w.r.t. the jet axis.
To understand di–jet asymmetry, one rather needs to focus on soft gluon emissions at large
angles. For such emissions, the effects of multiple branching become important, as we now
explain. The probability for a single emission, as measured by the spectrum (2), exceeds unity
2
when ω <
∼ ᾱ ωc . In this non–perturbative regime at small ω, Eq. (2) must be corrected to
b
One can estimate q̂ ' m2D /`, where mD is the Debye screening mass in the medium. Eq. (1) applies to a
medium whose size L is much larger than both the screening length 1/mD and the mean free path `.
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Figure 2: The change in the gluon spectrum D(x, τ ) ≡ x(dN /dx) due to one additional branching g → gg.

account for multiple emissions by the leading particle, and also for the subsequent branching of
the soft primary gluons into even softer ones (thus leading to gluon cascades; see Fig. 1). The
soft branchings are quasi–deterministic and can be observed in an event–by–event basis.
The treatment of multiple branching is a priori complicated by interference effects between
emissions from different partonic sources. For the case of a jet evolving into the vacuum, such effects are known to lead to angular ordering between the successive emissions. Interference effects
for medium–induced gluon radiation started to be investigated only recently 6,9,10,7 . The respective analysis is quite involved, but its main conclusion is very simple 7 : the interference effects
for soft emissions of the BDMPSZ type are negligible, since suppressed by a factor τf (ω)/L  1.
To understand this result, recall that, in order to interfere with each other, two emitters must be
coherent which each other, a situation which can occur if they have a common ancestor. However, the partons produced by a medium–induced branching lose their mutual colour coherence
already during the formation process, because they randomly scatter in the medium. Accordingly, they can interfere with each other only during a short time τf (ω), which gives a small
phase–space whenever ω  ωc . This implies that successive medium–induced emissions can be
considered as independent of each other and taken into account via a probabilistic branching
process, in which the BDMPSZ spectrum plays the role of the elementary branching rate c .
The general branching process is a Markovian process in 3+1 dimensions which describes
the gluon distribution in energy (ω) and transverse momentum (k⊥ ), and its evolution when
increasing the medium size L. This process is well suited for numerical studies via Monte–Carlo
simulations. But analytic results have also been obtained 8 , for a simplified process in 1+1
dimensions, which describes the energy distribution alone. These results lead to an interesting
physical picture that we shall now describe.
To that aim, it is convenient to focus on the gluon spectrum D(x, τ ) ≡ x(dN /dx), where
x ≡ ω/E is the energy fraction carried by a gluon from the jet and the ‘evolution time’ τ is the
medium size in dimensionless units, as defined in Eq. (3) below. The quantity D(x, τ ) obeys
an evolution equation 8,11,13 , which is formally similar to the DGLAP equation describing the
fragmentation of a jet in the vacuum: a rate equation, which involves a ‘gain’ term and a ‘loss’
term and is illustrated in Fig. 2. The ‘gain’ term describes the increase in the number of gluons
with a given x via radiation from gluons with a larger x0 = x/z, with any x < z < 1. The
‘loss’ term expresses the decrease in the number of gluons at x via their decay x → zx, (1 − z)x,
with any 0 < z < 1. What is specific to the problem at hand, is the particular form of the
in–medium branching rate — the BDMPSZ spectrum in Eq. (2) —, which is very different from
the DGLAP splitting function. This difference has important physical consequences, that can
be best appreciated by comparing the respective solution D(x, τ ) to the BDMPSZ spectrum for
a single emission and to the DGLAP spectrum for gluon evolution in the vacuum.
By construction, the BDMPSZ spectrum coincides with the first iteration to the evolution
c
Such a classical branching process, obtained by iterating the single BDMPSZ emission, has already been used
in applications to phenomenology, albeit on a heuristic basis 11,12,13 .

equation. For soft gluons (x  1), it is given by Eq. (2), which in our new notations reads
τ
D(1) (x  1, τ ) ' √ ,
x

s

with τ ≡ ᾱ

q̂
L.
E

(3)

This spectrum increases quite fast with 1/x and thus predicts that a non–negligible fraction of
the total radiated energy is emitted directly at large angles: the energy fraction transported via
a single gluon emission at angles larger than a given value θ0 is estimated as
E (1) (θ > θ0 , τ ) =

Z x0

√
dxD(1) (x, τ ) ' 2τ x0



with θ0 '

0

2q̂
x30 E 3

1/4

.

(4)

This quantity rapidly decreases with increasing θ0 (i.e. with decreasing x0 ), showing that direct
radiation by the leading particle cannot explain the large energy loss at large angles observed in
relation with the di–jet asymmetry at the LHC 3 . As we shall shortly argue, multiple branching
provides a much more efficient mechanism in that sense.
2
The approximation in Eqs. (3)–(4) breaks down when D(1) (x, τ ) ∼ O(1), meaning for x <
∼τ .
In this non–perturbative regime at small x, one needs an exact result which resums multiple
branching to all orders. Before we present this result, it is instructive to summarize the picture
one would expect on the basis of our experience with other parton cascades in QCD, like DGLAP.
(These expectations turn out to be naive, but their failure will be instructive.)
Via successive branchings, the partons at large x get replaced via partons with smaller values
of x, which must be numerous enough to carry the energy of their parents. This seems to imply
that the rise in the gluon distribution D(x, τ ) at small x must become steeper and steeper with
increasing τ , in such a way to accommodate the energy which disappears at larger values of x.
However, this last conclusion is based on the tacit
assumption that ‘the energy remains in the
R1
spectrum’, meaning that the energy sum–rule 0 dxD(x, τ ) = 1 is satisfied at any τ . If that
was the case, this would also impose a strong limitation on the energy that can be carried by
the small–x gluons for a given value
of τ : in order for the function D(x, τ ) to be integrable
R x0
as x → 0, the integral E(x0 , τ ) ≡ 0 dxD(x, τ ) must vanish as a power of x0 when x0 → 0,
meaning that the energy fraction radiated at large angles could not be too large. Such a scenario
would have little chance to explain the LHC data for di–jet asymmetry. However, this is not the
picture that emerges from the in–medium evolution equation and that we now describe.
As mentioned, an exact analytic solution is known, modulo some harmless simplifications in
the branching rate 8 . This is shown here only for x  1, where it reads
τ
2
D(x  1, τ ) ' √ e−πτ .
x

(5)

(The global spectrum for any x is illustrated in Fig. 3 for various values of τ .) The spectrum
√
(5) is remarkable in several aspects: (i) The ‘scaling’ behaviour at small x, D(x) ∝ 1/ x,
is the same as for the BDMPSZ spectrum, Eq. (3). Formally, one can read Eq. (5) as ‘direct
radiation by the leading particle × survival probability for the latter’. However, unlike Eq. (3),
the spectrum (5) includes the effects of multiple branching to all orders. This demonstrates
that the scaling spectrum is a fixed point of the evolution, for which the ‘gain’ term and the
‘loss’ term precisely cancel each other. (ii) The fact that the shape of the spectrum at x  1
does not change with τ means that its small–x region cannot accommodate the energy which
√
disappears via splittings at large x. This is also visible in Fig. 3: at small τ  1/ π, the
small–x spectrum increases linearly with τ , as the BDMPSZ spectrum (3). At the same time,
the leading–particle peak, which originally was at x = 1, moves towards x < 1 and gets broader.
√
For larger times τ >
∼ 1/ π, the spectrum is globally suppressed by the Gaussian factor in (5).
Clearly, the energy disappears from the
spectrum with increasing τ , as confirmed by an explicit
R
2
calculation of the energy sum–rule 8 : 01 dxD(x, τ ) = e−πτ . Where does the energy go ?

√x D0 (x, τ )
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Figure 3: Plot (in Log-Log scale) of xD(x, τ ) as a function of x for various values of τ (full lines from bottom
to top: τ = 0.01, 0.02, 0.1, 0.2, 0.4; dashed lines from top down: τ = 0.6, 0.9).

To answer this question, recall the ‘fixed–point’ property of the scaling spectrum: if one
focuses on a given bin x with x  1, then the amount of energy which enters this bin per unit
time due to splittings at larger x0 > x is exactly equal to the amount of energy which leaves
that bin via decays towards smaller x0 < x. This shows that, via successive branchings, the
energy flows throughout the entire spectrum without accumulating at any value of x. It therefore
accumulates into a ‘condensate’ (Dcond (x) ∝ δ(x)) at x = 0, according to
Eflow (τ ) = 1 −

Z 1

2

dxD(x, τ ) = 1 − e−πτ .

(6)

0

So far, we have assumed that the evolution remains unchanged down to x = 0, but physically
this is not the case: when the gluon energies become as low as the typical energy scale in the
medium — say, the temperature T ∼ 1 GeV for a QGP —, then the gluons ‘thermalize’ and
disappear from the jet. Thus, our above conclusion about the ‘condensate’ should be more
properly formulated as follows: via successive branchings, the energy flows towards small–x at a
rate which is independent of x, and eventually reaches the borderline at xth ≡ T /E between the
‘jet’ and the ‘medium’ at a rate which is independent of the detailed mechanism for thermalization
and of the precise value of the medium scale T . This energy will be recovered in the medium
at large angles θ >
∼ θth w.r.t. the jet axis, with θth obtained by replacing x0 ∼ xth within the
expression for θ0 shown in Eq. (4).
An energy flow at a rate which is independent of the energy (i.e. uniform in x) is the
distinguished signature of wave turbulence 14 . This phenomenon is well known in the context of
scalar field theories, but it was not expected in the context of QCD, for the following reason:
as above discussed, the existence of a turbulent flow requires fine cancellations between ‘gain’
and ‘loss’ terms, which in turn requires the branching process to be quasi–local in x. Or, the
QCD radiation (bremsstrahlung) is reputed for being highly non–local: all the familiar parton
cascades, like DGLAP or BFKL, are dominated by very asymmetric splittings, in which the
splitting fraction z is close to zero, or to one. The medium–induced cascade is new in that
respect: the splitting of a soft gluon, i.e. the process x → zx, (1−z)x with x  1, is controlled by
quasi–democratic branchings with z ∼ 1/2: the offspring gluons carry commensurable fractions
of the energy of their parent gluon 8 . This is ultimately related to the peculiar energy dependence
of the BDMPSZ spectrum (2), which in turn reflects the LPM effect.
The above picture has interesting consequences for the phenomenology. To see this, let us
repeat the exercise in Eq. (4), that is, compute the energy radiated at large angles θ > θ0
or, equivalently, small x < x0 (with x0  xth though), but including the effects of multiple
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Figure 4: The energy balance between the inner part of a conventionaly defined ‘jet’ with angular opening R0
and the region outside the ‘jet’, plotted as a function of the medium size L, for two values R0 = 0.3 and R0 = 0.8.

branchings. This includes two contributions: the integral over the low–x part of the spectrum
(5) at x ≤ x0 and the energy (6) carried by the turbulent flow. One finds
√
√
2
2
E(θ > θ0 , τ ) ' 2τ x0 e−πτ + (1 − e−πτ ) ' 2τ x0 + πτ 2 ,
(7)
where the second approximation holds for πτ 2  1. (Notice that for a jet with E = 100 GeV ≈
2ωc , Eq. (3) implies τ ' ᾱ ≈ 0.3.) The flow piece in Eq. (7), which is independent of x0 ,
dominates over the non–flow piece for any x0 < τ 2 : the energy lost by the jet at large angles
θ > θ0 is predominantly carried by the turbulent flow and hence is independent of θ0 .
This is illustrated in Fig. 4 which shows the energy fraction Ein inside a jet with angular
opening R0 (Ein is the complement of Eq. (7), i.e. the energy contained in the large–x part of
the spectrum at x > x0 ), together with the two components, “Flow” and “Non–flow” (denoted
as “Eout ”), of the energy fraction outside the jet, Eq. (7), as functions of the medium size L. As
visible there, when increasing the jet angle from R0 = 0.3 and R0 = 0.8, i.e. by almost a factor
of 3, the energy captured inside the jet increases only slightly, and in any case it represents
less than 80% of the total energy for L ≥ 4 fm. The difference (more than 20%) is essentially
associated with the flow component, which is independent of R0 . This picture is in a remarkable
agreement with the detailed analysis of the for di–jet asymmetry by the CMS collaboration 3 .
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PHENIX RESULTS ON J/ψ AND ψ 0 FROM d+Au COLLISIONS AND
IMPLICATIONS FOR COLD NUCLEAR MATTER
X. HE FOR THE PHENIX COLLABORATION
Department of Physics and Astronomy, Georgia State University,
Atlanta, GA 30303, USA
Heavy quarkonia suppression is one of the highly cited signatures of quark gluon plasma (QGP)
formed in relativistic heavy ion collisions. However, theoretical predictions remain diverse due
to lack of precise knowledge of heavy flavor meson production, suppression, regeneration in hot
and dense medium and other cold nuclear effects. PHENIX has carried out a comprehensive
study of heavy flavors which includes baseline measurements of heavy flavor, J/ψ and Upsilon
in p+p collisions, and the measurements from d+Au, Cu+Cu and Au+Au collisions over the
past decade. This talk is focusing on the most recent and exciting results of J/ψ and ψ 0
√
from PHENIX in d+Au collisions at sN N = 200 GeV. An implication of these results on
cold nuclear matter effects on heavy quarkonium production in heavy ion collisions is also
discussed.

1

Introduction

The experimental study of matter properties at extremely high temperature and high density
at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) is
about to complete its 13th year of physics data taking since the first RHIC physics run in 2000.
Data from these runs clearly demonstrate that a high temperature and density state of matter
has been achieved at RHIC. This state of matter, called quark-gluon plasma (QGP), provides
exciting possibilities of experimentally exploring the phase transition from hadronic to partonic
degrees of freedom. This state of matter, contrary to early suggestions of a quasi-ideal state of
free quarks and gluons, behaves like a dense fluid with very low kinematic viscosity, exhibiting
strong hydrodynamic flow, and nearly complete absorption of high momentum hadronic particles
initially created from the colliding nuclear matter 1,2 .
Heavy quarkonia suppression is one of the highly cited signatures of QGP formed in relativistic heavy ion collisions 3 . The modification in the quark pair potential by the hot dense
medium will lead to quarkonium suppression in comparison with quarkonium production in p+p
collisions. Because of different binding energies of the quarkonium states one could gain access
to the temperature of the medium 4 . However, theoretical predictions remain diverse due to
lack of precise knowledge of heavy flavor meson production, suppression, regeneration in hot
and dense medium and other cold nuclear effects. The understanding of the modification of the
properties of the quarkonium states is very crucial for exploring the onset of a deconfined state
in the hot and dense nuclear medium. In the PHENIX experiment heavy quarkonia have been
√
measured from p+p, d+Au, Cu+Cu and Cu+Au collisions at sN N = 200 GeV and several
energy scans of Au+Au collisions 5 . In this paper, we highlight the most recent J/ψ and ψ 0
results in d+Au collisions following a brief description of the PHENIX detector systems.

2

PHENIX Experiment

The PHENIX experiment was designed and optimized for the measurement of rare probes in
heavy ion collisions 6 . Figure 1 shows the PHENIX detector setup in beam and side views. The
beam view (on left) shows the West and the East arm detectors in the central rapidity region,
which covers |η| < 0.35 and 90◦ in azimuth for both arms. The side view (on right) shows the
South and the North muon arms in the forward and backward rapidity region, which covers
1.2 < |η| < 2.4 and 360◦ in azimuth for both arms. The J/ψ results reported in this proceeding
were measured in both the central arms and the muon arms, while the ψ 0 results were measured
in the central arms only.
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Figure 1: PHENIX detector setup: (left) Central Arms in beam view; (right) Muon Arms in side view.

3

Most Recent Results

The study of particle production in heavy ion collisions is typically characterized by the socalled nuclear modification factor, RAB , with A and B representing the colliding ions. The
RAB is defined as the ratio of the particle yield in the heavy ion collisions to the yield in p+p
collisions scaled by the number of binary nucleon-nucleon collisions. The PHENIX experiment
√
has reported J/ψ measurements in d+Au collisions at sN N = 200 GeV using data collected
in 2008 7 .
3.1

J/ψ Nuclear Modification Factor in d+Au Collisions

In Figure 2, a detailed study of the J/ψ RdAu is plotted as a function of pT in forward, central and
backward rapidity, respectively. Also shown in Figure 2 are two model calculations which include
a combination of physical effects such as shadowing, nuclear breakup, and the Cronin effect
8 . The shadowing effect is calculated using parameterizations of the nuclear modified parton
distribution function (nPDF’s). Two nPDF sets are tested against our data points, including
deFlorian-Sassot (nDSg) and Eskola-Kolhinen-Salgado (EKS98) parameterizations 9,10 . For J/ψ
production in d+Au collisions the relevant distributions are those providing the modification
of the gluon distribution within a Au nucleus, as J/ψ’s are produced primarily through gluon
fusion at RHIC energies (200 GeV). Nuclear breakup is the dissociation of cc̄ pairs that would
have formed J/ψ’s through collisions with nucleons. An effective value of this breakup cross
section (also called as nuclear absorption cross section) is chosen as 4.2 mb. The Cronin effect
(i.e., the broadening of the pT distribution) is attributed to multiple elastic scattering of the
incoming parton before the hard collision that produces the J/ψ. This effect generally causes a
decrease in J/ψ production at low pT and a compensating increase at higher pT .
Our data indicate that, for peripheral collisions, the RdAu is consistent with 1.0 in all rapidity
regions while a significant deviation from 1.0 is seen in the forward rapidity (d-going direction)
in more central collisions for pT < 4.0 GeV/c. The data also shows a slight greater than 1.0 of
the RdAu value in the most central collisions in the backward rapidity (Au-going direction). The
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Figure 2: (left panel)) RdAu as a function of pT for (a) central, (b) midcentral, (c) midperipheral, and (d)
peripheral events in the interval −2.2 < y < −1.2 (Au-going direction); (middle panel) for the interval |y| < 0.35;
(right panel) for the interval 1.2 < y < 2.2 (d-going direction). See text for details.

model calculations of RdAu show a reasonable agreement with the overall level of modification
seen at low pT in the data at central- and forward rapidities, while predicting a flatter distribution
with increasing pT than is seen in the data.
3.2

ψ 0 Nuclear Modification Factor in d+Au Collisions

The PHENIX experiment has also measured ψ 0 nuclear modification factor in the central rapidity
region. At the present time, there is no ψ 0 measurements in the forward and the backward
rapidity regions. Figure 3 shows the PHENIX preliminary ψ 0 nuclear modification factor, RdAu ,
as a function of the number of binary collisions, Ncoll , which is calculated using a Glauber Monte
Carlo model coupled with a simulation of the PHENIX Beam-Beam Counter response 7 . Note
that the J/ψ RdAu plotted in Figure 3 is not corrected for ψ 0 and χc feed-down contributions.
We observe a stronger suppression of ψ 0 production than for J/ψ with increasing Ncoll . The
difference of RdAu between J/ψ and ψ 0 can be intuitively understood because of a smaller binding
energy of the ψ 0 (∼ 0.05 GeV) in comparison with the binding energy of J/ψ (∼ 0.64 GeV) 11 .
However, a quantitative description of this difference is still lacking.
4

Summary

The PHENIX experiment has produced extensive data on J/ψ production in p+p, d+Au,
√
Cu+Cu, Cu+Au, and Au+Au collisions at sN N = 200 GeV and in Au+Au collisions at
√
sN N = 39 and 62.4 GeV. These rich data sets provide essential constraints on theoretical
interpretations of heavy quarkonium production and its interaction with hot and dense medium
created in heavy ion collisions. Experimentally, it is still imperative to make exclusive measurements of J/ψ in order to systematically test the theory of color-screening 3 assuming that one has
a better knowledge of cold nuclear matter effects. Our d+Au data provide the valuable insights
on disentangling the multiple effects on quarkonium production and evolution of heavy quark
pairs in a nuclear environment. These effects include nuclear breakup, modification of parton-

Figure 3: The ψ 0 nuclear modification factor, RdAu , as a function of Ncoll , in the central rapidity region. Also
included are the J/ψ data points as a function of Ncoll .

distribution functions, initial-state parton-energy loss, and comoving hadronic interactions, etc.
The recent experimental results of p+Pb collisions at the LHC have extended the study of cold
nuclear matter effects on quarkonium production to a much broader kinematic regions. The
planned future p+A runs at RHIC will further enrich the knowledge of these effects mentioned
above.
The PHENIX experiment has the capability of measuring multiple quarkonium states simultaneously with a broad kinematic coverage. Our result of ψ 0 and J/ψ ratio should provide more
stringent test of theoretical models on heavy-quark pair evolution in nuclear medium since the
production process is the same for both particles.
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HEAVY FLAVOR AND DILEPTON PRODUCTION IN STAR EXPERIMENT
JAROSLAV BIELCIK
(FOR THE STAR COLLABORATION)
Department of Physics, Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University in Prague, Brehova 7, Prague, 11519, Czech Republic

Heavy quarks are produced in early stage of the nucleus-nucleus collision and they are good
probes of hot and dense nuclear matter created in such collisions. However, the mechanisms of
their interaction with a nuclear medium is not yet well understood. The nuclear modification
factor of non-photonic electrons from charm and beauty decays as well as open charm mesons
√
measured in central Au+Au collisions at sN N = 200 GeV in STAR is comparable to that
of light hadrons. The heavy quarkonia production is expected to be sequentially suppressed,
due to Debye screening of the quark-antiquark potential, depending on the temperature of the
produced nuclear matter. The measurement of Υ meson at RHIC is a clean probe of this effect
due to negligible levels of background effect such as contribution from bb̄ recombination and
non-thermal suppression from co-mover absorption. Dileptons are bulk penetrating probes of
all stages of collision dynamics in heavy ion collisions. Their spectra in the low and intermediate mass regions are sensitive to vector meson in-medium modifications and the Quark
Gluon Plasma (QGP) thermal radiation. These regions are as well sensitive to charm modification since the dominant physical background in intermediate mass region is from correlated
charm pairs. In this paper we discuss the recent STAR results in heavy flavor and dilepton
production.

1

Open heavy flavour

The study of heavy quark production in heavy ion collisions is an important probe of the
properties of hot and dense nuclear matter that is produced in these collisions. The calculations
of the Quantum Chromodynamics on lattice showed that at energy densities of about 1 GeV/fm3
and at temperature of about 170 MeV, that are exceeded in energetic collisions at Relativistic
Heavy Ion Collider in Brookhaven National Laboratory, the phase transition from quark-gluonconfined matter to quark-gluon-deconfined matter, Quark Gluon Plasma should take place1 . This
form of matter has several interesting properties 2 . The production of heavy quarks happens
during the initial part of the collision and therefore this is a sensitive probe of properties of QGP.
It is however very important to understand the heavy flavor production in elementary reference
system such as p+p collisions. The STAR experiment can measure charm production both
directly via hadronic decays and also indirectly by non-photonic electrons. The Figure 1(left)
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shows the measurement of cc̄ production cross section from hadronic decays of D0 and D∗ mesons
(using branching fractions) in p+p collisions at 200 GeV 3 and 500 GeV 4 . The measurement is
compared to the FONLL calculations 5 . These calculations can describe the charm spectra well
within the uncertainty bands of data and calculations.
It is expected that energy loss of heavy quarks could be different as compared to light quarks
and gluons.The mechanism of energy loss of heavy quarks in hot and dense medium is not yet
fully understood and the discussions about the importance of radiative and collisional energy
loss are ongoing. The previous nuclear modification factor (RAA ) measurements of non-photonic
electrons at RHIC, dominantly originating from c and b decays, showed no significant difference
when compared with light hadrons. The new STAR measurement of RAA of non-photonic
electrons as well as D0 meson in 0-10% most central 200 GeV Au+Au collisions are presented
in Figure 1(right). There is no significant difference between the suppression of charm mesons
and pions. The RAA of non-photonic electrons and charm mesons are also consistent with each
other within uncertainties and also when taking into account the momentum smearing due to
kinematics of the decays.
2
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Non-photonic Electron RAA in Au+Au
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Quarkonium

The quarkonium suppression is considered to be an excellent probe of color deconfinement in
the QGP. This is due to a color Debye screening of di-quark potential in hot and dense nuclear
matter that could play important role in production of quarkonium. It is predicted that due
to different binding potential of various quarkonium states their production is suppressed above
some temperature, that is different for each particular state 6 . However, the effects of color
deconfinement have to be disentangled from other competing effects that could influence the
quarkonium production. These include cold nuclear matter effects (nuclear interaction breakup, shadowing) and recombination. Previous measurements at RHIC energies showed that the
suppression of J/ψ as a function of collision centrality is similar to that observed at the CERN
SPS energy. This is puzzling since the temperature and energy density reached in these collisions
is significantly lower than at RHIC.
In Figure 2(left) the nuclear modification factor of J/ψ production as a function of number
of participating nucleons, measured by STAR experiment, is presented. The suppression of J/ψ
production is observed with RAA ∼0.4 for most central collisions. No significant dependence
on centrality is observed above Npart =150. The suppression of J/ψ with large transverse
momentum pT > 5 GeV/c is significantly smaller as compared to J/ψ pT integrated values.
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• Indications of suppression of (1S+2S+3S) getting stronger with centra

Figure 2: The nuclear modification factors as function of number of participating nucleons in Au+Au collisions
√
with sN N =200GeV measured by STAR experiment. Left: J/ψ (red full circles), J/ψ with pT >5 GeV/c 7 (red
open circles), J/ψ measurement by PHENIX (black open rectangles). Theoretical models of Liu8 and Zhao10 are
also shown. Right: Υ(1S,2S,3S) measurement. Theoretical model of Strickland9 is also shown

Another quarkonium that is of a great interest is the Υ. It is expected that Υ(1S) state does
not dissociate at RHIC energies6 , but Υ(2S) and Υ(3S) do. This could provide the information
about the temperature reached in heavy-ion collisions. STAR has reported measurements in
p+p 11 , d+Au 12 and Au+Au 13 collisions. However, so far it was not possible to address each Υ
state separately. Recently STAR reported Υ results from large statistics data sample collected
year 2010 for Au+Au 200 GeV collisions 14 , see Figure2(right). The increase of suppression as a
function of the number of participants was observed. The Υ(1S,2S,3S) suppression is consistent
with the scenario that 2S, 3S and excited states completely melt. Future measurements with
recently installed Muon Telescope Detector in STAR will make possible to separate Υ states in
di-muon channel at midrapidity.
3

Dilepton production

Dileptons are sentitive to various phases of the evolution of nuclear matter in heavy ion collision.
They have very low interaction cross section with created QCD matter. Different invariant mass
ranges of dilepton spectrum are sensitive to different physics. In the low invariant mass Mll < 1.1
GeV/c2 the in-medium modifications of vector meson properties ρ(770), ω(782) and φ(1020) can
be studied. The modifications of mass and width of the spectral functions are expected, related
to possible chiral symmetry restoration. The intermediate mass range, 1.1 < Mll < 3.0 GeV/c2
is sensitive to the thermal radiation of the Quark-Gluon Plasma. The important source of
background in this region comes from the semileptonic decays of a correlated pairs of open
charm or bottom hadrons. The production of these hadrons can be modified in heavy ion
collisions. In the high mass region above 3.0 GeV/c2 the production of quarkonia and color
screening effects, as it was discussed in previous section, plays a role. Additional important
source here is Drell-Yan process.
The STAR experiment has measured the dielectron production in p+p collisions at 200 GeV
and the spectrum is consistent with the cocktail simulation of individual sources 15 . In Figure 3
√
the dielectron production is shown, as it was measured at sN N =19.6, 62.4 and 200 GeV.
The enhancement above the expected cocktail of sources is observed in low mass region. This
enhancement can be described, for all energies, with a hadronic cocktail of expected sources
(without ρ(770) ) and in-medium modified ρ(770) spectral function16 .
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Figure 3: Dielectron invariant mass spectrum measured in Au+Au collisions sN N =19.6, 62.4 and 200 GeV.
The line correspond to the hadronic cocktail (dotted, not including the rho meson), the in-medium calculation of
the rho meson16 (dashed, including QGP contributions), and the sum of the two (solid).

4

Summary

In summary, the measurements of heavy flavor and dilepton production provide important information about the properties of hot and dense nuclear matter. The open heavy flavor production
in p+p collisions is well described by FONLL calculations. The strong suppression of open heavy
flavor production is observed in central 200 GeV Au+Au collision, similar to light hadrons. The
suppression of J/ψ is observed and it is decreasing with larger pT . The Υ suppression was
observed in central Au+Au collisions and it is consistent with only 1S state survival. The enhancement of dielectron production in low mass region is observed in energy range down to SPS
energies and it is consistent with in-medium ρ modifications. New upgrades of STAR detectors
with Heavy Flavour Tracker and Muon Telescope Detector will allow to perform more precise
lepton measurements in near future at RHIC.
This work was supported by the grant of Grant Agency of Czech Republic n.13-20841S.
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OPEN HEAVY–FLAVOUR AND QUARKONIUM MEASUREMENTS WITH
ALICE AT THE LHC
F. FIONDA(a) on behalf of the ALICE Collaboration
(a)
Dipartimento Interateneo di Fisica “M. Merlin” and Sezione INFN, Bari, Italy
The ALICE detector provides excellent capabilities to study heavy quark (i.e. charm and
beauty) production in proton–proton (pp) and heavy–ion collisions (AA) at the Large Hadron
Collider (LHC). In ALICE, open heavy–flavour hadron production is studied through the
hadronic decays of D mesons at central rapidity (|y| < 0.9), and in the semi–leptonic decays
of charm and beauty hadrons both at mid–rapidity and at forward rapidity (2.5 < y < 4).
Quarkonia are measured in their di–electron and di–muon decay channels in the central barrel
and in the muon spectrometer respectively, reaching in both cases zero transverse momentum.
√
The latest results on open heavy–flavour and quarkonium production in pp ( s = 2.76 TeV
√
√
and s = 7 TeV) and PbPb ( sN N = 2.76 TeV) collisions are presented.

1

Introduction

In ultra–relativistic nuclear collisions the nuclear matter is predicted to undergo a phase transition into a plasma of deconfined quarks and gluons (QGP). Heavy–flavour particles are unique
probes to investigate the properties of such a medium, since they are predominantly produced
via hard scatterings in the initial phase of the collision and therefore could experience the full
evolution of the collision. Partons are expected to lose energy while traversing the strongly
interacting medium via gluon radiation and elastic collisions with the partonic constituents 1 .
One observable used to study the energy loss is the nuclear modification factor (RAA ), which
is the ratio of particle yields in heavy–ion collisions compared

 to pp, scaled
  by the number of
dN
dNAA
1
binary nucleon–nucleon collisions hNcoll i: RAA (pT ) = hNcoll i · dpT / dppp
. A value of
T
RAA lower than unity indicates suppression. According to QCD, quarks should lose less energy
than gluons, which have a larger colour charge. In addition the gluon radiation induced by the
medium causes a mass dependence due to the so–called “dead–cone” effect, which predicts that
small angle radiation is suppressed for heavy quarks 2 . Therefore, the following hierarchy should
π < RD < RB .
be observed in the measured RAA : RAA
AA
AA
Quarkonium states are expected to be suppressed in the QGP due to the color–screening 3 .
However, at LHC energies it is predicted that due to their abundant production in the initial
state, the charm quarks would (re)combine into charmonium states along the collision history 4,5
and/or at phase boundary by statistical hadronization 6,7 . This would result in an enhancement
in the observed J/ψ yield.
Further insight into the interaction mechanisms of heavy quarks with the medium and the
charmonium (re)generation can be obtained by studying the azimuthal anisotropy of heavy–
flavour and quarkonium production in non–central heavy–ion collisions. In particular, the second
order coefficient in the Fourier expansion of the azimuthal distribution of produced particles,
commonly referred to as elliptic flow v2 , was measured for D mesons, heavy–flavour decay
electrons and J/ψ’s. If heavy quarks thermalize in the medium or if they interact strongly with

it, the heavy–flavour hadrons and the J/ψ formed by (re)combination should inherit the medium
azimuthal anisotropy.
2

Heavy–flavour measurements in ALICE

ALICE (A Large Ion Collider Experiment) is specifically optimized for the study of heavy–ion
collisions at the LHC. Open and hidden heavy–flavour particles are studied in proton–proton
(pp), lead–lead (Pb–Pb) and proton–lead (p–Pb) and their detection is performed at both central
rapidity (|η| < 0.9) in the central barrel detectors and at forward rapidity (2.5 < η < 4) in the
muon spectrometer.
A detailed description of ALICE set–up can be found in 8 . The central barrel includes
the Inner Tracking System (ITS) surrounded by the Time Projection Chamber (TPC). Both are
embedded in a magnetic field of 0.5 T and provide high precision in terms of vertex reconstruction
and tracking of charged particles. The ITS is composed of six layers of high resolution silicon
detectors with the two innermost layers consisting of Silicon Pixel Detectors (SPD). Hadron
identification is provided by the ionization energy loss dE/dx in the TPC gas and information
from the Time Of Flight (TOF) detector. Electrons are identified with TPC and TOF and at
higher momenta using the ElectroMagnetic Calorimeter (EMCal) and the Transition Radiation
Detector (TRD). In the forward region muon tracking and identification is provided by the muon
spectrometer. This is equipped with a dipole magnet with a total field integral B · l = 3 Tm.
The spectrometer is composed of a passive absorber, a beam shield, five stations of cathode pad
chambers (tracking stations), an iron wall, and two stations of resistive plate chambers (trigger
stations).
Open heavy–flavour hadrons are reconstructed from their hadronic decays at mid–rapidity
through the following decay channels D0 → K − π + , D+ → K − π + π + , D∗+ → D0 π + , Ds+ → K + K − π +
(and their charge conjugates) and from semi–leptonic decays both at mid–rapidity (D, B → e + X)
and forward–rapidity (D, B → µ + X).
Quarkonia measurements are performed in the central region via the dielectron channel
(J/ψ → e+ e− ) and in the forward rapidity region via the dimuon channel (J/ψ → µ+ µ),
reaching in both cases pT = 0.
3

Results

In the upper left–hand panel of Fig. 1 the nuclear modification factor for (prompt) D mesons
√
(average of D0 , D+ and D∗+ ) measured in Pb–Pb collisions at sN N = 2.76 TeV is shown as a
function of centrality for 6 < pT < 12 GeV/c. Due to the limited statistics of the pp sample at
√
the same energy the reference for Pb–Pb is obtained by applying a s scaling to the cross section
√
measured at s = 7 TeV. The scaling factor is obtained from FONLL pQCD calculations 9 . In
the figure, the nuclear modification of non–prompt J/ψ from B decays, measured by the CMS
Collaboration 10 , is also shown. The comparison with D mesons indicates a different suppression
D < RB .
for charm and beauty hadrons in central collisions, consistent with the expectation RAA
AA
However, due to the different pT and rapidity ranges, no firm conclusion can be drawn on this
point.
A large suppression is also observed for heavy–flavour decay muons and electrons, at forward
and central rapidity as shown for the centrality class 0–10% in the upper right–hand side of
Fig. 1. Both lepton species exhibit a suppression by a factor of about 3 for pT < 10 GeV/c
which decreases to ∼2 for electrons around pT = 18 GeV/c, which is a momentum range where
√
beauty decays should be dominant. The cross section measured in pp collisions at s = 2.76 TeV
is used as the reference for the RAA of heavy–flavour decay muons. For electrons, the reference
√
√
was obtained with a pQCD–driven s–scaling of the cross sections measured at s = 7 TeV,
as done in the case of the D mesons. For pT > 8 GeV/c, where the pp measurement is not

Figure 1: Upper left–hand side: average RAA of D mesons as a function of centrality compared to that of
non–prompt J/ψ from B decays. Upper right–hand side: Nuclear modification factors as a function of pT
for heavy–flavour decay muons at forward rapidity and electrons at central rapidity in central (0–10%)
Pb–Pb collisions. Lower panel: D0 , D+ , D∗+ v2 in the 30–50% centrality. Black points show the v2 for
charged hadrons.

available, the cross section from FONLL was used as the reference.
The elliptic flow was measured for D mesons and for heavy–flavour decay electrons. The
lower panel of Fig. 1 shows the D meson elliptic flow as a function of pT for D0 , D+ and D∗+
mesons, measured in the centrality class 30–50%. All three D mesons agree within statistical
uncertainties and show a non–zero v2 resulting comparable in magnitude to that of charged
hadrons 11 (also shown in the figure).
In Fig. 2, the nuclear modification factor of inclusive J/ψ in Pb–Pb collisions at the LHC
is shown as a function of the collision centrality at central and forward rapidity in the upper
√
left– and upper right–hand side, respectively. The pp data at s = 2.76 TeV were used as the
reference at both central and forward rapidity. The large uncertainty on the (midrapidity) pp
reference prevents a final conclusion on the question whether there is a significantly different
behaviour at mid–rapidity with respect to forward rapidity. The comparison with the J/ψ RAA
√
measured at sN N = 200 GeV by the PHENIX Collaboration suggests a stronger centrality
dependence at lower energy, resulting in a sistematically lower RAA for central events compared
to ALICE data. Such a behaviour is indeed qualitatively expected by theoretical models that
include J/ψ (re)generation. However, for a final interpretation a precise understanding of CNM
effects, which will be addressed with the recent p–Pb data, is mandatory.
The elliptic flow of inclusive J/ψ was measured in the forward rapidity region. The elliptic
flow v2 as a function of pT in the centrality interval 20–60% is shown in the lower panel of Fig. 2
and is compared to predictions from parton transport models 12,13 . A hint for a v2 larger than
zero is observed at intermediate pT (2–4 GeV/c), whereas a similar measurement performed by
the STAR collaboration at RHIC showed a value of v2 compatible with zero in the pT range
between 2 and 10 GeV/c 14 . The magnitude of the effect is in agreement with transport model
calculations that include regeneration effects. This result nicely complements the indications for

Figure 2: Upper panel: inclusive J/ψ RAA as a function of centrality, expressed in terms of the number
of participant nucleons, at central rapidity (left–hand panel) and forward rapidity (right–hand panel)
respectively, compared with results from PHENIX. Lower panel: inclusive J/ψ v2 measured in the 20–60%
√
centrality class of Pb–Pb collisions at sN N = 2.76 TeV, compared to predictions from parton transport
models.

a coalescence contribution to the J/ψ production as obtained from the RAA studies.
4

Conclusions

The ALICE Collaboration has measured the nuclear modification factor and elliptic flow for
open heavy-flavour hadrons and quarkonia. Results obtained for D mesons and heavy–flavour
decay leptons give an important insight on in–medium energy loss of heavy quarks and on their
partecipation in the collective flow. The measured J/ψ RAA and v2 are found to be consistent
with a scenario where (re)combination processes play a sizable role.
Data in proton–nucleus (p–Pb) collisions will help to understand cold nuclear matter effects,
allowing a correct interpretation of the Pb–Pb results.
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DIFFRACTION AND ULTRAPERIPHERAL COLLISIONS AT ALICE
E. L. Kryshen for the ALICE Collaboration
Petersburg Nuclear Physics Institute, National Research Center ”Kurchatov Institute”
1 Orlova Roscha, 188300 Gatchina, Russia
The ALICE experiment measured J/ψ photoproduction in Pb+Pb ultraperipheral collisions at
√
sN N = 2.76 TeV at forward and central rapidity. The coherent J/ψ cross section is found to
be in good agreement with those models which include nuclear gluon shadowing consistent with
EPS09 parametrization. Results on ρ0 photoproduction in ultra-peripheral Pb+Pb collisions
are also briefly discussed. Studies on exclusive J/ψ in p+Pb and on diffraction in pp collisions
are mentioned.

1

Introduction

Ultraperipheral collisions (UPC) are characterised by impact parameters larger than two nuclear
radii. In this case hadronic interactions are strongly suppressed resulting in a dominance of
electromagnetic processes caused by large flux of quasi-real photons from heavy nuclei.
Vector meson photoproduction on nuclear target (γA → V A) is one of the most interesting
processes which can be studied in heavy ion UPC 1 . One has to distinguish between coherent
and incoherent photoproduction. In the first case, photon couples coherently to the whole
nucleus causing a narrow transverse momentum distribution of the produced meson (mean pT ∼
60 MeV/c). The target nucleus stays intact in about 80% of coherent events. In the incoherent
case, the photon couples to a single nucleon in the target, thus vector meson pT distribution is
dictated by the nucleon form factor and becomes much broader (mean pT ∼ 400 MeV/c). The
incoherent process is usually accompanied by neutron emission from the target.
The coherent heavy quarkonium photoproduction is of particular interest since, in the leading
order pertubative QCD, its cross section is proportional to the squared gluon density in the
target. Thus the measurement of the coherent J/ψ photoproduction in Pb+Pb UPC provides
a direct tool to study poorly known nuclear gluon shadowing effects which play crucial role in
the calculation of initial state parton distributions in heavy ion collisions.
The ALICE experiment perfectly matches all requirements for such a measurement. On the
one hand, the UPC analysis strategy relies on the selection of events with only two leptons from
J/ψ decay and otherwise empty detector, therefore large continuous angular coverage in ALICE
is essential to ensure event emptiness. On the other hand, ALICE can trigger on J/ψ down to
zero transverse momentum which is important for the measurement of the low-pT coherent J/ψ
photoproduction. Further details on the ALICE experimental setup can be found in 2 .
2

J/ψ photoproduction

ALICE measured J/ψ photoproduction in Pb+Pb UPC both at forward and central rapidity.
The forward J/ψ measurement was performed with the muon spectrometer and is based on
√
2011 Pb+Pb data at sN N = 2.76 TeV. The analysis was recently published in Ref. 3 . The
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Figure 1: Dimuon invariant mass spectrum with pT < 300 MeV/c (left) and transverse momentum distribution
for dimuons in the invariant mass range 2.8 GeV/c2 < Mµ+ µ− < 3.4 GeV/c2 (right). From Ref. 3

trigger required a single muon with pT > 1 GeV/c in the muon arm acceptance, at least one
cell fired in VZERO-C scintillator array overlapping with the muon arm and veto on VZERO-A
activity on the opposite side. Event emptiness was ensured by vetoing large activity in the
neutron zero-degree-calorimeters and the silicon pixel detector at central rapidity.
The resulting invariant mass spectrum for opposite-sign dimuons with pT < 300 MeV/c in
the rapidity range −3.6 < y < −2.6 is shown in fig. 1 (left). The signal was fitted with the
Crystal Ball function on top of irreducible background fitted with an exponential shape. The
background shape appeared to be in good agreement with expectations from the continuum
γγ → µ+ µ− production.
The transverse momentum distribution for opposite-sign dimuons in the invariant mass range
2.8 GeV/c2 < Mµ+ µ− < 3.4 GeV/c2 is shown in fig. 1 (right). This spectrum was fitted with
a sum of Monte-Carlo templates corresponding to four contributions: coherent and incoherent
J/ψ, feed-down J/ψ from ψ 0 decays and γγ → µ+ µ− contribution at low pT . The coherent J/ψ
yield was extracted from the fit keeping relative contributions of coherent and incoherent J/ψ
unconstrained.
Normalization of the coherent J/ψ cross section at forward rapidity was performed with respect to the continuum dimuon pair production cross section which is known from QED but with
coh /dy = 1.00 ± 0.18 (stat)+0.24 (syst) mb
large uncertainties of about 20%. The cross section dσJ/ψ
−0.26
in the rapidity interval −3.6 < y < −2.6 has been recently published by ALICE 3 .
The measurement of J/ψ production in UPC at midrapidity was obtained using data collected in 2011. The trigger required back-to-back topology of the fired cells in the time-of-flight
detector (TOF), at least two hits in the silicon pixel detector (SPD) and vetoes on VZERO
counters at forward and backward rapidity. Track reconstruction was performed with the time
projection chamber (TPC) and the silicon tracking system in about two pseudorapidity units.
Events with only two opposite sign good-quality tracks coming from a recontructed primary
vertex have been selected. J/ψ signal was extracted both in dielectron and dimuon channels
which were separated by the energy deposition in TPC. Coherent and incoherent contributions
in the J/ψ peak were extracted from fits to dilepton pT spectra similar to the forward case.
Cross section normalization was performed with respect to the integrated luminosity which was
measured using a trigger for the most central hadronic Pb+Pb collisions and corrected for the
UPC trigger live time. Results have been recently published in 4 .
ALICE results on coherent J/ψ photoproduction cross section at forward (−3.6 < y < −2.6)
and central (|y| < 0.9) rapidity are compared with various model calculations in fig. 2. There are
at least 5 predictions which have been recently published. The STARLIGHT generator is based
on the Vector Dominance Model coupled with the classical probabilistic formula to account for
J/ψ absorption effects 5 . A set of predictions by Adeluyi–Bertulani (AB) is based on LO pQCD
calculations: the upper curve AB-MSTW08 assumes no modification of the gluon distribution
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Figure 2:

ALICE results on the coherent J/ψ photoproduction cross section at forward and central rapidity
compared with model predictions. See Ref. 3,4 for details.

while other three incorporate gluon shadowing from various parameterizations (HKN07, EPS08,
EPS09) 6 . The difference of the measured cross section with respect to the upper curve reflects
the strength of the gluon shadowing effect. Goncalves-Mochado (GM) prediction is based on
the color dipole model and saturation effects from the Color-Glass-Condensate framework 7 .
CSS model accounts for shadowing effects by propagating cc̄ and cc̄g intermediate states in
the Glauber approach 8 . Finally, RSZ-LTA model incorporates gluon shadowing effects in the
leading twist approximation 9 .
The obtained experimental data favour the models which take into account gluon shadowing effects in the LO pQCD framework. The best agreement is found for the model 6 which
incorporates gluon shadowing according to EPS09LO global fits 10 .
3

ρ0 photoproduction

In contrast to J/ψ, ρ0 photoproduction is hardly sensitive to partonic degrees of freedom and
gluon shadowing effects in nuclei. However, measurement of the coherent ρ0 photoproduction
cross section in UPC at LHC, supplemented by STAR results at RHIC energies 11 , should help
to verify ρ0 photoproduction models which differ by factor 2 in the predicted cross sections 5,7,12 .
ALICE measured ρ0 photoproduction in the π + π − channel based on 2010 Pb+Pb data
with the trigger requiring at least two hits in SPD and TOF and vetoes in VZERO counters
at forward and backward directions. The unfolded π + π − invariant mass distribution, shown
in fig. 3, was fitted with the function which includes variable width Breit-Wigner and nonresonant π + π − contributions. The obtained mass Mρ0 = 767.8 ± 3.5 MeV/c2 and the width
Γρ0 = 154.1 ± 8.7 MeV/c2 are compatible with PDG values. In order to extract the coherent
ρ0 yield, pT distribution for the selected π + π − pairs was fitted with Monte-Carlo templates
for coherent and incoherent samples from STARLIGHT. The fraction of incoherent events was
found to be ∼ 7% for pT < 150 MeV/c. The coherent ρ0 peak appears to be slightly narrower
in data than in the STARLIGHT simulation.
4

Conclusions and outlook

ALICE made the first measurement on the exclusive J/ψ photoproduction in Pb-Pb collisions
at LHC both at forward and central rapidity. The coherent J/ψ cross section was found to be
in good agreement with those models which include nuclear gluon shadowing consistent with
EPS09 parametrization 10 .

dN/dMinv (Counts per 40 MeV/c2)

×103
Ultra-peripheral Pb-Pb events at sNN = 2.76 TeV
π+π- pairs
|y| < 0.5
p < 150 MeV/c
T
Resonance + continuum
Fit range, res. + cont.
Resonance

A= 45.72 ± 0.41
B=-24.48 ± 3.17
Mρ0 =767.8 ± 3.5
Γρ0 =154.1 ± 8.7
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Figure 3: Unfolded invariant mass distribution for π + π − pairs in ultraperipheral Pb+Pb collisions.

In the beginning of 2013, ALICE took p+Pb data with dedicated UPC triggers offering a
unique opportunity to measure exclusive quarkonium photoproduction on protons. The exclusive
J/ψ photoproduction, previously studied in ep collisions at HERA, provides a direct tool to
constrain the gluon density in proton down to x ∼ 10−4 13 . ALICE p+Pb UPC data allow
to extend HERA results from Wγp ∼ 300 GeV up to TeV scale (Wγp is the γp center-of-mass
energy) and to study gluon distributions in the wide range of Bjorken x from 10−2 to 10−5 .
Diffractive particle production in pp collisions at LHC is another interesting subject studied
by ALICE and closely related to UPC. Results on inelastic, single and double diffractive cross
sections at 0.9, 2.76 and 7 TeV have been recently published by ALICE 14 . Special effort is
also devoted to the studies of central diffraction corresponding to the double-pomeron exchange
mechanism and experimentally identified by gaps in the forward and backward directions.
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Low Energy

RECENT RESULTS ON HADRON PHYSICS AT KLOE
P. Moskal on behalf of the KLOE and KLOE–2 Collaborationsa
Department of Physics, Jagiellonian University, Reymonta 4, Poland

One of the basic motivations of the KLOE and KLOE-2 collaborations is the test of fundamental symmetries and the search for phenomena beyond the Standard Model via the hadronic
and leptonic decays of ground-state mesons and via their production in the fusion of virtual
gamma quanta exchanged between colliding electrons and positrons. This contribution includes brief description of results of recent analysis of the KLOE data aimed at (i) the search
for the dark matter boson, (ii) determination of the hadronic and light-by-light contributions
to the g-2 muon anomaly and (iii) tests of QCD anomalies.

1

Introduction

The KLOE detector consists of a ∼ 3.5 m long cylindrical drift chamber with a diameter of
about 4 m surrounded by the sampling electromagnetic calorimeter 1,2,3 . Both these detectors
are immersed in the axial magnetic field (∼ 0.5 T) provided by the superconducting solenoid.
The detector surrounds the crossing region of the positron and electron beams circulating in the
rings of the DAΦNE collider 4 .
Results presented in this contribution have been obtained using the data sample collected
by the KLOE collaboration. Search for the U boson, and studies of the box anomaly and
√
e+ e− → π + π − process were based on the data taken at the center-of-mass energy of s = 1.02
GeV corresponding to the mass of the φ meson, whereas the studies of the γ ∗ γ ∗ → η process were
√
based on the data sample taken at the center-of-mass energy of s = 1 GeV, where background
from φ meson decay is suppressed.
a
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2

Search for the dark matter boson

There are many astrophysical obsrevations indicating existence of dark matter. For example: an
excess of the e+ e− annihilation γ quanta from the galactic center observed by the INTEGRAL
satellite 5 , the excess in the cosmic ray positrons reported by PAMELA 6 , the total electron
and positron flux measured by ATIC 7 , Fermi 8 , and HESS 9 , and the annual modulation of
the DAMA/LIBRA signal 10 . The origin of this kind of enhanced stream of radiation may be
explained assuming 11 that positrons are created in an annihilation of the dark matter particles
into e+ e− pairs, and that this process is mediated by the U boson with mass in the GeV
scale. The existence of such U boson can manifest itself as a maximum in the invariant mass
distribution of e+ e− pairs originating from the radiative decays as e.g. φ → ηe+ e− . In this case
a light dark-force mediator (U boson) may contribute to this process via following decay chain:
φ → ηγ ∗ → η U → ηγ ∗ → ηe+ e− . In Figure 1 we present results of the analysis of data sample
of 1.7 fb−1 where no structures are observed in the e+ e− invariant mass distribution over the
background. Therefore, we set only an upper limit at 90% C.L. on the ratio between the U boson
coupling constant and the fine structure constant of α0 /α < 1.7 × 10−5 for 30 < MU < 400 MeV
and α0 /α ≤ 8 × 10−6 for the sub-region 50 < MU < 210 MeV 14 .

Figure 1: e+ e− invariant mass spectrum for φ → ηe+ e− decay with η → π + π − π 0 (left) and with η → 3π 0 (right).
Solid lines indicate result of the fit performed assuming the Vector Meson Dominance expectations for the φηγ ∗
transition form factor.

3

KLOE contribution to the determination of the g-2 anomaly

Comparison of measured and calculated value of the muon magnetic moment anomaly aµ =
(gµ − 2)/2 constitutes one of the most precise test of the Standard Model, since aµ was measured
with the precision of 0.5 ppm 12 , and FNAL experiment 13 plans to improve this accuaracy to 0.14
ppm in the near future. The predictions of the value of aµ based on the SM are however limited
by the accuracy of the determination of the hadronic contributions which in 70% originates
from the two pion contribution due to the γ ∗ → π + π − process. Therefore, we have conducted
the independent measurement of the e+ e− → π + π − (γ) cross section below 1 GeV, which is
particularly important to test the Standard Model calculation for the (g-2) of the muon, where
a long standing 3 sigma discrepancy is observed.
We have determined the ratio of σ(e+ e− → π + π − γ)/σ(e+ e− → µ+ µ− γ), using a total
integrated luminosity of about 240 pb−1 . From this ratio we obtain the cross section σ(e+ e− →
π + π − ) shown in Figure 2. From the cross section we determine the pion form factor |Fπ |2 and

Figure 2: The bare cross section from the π + π − γ/µ+ µ− γ ratio 15 .

the two-pion contribution to the muon anomaly aµ for 0.592 < Mππ < 0.975 GeV, ∆ππ aµ =
(385.1 ± 1.1stat ± 2.7sys+theo ) × 10−10 . This result confirms the current discrepancy between the
Standard Model calculation and the experimental measurement of the muon anomaly.
It is worth mentioning that the previous KLOE measurements were normalized to the luminosity using large angle Bhabha scattering, whereas the dereviation of σ(e+ e− → π + π − ) from
the ratio of cross sections caused cancelation of many potential sources of uncertainty as e.g.:
the radiator function, luminosity derivation, vacuum polarization corections, and to large extent
also acceptance corrections 15 . In addition the influence of FSR was minimized by taking into
account only small angular range for γ quanta.
Another large contribution to the uncertainty of the aµ calculations originates from the uncertainty in determination of pseudoscalar transition form factors which dominates the precision
in determination of hadronic light-by-light contributions. Therefore the precise studies of transition form factors is of importance for the SM predictions of the anomalous magnetic moment
of the muon.
Studies of the conversion decays give information about the time-like region of the form-factor
with positive q 2 equal to the square of the invariant mass of the l+ l− pair 16,17 . Information
about the space-like region with the negative values of q 2 is accessible via cross section of mesons
production in γ ∗ γ ∗ fusion realized in e.g. e+ e− → e+ e− γ ∗ γ ∗ → e+ e− η reaction 18 . From the
measurement of the cross section of this process we derived the partial width Γ(η → γγ) =
(520 ± 20stat ± 13syst )eV 18 , which is the most precise measurement to date.
4

Tests of QCD anomalies

The η meson is particularly suited for studies of QCD anomalies because all its strong and electromagnetic decays are forbidden in the first order 19 . The most energetically favourable strong
decay of η into 2π is forbidden due to P and CP invariance. Its decay into 3π is suppressed
by G-parity and isospin invariance 20 , and it occurs due to the difference between the mass of
u and d quarks. The first order electromagnetic decays as η → π 0 γ or η → 2π 0 γ break charge
conjugation invariance and η → π + π − γ is also suppressed because charge conjugation conservation requires odd (and hence nonzero) angular momentum in the π + π − system. Therefore, this
radiative decay at a massless quark limit is driven by the QCD box anomaly.
The ratio Rη = Γ(η → π + π − γ)/Γ(η → π + π − π 0 ) has been measured by analysing 22 million
φ → ηγ decays collected by the KLOE experiment, corresponding to an integrated luminosity
of 558 pb−1 . The η → π + π − γ proceeds both via the ρ resonant contribution, and possibly a
non-resonant direct term connected to the box anomaly. Our result, Rη = 0.1856 ± 0.0005stat ±
0.0028syst , points out a sizable contribution of the direct term to the total width 22 . The di-pion
invariant mass for the η → π + π − γ decay could be described in a model-independent approach
in terms of a single free parameter, α. The determined value of the parameter α is equal to
−2 22 , and it is in agreement with the result of the WASA
(1.32 ± 0.08stat +0.10
−0.09 syst ±0.02theo ) GeV

collaboration 23 .
5

Perspectives

Taking atvantage of a successfuly commissioned 24 new electron-positron interaction region of
DAΦNE, in the near future the data sample will be significantly increased by means of the
KLOE-2 detector setup 11,21 , which is a successor of KLOE upgraded with new components in
order to improve its tracking and clustering capabilities as well as in order to tag γγ fusion
processes 25,26,27,28,29 .
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Study of the rare decay K ± → π ± γγ in the NA48/2 and NA62 experiments at
CERN
Mauro Piccini∗
INFN - Sezione di Perugia, Via A. Pascoli, 06123 Perugia, Italy
E-mail: Mauro.Piccini@pg.infn.it
A sample of about 300 K ± → π ± γγ rare decays with a background contamination below 10%
has been collected by the NA48/2 and NA62 experiments at CERN during low intensity runs
with minimum bias trigger configuration. The measurements of the decay spectrum and rate
provide a crucial test of the Chiral Perturbation Theory (ChPT) describing weak processes at
low energy.

1

Introduction

Radiative non-leptonic kaon decays can provide fundamental tests for the predictivity of the
Chiral Perturbation Theory (ChPT) in order to describe weak processes at low energy. In this
respect, an early prediction from ChPT for the rate of the K ± → π ± γγ decay is reported in 1 . In
the ChPT framework, the K ± → π ± γγ process is described by two non-interfering contributions:
one for the pion and kaon loop amplitudes depending on an unknown ĉ parameter (ĉ ∼ O(1))
which represents the total contribution of the counter-terms, the other taking into account for
the pole amplitude 2 . Once the two contributions are considered, the di-photon invariant mass
mγγ spectrum exhibits a characteristic cusp at twice the charged pion mass due to the dominance
of the pion loop amplitude. Higher order unitarity corrections (O(p6 ) and above) modify the
lowest order O(p4 ) decay spectrum significantly: in particular, they lead to a non-zero value of
∗
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Filippo, L. DiLella, N. Doble, V. Duk, J. Engelfried, K. Eppard, V. Falaleev, R. Fantechi, M. Fidecaro, L. Fiorini, M. Fiorini, T. Fonseca Martin, P.L. Frabetti, A. Fucci, S. Gallorini, L. Gatignon, E. Gersabeck, A. Gianoli,
S. Giudici, A. Gonidec, E. Goudzovski, S. Goy Lopez, E. Gushchin, B. Hallgren, M. Hita-Hochgesand, M. Holder,
P. Hristov, E. Iacopini, E. Imbergamo, M. Jeitler, G. Kalmus, V. Kekelidze, K. Kleinknecht, V. Kozhuharov,
W. Kubischta, V. Kurshetsov, G. Lamanna, C. Lazzeroni, M. Lenti, E. Leonardi, L. Litov, D. Madigozhin,
A. Maier, I. Mannelli, F. Marchetto, G. Marel, M. Markytan, P. Marouelli, M. Martini, L. Masetti, P. Massarotti,
E. Mazzucato, A. Michetti, I. Mikulec, M. Misheva, N. Molokanova, E. Monnier, U. Moosbrugger, C. Morales
Morales, M. Moulson, S. Movchan, D.J. Munday, M. Napolitano, A. Nappi, G. Neuhofer, A. Norton, T. Numao,
V. Obraztsov, V. Palladino, M. Patel, M. Pepe, A. Peters, F. Petrucci, M.C. Petrucci, B. Peyaud, R. Piandani,
M. Piccini, G. Pierazzini, I. Polenkevich, I. Popov, Yu. Potrebenikov, M. Raggi, B. Renk, F. Retière, P. Riedler,
A. Romano, P. Rubin, G. Ruggiero, A. Salamon, G. Saracino, M. Savrié, M. Scarpa, V. Semenov, A. Sergi,
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the differential decay rate at mγγ = 0 3 . The total decay rate, extracted in a model dependent
approach, is predicted to be around 10−6 , with the pole amplitude contributing at the level of
5% or less 3,4 .
From the experimental point of view, the only published result by the E787 experiment at
BNL 5 is based on 31 K + decay candidates in the kinematic region 100 MeV/c < p?π < 180
MeV/c, where p?π is the π + momentum in the K + rest frame. This contribution describes the
K ± → π ± γγ analyses based on the minimum bias samples collected with high trigger efficiency
by the NA48/2 and NA62 experiments in the years 2004 and 2007. The resulting K ± → π ± γγ
sample is 10 times larger than the BNL E787 one and allows the measurement of ĉ and the
extraction of the Branching Ratio of the decay.
2

Description of K ± → π ± γγ decay

In the ChPT framework the kinematic variables used to describe the K ± → π ± γγ decay are:
p(q1 − q2 )
y=
,
m2K

(q1 + q2 )2
z=
=
m2K



mγγ
mK

2

,

(1)

where p is the 4-momentum of the kaon, q1,2 are the 4-momenta of the two photons, mγγ is the
di-photon invariant mass and mπ is the charged pion mass. The differential decay rate up to
next-to-leading order in the ChPT framework is parameterized in the following way 3 :
"

2

∂Γ
mK
1
(ĉ, y, z) = 9 3 z 2 (|A(ĉ, z, y 2 ) + B(z)|2 + |C(z)|2 ) + y 2 − λ(1, rπ2 , z)
∂y∂z
2 π
4


#
2

|B(z)|

, (2)

where rπ = mπ /mK , mπ is the charged pion mass, λ(1, rπ2 , z) = 1 + rπ4 + z 2 − 2(rπ2 + z + rπ2 z) and
A(ĉ, z, y 2 ) and B(z) are the loop amplitudes; the latter appears only at next-to-leading O(p6 )
order and is dominant at low z. C(z) is the pole amplitude. The ChPT predictions for the decay
spectrum and rate are:
• a cusp in the differential decay width (dΓ/dz) distribution at the di-pion threshold (zth =
4rπ2 = 0.320)
• a non-zero differential rate at z = 0 and a y 2 -dependence of the differential rate arising
both at next-to-leading order O(p6 ).
3

The NA48/II and NA62 experiments: beam and detector

In the 2003-2004 (2007) years the NA48/2 (NA62) experiments have collected data on charged
kaon decays. The beam and the detectors were the same for both the experiments with only
minor changes. Two simultaneous K + and K − beams were produced by a 400 GeV/c proton
beam delivered by the CERN SPS and impinging on a berillium target. The beamline was
designed to select kaons with a momentum range of (60 ± 3) GeV/c in NA48/2 and (74 ± 1)
GeV/c in NA62. In NA48/2 the data used for the present analysis were collected in 2004
during a dedicated run with a special trigger setup which only requires one or more tracks in
the magnetic spectrometer and at least a energy deposit of 10 GeV/c in the electromagnetic
calorimeter . Also the intensity of the beam was lowered and the momentum spread was reduced
to obtain an acceptable rate of events to be recorded. Almost the same trigger was used during
the entire 2007 run (∼ 100 days) of NA62, with an average downscale factor of ∼ 20 applied to
the number of triggers at software level.
The main components of the NA48/2 detector were a magnetic spectrometer, composed by
four drift chambers with a dipole magnet in the middle deflecting charged particles in the horizontal plane, and a liquid krypton electromagnetic calorimeter (LKr) with an energy resolution

Figure 1: The π ± γγ invariant mass for the 2004 (left) and 2007 (right) samples; vertical arrows show the limits
of the signal region.

of about 1% for 20 GeV photons and electrons. Giving the different kaon momenta between
2004 and 2007 the pt kick of the dipole magnet was 120 MeV/c for NA48/2 and 265 MeV/c for
NA62. A fast signal for the trigger was produced by a charged hodoscope (CHOD) consisting
of two planes of horizontal and vertical scintillator strips. The NA48/2 detector is described in
detail elsewhere 6 .
4

Event selection and reconstruction

The decay vertex was defined searching for the Closest Distant of Approach (CDA) between
the pion track and the nominal K ± beam directions. The longitudinal coordinate of the such
vertex was selected to be inside the fiducial decay volume (62 m region) of the experiment. In
order to identify the pion, one and only one track was required to be reconstructed from the
information collected by the spectrometer, the track had to match the acceptances of the main
detectors (LKr, CHOD) and the measured momentum was required to be within 10 (8) and 40
(50) GeV/c for the NA48/2 (NA62) data. The ratio E/p between the energy E deposited by
the track in the LKr and the momentum p measured by the spectrometer was required to be
lower than 0.85.
To identify the two photons two independent clusters were required in the LKr with energy
greater than 3 GeV. Both clusters had to be in time with the reconstructed pion track. The
invariant mass of the pion and of the two photons was then computed taking into account the
position of the decay vertex. Such reconstructed π ± γγ invariant mass was required to be in the
range (0.48-0.51) GeV/c2 (±15 MeV/c2 from K ± mass). A cut requiring 0.2 < z < 0.54 was
applied, the lower limit allowing to reject the K ± → π ± π 0 background. After such selection
criteria were applied to the two data samples collected in 2004 by NA48/2 and in 2007 by NA62,
the number of observed events in the signal region was 147 and 175 respectively (see figure 1).
Table 1: Signal statistics and main background contributions for the two samples.

K±

π ± γγ

→
candidates
K ± → π ± π 0 (γ) background
K ± → π ± π 0 π 0 background
K ± → π ± γγ signal

2004
147
11.0 ± 0.8
5.9 ± 0.7
130 ± 12

2007
175
11.1 ± 1.0
1.3 ± 0.3
163 ± 13

As shown in Table 1, the main background comes from the decay K ± → π ± π 0 (γ), with a

photon eventually lost. Non negligible background is also produced by the decay K ± → π ± π 0 π 0
with two photons lost, such contribution is higher in the NA48/2 sample because of the worse
resolution on the π ± γγ invariant mass. The two background contributions were estimated from
MonteCarlo simulation, the overall background is at the level of 9%.
5

Results

After all the selection criteria were applied, the values of the ĉ parameter in the framework of
the ChPT O(p4 ) and O(p6 ) parameterizations have been measured performing likelihood fits to
the z spectra coming from data (see Figure 2). The MonteCarlo outputs for signal (O(p4 ) and
O(p6 ) generators according to 3 ) and for background components were directly compared to data.
In Table 2 the results from the fits of the 2004 and 2007 data in the two different theoretical

Figure 2: Distribution of the z variable for the 2004 (left) and 2007 (right) samples; vertical arrows show the
limits of the signal region.

frameworks are listed. The results are then combined taking into account the correlations
between the systematic errors. The main contribution to the systematic errors comes from the
Table 2: Extracted values of ĉ for the 2004 and 2007 samples in the ChPT O(p4 ) and O(p6 ) frameworks. Combined
results are also listed.

O(p4 )

ĉ at
ĉ at O(p6 )

2004
1.36±0.33stat ± 0.07syst
1.67±0.39stat ± 0.09syst

2007
1.71±0.29stat ± 0.06syst
2.21±0.31stat ± 0.08syst

Combined
1.56±0.22stat ± 0.07syst
2.00±0.24stat ± 0.09syst

background evaluation. Other effects (for example trigger efficiency and pion mis-identification)
were also studied and give small contributions. Once ĉ is measured, a Branching Ratio value
(model dependent) of the decay can also be analytically derived. In the O(p6 ) framework, the
preliminary measurement of ĉ gives the value BR(K ± → π ± γγ) = (1.01 ± 0.06) × 10−6 .
References
1.
2.
3.
4.
5.
6.

L. M. Sehgal, Phys. Rev. D 6, 367 (1972).
G. Ecker, A. Pich and E. de Rafael, Nucl. Phys. B 303, 665 (1988).
G. D’Ambrosio and J. Portolés, Phys. Lett. B 386, 403 (1996).
J.-M. Gérard, C. Smith and S. Trine, Nucl. Phys. B 730, 1 (2005).
P. Kitching et al, Phys. Rev. Lett. 79, 4079 (1997).
V. Fanti et al, Nucl. Instrum. Methods A 574, 433 (2007).

τ − → π − η (0) ντ decays
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E-08193 Bellaterra, Barcelona, Spain

1

Introduction

τ − → π − η (0) ντ decays belong to the so-called second-class current processes 1 : parity conservation implies that these decays must proceed through the vector current, which has opposed
G-parity to the π − η (0) system. In the limit of exact isospin symmetry G-parity is exact and
these processes are forbidden. Isospin is an approximate symmetry, slightly broken both by
mu 6= md (in QCD) and qu 6= qd (in QED), which results in a sizable suppression of the considered decays, which have not been measured so far. The corresponding branching ratios upper
limits are 9.9 · 10−5 2 and 7.2 · 10−6 3 and no second-class current process has been reported yet.
This suppression motivates the study of beyond the standard model (SM) contributions to these
decays 4 5 .
Here we focus on the SM prediction of these processes, focusing on the scalar and vector
form factors contributions.
2

Hadronic matrix element and decay width

Our conventions 6 are fixed from Ref. 7 . Therefore, we have (P = π/η/η 0 )
¯ µ u 0 = cV− (pP − pπ )µ f π− P (s) − q µ f π− P (s) ,
π − P 0 dγ
+
−
π P

D

E

h

i

(1)

√
−
with q µ = (pP + pπ )µ , s = q 2 , and cVπ− π0 = − 2 = −cVπ− η(0) . f0π P (s), which can be used instead
−P

of f−π

(s), is defined through
S
π− P
¯ µ u) π + P = i(md − mu ) 0 du
¯ π + P ≡ i∆QCD
(s) ,
0 ∂µ (dγ
K 0 K + cπ − P f0

D

E

D

E

(2)

with
cSπ− η

r

=

2
= cSπ− π0 ,
3

2
cSπ− η0 = √ ,
3

∆P Q = m2P − m2Q .

(3)

The mass renormalization
∆QCD
16cm
0 +
md − mu = K K 1 + 2 2 (cd − cm )m2K ,
B0
F MS
"

needs to be taken into account to define f0π
From eqs.(1) and (2) one gets
D

#

−P

(4)

(s).

QCD
E
¯ µ u 0 = (pP − pπ )µ + ∆π− P q µ cV− f π− P (s) + ∆K 0 K + q µ cS− f π− P (s) .
π P dγ
π P +
π P 0
s
s
−



0



(5)

The finiteness of the matrix element at the origin imposes
−P

f+π

(0) = −

QCD
cSπ− P ∆K 0 K + π− P
f
(0) ,
cVπ− P ∆π− P 0

(6)

which is obtained from
π− P

f−

∆ −
(s) = − π P
s

"

QCD
cSπ− P ∆K 0 K + π− P
−
f0 (s) + f+π P (s) .
V
cπ− P ∆π− P

#

(7)

In terms of these form factors, the differential decay width reads
dΓ τ − → π − P 0 ντ
√
d s
(



=

G2F Mτ3
SEW Vud
24π 3 s

2

−P

f+π

(0)

2



1−

s
Mτ2

2
3∆2π− P 0
2s
−
−
1 + 2 qπ3 − P 0 (s) fe+π P (s) +
qπ− P (s) fe0π P (s)
Mτ
4s



2

2

(8)
)

,
(9)

where

π− P

f+,0 (s)
π− P
,
fe+,0
(s) = π− P
f+,0 (0)

qP Q (s) =

λ1/2 (s, m2P , m2Q )
√
.
2 s

(10)

Since the π − η (0) vector form factors are proportional to the π − π 0 vector form factor we may
− 0
fix the first one at the origin from the latter, see eq.(14), using that f+π π (0) = 1. The proportionality constants will bring an overall suppression factor which explains the smallness of
the corresponding branching fractions, in agreement with the expected vanishing in the quite
accurate G-parity symmetry limit.
3

Hadronic Form factors

We have worked out the involved form factors using Chiral Perturbation Theory 8 including
resonances within the convenient antisymmetric tensor field formalism 9 , a framework which has
been shown capable of providing a good description of hadronic tau decay data 10 11 12 . The
0
π 0 − η − η 0 mixing has been parametrized by means of three Euler angles (ηπ , η π and θηη0 ),
−fd 13
including the small isospin breaking given by z := ffuu +f
. We have neglected terms of O(2 )
d
in the corresponding expansions.
−
When the vanishing of the f0π P (s) form factors at large s is required, one obtains the
restriction cd = cm = F/2 15 , which yields
f0π

− π0

(s) = cπ0

− π0

MS2
,
MS2 − s

f0π

− η (0)

(s) = cπ0

− η (0)

MS2 + ∆πη(0)
.
MS2 − s

(11)

with cπ0

− π0

= ηπ +

√

0

2η π , cπ0

−η

= cosθηη0 −

√

2sinθηη0 , cπ0

− η0

= cosθηη0 +

sinθηη0
√
.
2

We will replace 1/(MS2 − s) by 1/(MS2 − s − iMS ΓS (s)), with the energy-dependent a0 (980)
width given by
Γa0 (s) = Γa0



Ma20

s
Ma20



!3/2

h(s)
,
h Ma20

(12)

with
 − 2
2
∆πη
h(s) = σKK (s) + σπη (s) cπ0 η
1+
3
s


2

 − 0 2
∆πη0
4
+ σπη0 (s) cπ0 η
1+
3
s


2

.

(13)

In this way we are neglecting the real part of the corresponding loop functions, which will induce
a small violation of analiticity (see, however, Ref. 16 ).
Finally, the π − η (0) vector form factors are obtained in terms of the well-known π − π 0 vector
form factor
−η

f+π

0

h

− π0

i

− η0

(s) = η π cosθηη0 + ηπ sinθηη0 f+π

− η0

(0) = η π cosθηη0 + ηπ sinθηη0 ,

(s) ,

f+π

(0) = ηπ cosθηη0 − η π sinθηη0 ,

f+π

(s) = ηπ cosθηη0 − η π sinθηη0 f+π

0

h

i

− π0

(s) .
(14)

Thus, we will have
−η

f+π

0

0

(15)

and the normalized form factors are all the same:
− η (0)

fe+π

− π0

(s) = fe+π

(s) ,

−

fe0π

− π0

(s) = fe0π

− π0

− 0

(s) .

(16)

While f+π η (0) ∼ O(ηπ ), an accidental cancellation makes f+π η (0) < O (ηπ )2 : the τ − →
ηπ − ντ decays are suppressed, as it corresponds to a second class current process, but the τ − →
η 0 π − ντ decays are heavily suppressed.
4





Phenomenological analysis
− 0

For the vector form factor, we have taken fe+π π (s) using the dispersive representation of Ref. 11
devised in Ref. 12 for fe+Kπ (s). We have estimated the model dependent error by considering
Belle’s data 17 (whose extraction requires the knowledge of isospin-breaking corrections 18 19 )
and the phenomenological fit made this Collaboration. This error is negligible versus the one
0
20 21 and determined the value of z that fulfils
coming from ηπ and η π . We have fixed ∆QCD
K0K+
0
eqs.(6) within errors 6 . In this way we find z ∼ −1 · 10−3 , ηπ ∼ 0.018(2) and η π = 5(1) · 10−3 .
In the case of the scalar form factor the error receives important contributions both from the
(0)
uncertainty on the η π coefficients and on Ma0 = (980±20) MeV and Γa0 = (75±25) MeV. We
have, however, neglected the contribution of a possible a00 resonance, which may change sizably
the result, especially for the τ − → π − η 0 ντ decays.
Under these assumptions we find BR+ (τ − → π − ηντ ) = (0.9 ± 0.2) · 10−5 , BR0 (τ − →
−
−5 and BR (τ − →
π ηντ ) = (2.7
± 1.1)·10−5 , which yield to BR(τ −→ π − ηντ ) = (3.6±1.3)·10
+


− η 0 ν ) ∈ 10−11 , 10−9 , BR (τ − → π − η 0 ν ) ∈ 10−10 , 2 · 10−8 , giving BR(τ − → π − η 0 ν ) ∈
π
0
τ
τ
τ
 −10

10 , 2 · 10−8 a . While our predictions for the π − η mode are larger than previous results 5
22 23 24 25 26 27 , our values for the π − η 0 mode tend to be smaller 26 28 29 . This is a result of our
improved treatment of the π 0 − η − η 0 mixing. We note in particular that, according to our
findings, the τ − → π − ηντ should be within discovery reach at future super-B factories.
a
Errors coming from our theoretical approach are not included. While they have been checked to be negligible
for the vector form factor contribution this does not need to be the case for the scalar form factor one.
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Hadronic Cross Section Measurements with ISR and the Implications on gµ − 2
K. Griessinger representing the BABAR Collaboration
Mainz University, Institute for Nuclear Physics, J.-J.-Becherweg 45,
55099 Mainz, Germany
The B-Factories have produced data of unprecedented precision for the measurement of
hadronic cross sections. This data, extracted via Initial State Radiation (ISR), can be used
to predict the anomaly of the muon gyromagnetic factor, gµ − 2. In this note, the recent
BABAR -measurements of the channels e+ e− → π + π − π + π − and e+ e− → K + K − are summarized, which improve the accuracy of the Standard Model prediction of gµ − 2 significantly.

1

Introduction

The muon gyromagnetic factor gµ can be determined directly from spin precession measurements
and theoretically in the Standard Model. For the latter, the QED and weak contributions to
aµ ≡ (gµ − 2)/2 can be calculated perturbatively to great precision (aQED
= (116 584 718.951 ±
µ
−11
1
weak
−11
2
0.080) · 10
and aµ
= (154 ± 2) · 10
, respectively). In contrast, the contribution from
strong interaction at low energies cannot be calculated perturbatively due to the magnitude
of the running strong coupling constant αs (s). Therefore a dispersion integral (obtained via
the optical theorem) is employed to calculate the hadronic low energy part of aµ from the
experimentally determined hadronic cross section σhad (s):

2
ahad
µ (s ≤ Ecut ) =

1
4π 3

Z

2
Ecut

K(s)σhad (s)ds .
m2π

K(s) denotes the analytically known 3 Kernel function, which exhibits an asymptotic 1/s
2
and
decrease. The value of Ecut is chosen such that αs (s) is sufficiently small for s > Ecut
2
had
thus the remaining part aµ (s > Ecut ) can be calculated in a perturbative expansion. This
combination leads to a value of approximately ahad
= (6930 ± 49) · 10−11 2 .
µ
On the purely experimental side, aµ is determined by measuring the difference of the Larmor
and Cyclotron frequency of precessing muons. This led to a very precise measurement in the
E821 experiment at Brookhaven National Laboratory with the result aµ = (116 592 089±54stat ±
33syst ) · 10−11 2 .
The direct and theoretical results deviate by approximately 3.5σ. Since this discrepancy
merely provides a hint at yet no evidence for a deficiency in the Standard Model, more precise
data from both sides is of utmost importance.

2

Experimental Setup

The B-Factories BABAR and Belle are located at SLAC National Accelerator Center in Stanford,
USA and at KEK in Tsukuba, Japan, respectively. BABAR achieved an integrated luminosity of
∼ 530 fb−1 , whereas Belle even exceeded 1 ab−1 . While running (mostly) at the Υ(4S) resonance,
this produced a large data set for the study of hadronic cross sections via the process of Initial
State Radiation (ISR). This process takes place when one of the particles in the initial state
(e+ e− ) radiates a photon. Since the photon carries a certain amount of CMS-energy Eγ∗ , the
√
squared center-of-mass energy s ist lowered to s0 = s−2 sEγ∗ . Owed to the continuous spectrum
of possible photon energies, this gives access to a broad range of invariant masses over which
hadronic cross sections may be measured.
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Figure 1: Left panel: The cross section e+ e− → π + π − π + π − measured at BABAR . Statistical uncertainties only,
systematics are listed in Tab. 1. Right panel: Internal structures, data in red, simulation in black. From top to
bottom: slices in the 4π invariant mass. Left to right: 3π mass, 2π mass and 2π not originating from ρ0 .
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Measurement of the channel e+ e− → π + π − π + π − 4

The channel e+ e− → π + π − π + π − is not only interesting for its cross section, but also due
to its rich internal structures. These are explored by investigating the invariant masses of
different particle combinations from the final state as a function of the total invariant mass of
the hadronic system, see Fig. 1 (right). In the three-pion mass (left column, 4 entries per event
for all combinations), the a1 (1260) is observed clearly, especially in the high-mass slices. The
charge neutral two-pion mass, which also contains 4 combinations per event, exhibits a very
pronounced ρ0 signature. This peak contains approximately one fourth of all entries in each
histogram. Since e+ e− → ρ0 ρ0 is forbidden at tree level, this means that there must be one ρ0
in each event. When excluding the π + π − combination from the ρ0 , the third column of Fig. 1
(right) is produced. Here, the additional resonances apart from the ρ0 show up much more
clearly. In the spectrum, especially the f0 (980) and f2 (1270) can be observed quite nicely at
intermediate and large total hadronic energies.
The cross section itself is shown in Fig. 1 (left) with its statistical uncertainties. The
systematics are listed in Tab. 1. This very precise measurement improves the low-energy
√
+ − + −
had + − + −
(0.6 GeV < s < 1.8 GeV) prediction of ahad
µ (π π π π ) from aµ (π π π π ) = (133.5 ±
1.0stat ± 5.2syst ) · 10−11 , calculated using the previous world data set (including the smaller
+ − + −
−11 , only with
BABAR data set from 2006), to ahad
µ (π π π π ) = (136.4 ± 0.3stat ± 3.6syst ) · 10
the BABAR measurement.
Table 1: Systematic uncertainties of the e+ e− → π + π − π + π − cross section measured at BABAR .

Mhad
σsyst

4

< 1.1 GeV
11 %

1.1 GeV ≤ Mhad ≤ 2.8 GeV
2.4 %

> 2.8 GeV
4%

Measurement of the channel e+ e− → K + K − 5

Another channel that had yet to be measured with high precision was the production of two
charged Kaons. At BABAR it has now been analyzed using ∼ 232 fb−1 , yielding the cross section
with a very large φ peak shown in Fig. 2. Remarkably small uncertainties down to 0.7 % in

Figure 2: Cross section e+ e− → K + K − measured at BABAR (left, J/ψ and ψ(2S) removed) and the corresponding
squared Kaon form factor (right) including a BW-fit (blue). Statistical and systematic uncertainties shown.

Figure 3: Deviation between the fit to the squared Kaon form factor measured at BABAR and SND data in the φ
region (left) and in a wider energy range (right), also including OLYA.

the φ peak region were achieved especially by very diligently studying Kaon particle (mis-)identification and the ISR-luminosity, which is calculated from e+ e− → µ+ µ− γ event rates.
From this cross section, the corresponding form factor is extracted, see Fig. 2. It is parametrized
by a sum of Breit-Wigner distributions:
FK (s) = (aφ · BWφ (s) + aφ0 · BWφ0 (s) + aφ00 · BWφ00 (s))/3
+ (aρ · BWρ (s) + aρ0 · BWρ0 (s) + aρ00 · BWρ00 (s) + aρ000 · BWρ000 (s))/2
+ (aω · BWω (s) + aω0 · BWω0 (s) + aω00 · BWω00 (s) + aω000 · BWω000 (s))/6
with

aφ + aφ0 + aφ00 = 1 , aρ + aρ0 + aρ00 + aρ000 = 1 , aω + aω0 + aω00 + aω000 = 1 .

Using the fit to the BABAR data, the results from other experiments can be compared to
BABAR . This is shown in Fig. 3 and some interesting deviations are found. There is a small
wiggle around the φ mass, which is due to calibration differences of the experiments and is
covered by the experimental uncertainties. More importantly for the determination of gµ − 2,
there seems to be a normalization difference between data from BABAR and the experiments from
Novosibirsk (SND and CMD2). While
√ in the low-mass region around the φ SND and CMD2
show a smaller form factor, above s0 ≈ 1.15 GeV the form factor from SND is considerably
larger (CMD2 has not yet published their result in the full energy range).
Furthermore the measurement of the form factor √
can be compared to theoretical predictions 6,7 in the high-energy regime. For large values of s0 ,
4
kFK (s0 )k2 = 64π 2 fK
·

αs2 (s0 )
s0 n

with n = 2 is predicted in a perturbative approach. While the measurement confirms
the exponent with a fitted (in the regime
√
s0 > 2.5 GeV) value of n = 2.10 ± 0.23
√ and
agrees with the point from CLEO at s0 ≈
3.8 GeV, the overall scaling is off by roughly a
factor of 20, as seen in Fig. 4. This effect has
yet to be understood.
For the SM prediction of gµ − 2, this
new cross section measurement dramatically improves the precision in the energy
√
range 0.98 GeV <
s < 1.8 GeV from Figure 4: Comparison of the squared Kaon form factors
had
+
−
aµ (K K ) = (216.3 ± 2.7 ± 6.8) · 10−11 with
between data and theory the from asymptotic QCD.
+K −) =
the previous world data set to ahad
(K
µ
(229.5 ± 1.4 ± 2.2) · 10−11 only on BABAR data.
5

Conclusions

The recent BABAR results on the e+ e− → π + π − π + π − and e+ e− → K + K − cross sections reach
unprecedented accuracy. Consequently, they have significantly improved the precision of the
SM prediction for gµ − 2. Furthermore interesting intermediate structures were found in the 4π
channel and the Kaon form factor stands in stark contrast to the high-energy QCD prediction.
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LATEST JETS RESULTS FROM THE LHC
K. RABBERTZ
(on behalf of the ATLAS and CMS Collaborations)
Karlsruher Institut für Technologie, Institut für Experimentelle Kernphysik,
Campus Süd, Postfach 6980, D-76128 Karlsruhe, Germany

A fundamental characteristic of hadron colliders is the abundant production of jets, which
then are studied to learn about hard QCD, the proton structure, or nonperturbative effects.
In the following the latest results and developments from the LHC experiments on jet cross
sections, event shapes, flavour and rapidity dependence, and cross section ratios are presented.
The ratio of the inclusive 3-jet to the inclusive 2-jet event cross section is used for a first
determination of the strong coupling constant at the TeV scale.

1

Jet Cross Sections

Yields of collimated streams of particles, i.e. jets, are among the most fundamental observables
at hadron colliders. Through their high production rates at low jet transverse momenta, pT ,
they serve to benchmark detector performance and to perform first cross section measurements
that are compared to theory predictions. As more data are accumulated, ever higher jet pT ’s
become accessible providing significant constraints on the parton distribution functions (PDFs)
of the proton and important input to searches for new physics.
ATLAS and CMS,1,2 both employ the anti-kT jet algorithm3 to define their jets, but with
different jet size parameters R of 0.4 or 0.6 for ATLAS and 0.5 or 0.7 for CMS respectively. The
dominant source of experimental uncertainty for jet measurements is the jet energy calibration,
because the steeply falling jet pT spectrum induces an approximately 5–6 times larger uncertainty
on the jet cross sections than on the jet energies. Profiting from the excellent performance of
both detectors, jet energy calibration uncertainties could be limited to about 1–3% already
during the initial three-years running period, a feat that could be achieved previously only after
many years. Apart from jets with less than ≈ 50 GeV of transverse momentum this good
performance could be kept up despite the deteriorating influence of more pile-up collisions, i.e.
additional proton-proton collisions in the same or neighbouring bunch crossings. At the next
LHC start-up with even higher instantaneous luminosities pile-up will again pose a challenge.
The common normalization uncertainty caused by the luminosity determination could be
reduced from initially more than 10% down to 2–4%. Including other systematic effects the
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Figure 1: Relative frequency of jet flavours B, C, and light (U ) in dijet events for the combinations BB (left),
U U (middle), and BU (right plot).

inclusive jet pT or the dijet mass cross sections could be measured by ATLAS and CMS to
roughly 10 to 20% accuracy with less precision at the low end and also less data at the high end
of the jet pT and dijet mass ranges.4,5,6
It is a great achievement that these data are in general agreement with predictions of QCD
over many orders of magnitude in cross section. With theoretical uncertainties of a similar
order or larger these jet measurements help constrain PDFs. Recent progress in theory towards
next-to-next-to-leading order (NNLO) predictions are reported elsewhere in these proceedings.7
2

Event Shapes

Alternatively to jet counting continuous dimensionless quantities that are not sensitive to the
details of soft nonperturbative effects of QCD can be defined to characterize events. They
are called event shapes and have been in use since the early days of QCD in the 70s. Several
collinear and infrared-safe event shapes, e.g. transverse thrust, have been investigated by ATLAS
and CMS, where the emphasis was on hard proton-proton scatterings and the phase space is
subdivided into bins of pT of the leading jet or the sum of all jet pT ’s.8,9 In a new study ATLAS
uses charged particles measured in their tracking system to investigate event shapes down to
very small transverse momenta of 0.5 GeV.10 In accordance with previous results it is found that
better tunings of the MC event generators are needed in order to describe all available data.
3

Flavour and Rapidity Results

In Ref. 11 ATLAS compares the relative frequency of jet flavours in dijet events. Using template
fits to kinematic properties of secondary vertices inside jets, ATLAS differentiates between the
heavy, b and c quark initiated jets and light jets, which are labelled as B, C, and U respectively.
Figure 1 shows exemplarily the measurements for the U U , BB, and BU dijet combinations,
which demonstrate that light dijets compose about 80% of the total cross section while the
heavy BB combination appears only in half a percent of the events. The results are described
well within uncertainties by MC predictions except for the BU case, where some discrepancies
can be observed.
Other analyses by ATLAS and CMS look into the dependence of the most forward and
backward dijets or the ratio of all possible dijet pair distances over the leading dijet pair distance
versus their separation in absolute rapidity, |∆y|.12,13 It is expected that deviations from the usual
evolution of the PDFs could show up in these quantities, where small parton momentum fractions
are accessed. The comparisons of different models to the data are, however, inconclusive so far.
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Figure 2: Left: Measured ratio R32 versus hpT1,2 i (solid circles) together with the NLO prediction (solid line)
corrected for nonperturbative effects (NPC), the scale uncertainty, and the PDF uncertainty. The bottom panel
shows the ratio of data to the theoretical predictions, together with bands representing the scale (dotted lines)
and PDF (solid lines) uncertainties while the error bars correspond to the total uncertainty. Right: The same
comparison with theory but for a series of values of αS (MZ ). The αS (MZ ) value is varied in the range of
0.106-0.124 in steps of 0.001. In both cases the NNPDF2.1 PDF set at NNLO evolution order has been employed.

4

Ratios of Jet Cross Sections and Determination of the Strong Coupling Constant

In order to reduce experimental as well as theoretical uncertainties, jet cross section ratios are
considered. Disposing of data at 2.76 TeV, the baseline proton-proton centre-of-mass energy for
heavy ion collisions, in addition to the 7 TeV data, ATLAS analyzed the ratio of the inclusive jet
cross section at these two energy points.14 This provides more significant constraints on PDFs
in the accessible phase space than considering each jet cross section separately.
The ALICE Collaboration followed a suggestion in Ref. 15 and examined the cross section
ratio for jets defined with different jet size parameters, which in their case are R = 0.2 and 0.4
because of their primary focus on heavy ion physics.16 Using this method, details of the parton
showering and the nonperturbative hadronization phase are emphasized in this ratio such that
even NLO calculations are not able to describe the data as shown by ALICE.17
In contrast, the ratio of the inclusive 3-jet to the inclusive 2-jet event cross section, R32 ,
has been demonstrated by CMS to be reliably comparable to perturbative QCD, if sufficiently
high thresholds, CMS requires pT,jet > 150 GeV, are imposed on all jets including the third
leading one.18 Figure 2 presents a comparison of the data, differential in the average transverse
momentum of the two leading jets, hpT1,2 i, to the theory predictions at NLO on the left and the
sensitivity to a variation of the strong coupling constant αS (MZ ) on the right for the NNPDF2.1
PDF set at NNLO evolution order.19 Fits of R32 in the range of 420 < hpT1,2 i < 1390 GeV have
been used to determine the strong coupling constant αS at the scale of the Z boson mass to be:
+0.0055
αS (MZ ) = 0.1148 ± 0.0014 (exp.) ± 0.0018 (PDF)+0.0050
−0.0000 (scale) = 0.1148 −0.0023 ,

(1)

compatible with the world average value of αS (MZ ) = 0.1184 ± 0.0007.20 Here, the total uncertainty is derived from the experimental, PDF, and scale uncertainties by quadratic addition.
This is the first determination of the strong coupling constant from measurements at scales Q of
the order of 1 TeV. A comparison to other determinations at hadron colliders accessing different
scales Q is shown in Fig. 3. No deviation from the expected running behaviour of the strong
coupling constant is observed.
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Figure 3: The strong coupling αS (Q) (solid line) and its total uncertainty (band) evolved from the CMS determination αS (MZ ) = 0.1148+0.0055
−0.0023 as a function of the momentum transfer Q = hpT1,2 i. The extractions of αS (Q)
in three separate ranges of Q are shown together with results from other hadron collider experiments.

5

Summary

In summary, hadron colliders, which are usually conceived of as discovery machines, are also
great jet laboratories, which provide many opportunities for precise measurements as demonstrated. Further results from the Tevatron are discussed elsewhere.21 Through these measurements more insight can be gained into the workings of QCD, our theory of the strong interaction,
with significant impact on e.g. other cross section predictions and searches for new physics.
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Theoretical developments in jet physics at hadron colliders
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c

We review the calculation of next-to-next-to-leading order (NNLO) QCD corrections to dijet
production and related observables at hadron colliders in the purely gluonic channel. Our
results show that the NNLO correction significantly reduces the scale uncertainties and we
present the NNLO double-differential single jet inclusive and dijet cross sections. Jets are
reconstructed using the anti-kT jet algorithm and the jet resolution parameter R dependence
of the inclusive cross section is given to NNLO.

1

Introduction

Single jet inclusive jet and dijet observables are the most fundamental QCD processes measured
at hadron colliders. They probe the basic parton-parton scattering in 2 → 2 kinematics, and
thus allow for a determination of the parton distribution functions in the proton and for a direct
probe of the strong coupling constant αs up to the highest energy scales that can be attained
in collider experiments.
In the single jet inclusive cross section, each identified jet in an event contributes individually.
The exclusive dijet cross section consists of all events with exactly two identified jets. These
cross sections have been studied as functions of different kinematical variables: the transverse
momentum and rapidity of the jets (of any jet for the single jet inclusive distribution, or of
the two largest transverse momentum jets for the dijet distributions). Precision measurements
of single jet and dijet cross sections have been performed by CDF 1 and D0 2 at the Tevatron
and by ATLAS 3 and CMS 4 at the LHC. The latest experimental results with jets as well as
extractions of αs using hadron collider jet data are reported in 5,6 .
The state of the art of the theoretical predictions for these observables are accurate to nextto-leading order (NLO) in QCD 7 (with the inclusion of shower effects in 8 ) and in the electroweak
theory 9 . Reference 10 computed higher order logarithmic corrections in the threshold region. In
this talk we present our results for the jet cross sections at NNLO accuracy in QCD in double
differential form 11
d2 σ
d2 σ
;
dpT d|y|
dmjj dy ∗
in the gluons-only channel at leading colour.
2

Results at NNLO

To perform our calculation we have employed the antenna subtraction scheme 12 for the analytic
cancellation of infra-red (IR) singularities at NNLO extended to the case of processes with
coloured particles in the initial state 13 . As demonstrated in 14 , using the antenna subtraction

scheme the explicit -poles in the dimension regularization parameter of one- and two-loop matrix
elements entering this calculation are cancelled in analytic and local form against the -poles of
the integrated antenna subtraction terms thereby enabling the computation of jet cross sections
at hadrons colliders at NNLO accuracy. This allows the combination of the two-loop virtual
corrections to the basic 2 → 2 process 15 together with the one-loop virtual corrections to the
single real radiation 2 → 3 process 16 and the double real radiation 2 → 4 process at tree-level 17
in a parton-level event generator NNLOJET.
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Figure 1: (Left plot) The NNLO doubly differential single jet inclusive transverse momentum distribution,
√
d2 σ/dpT d|y|, at s = 8 TeV for the anti-kT algorithm with R = 0.7 and for pT > 80 GeV and various |y|
√
slices. (Right plot) The NNLO doubly differential dijet mass distribution, d2 σ/dmjj dy ∗ , at s = 8 TeV for the
anti-kT algorithm with R = 0.4 and for pT 1 > 80 GeV, pT 2 > 60 GeV and various y ∗ = 1/2|y1 − y2 | slices. The
double differential k-factors are presented in the lower panels.

√
Our numerical studies for proton-proton collisions at centre-of-mass energy s = 8 TeV
concern the single jet inclusive cross section and the two-jet exclusive cross section. Jets are
identified using the anti-kT algorithm. Jets are accepted at central rapidity |y| < 4.4, and ordered
in transverse momentum. An event is retained if the leading jet has pT 1 > 80 GeV. For the dijet
invariant mass distribution, a second jet must be observed with pT 2 > 60 GeV. All calculations
are carried out with the MSTW08NNLO gluon distribution function 18 , including the evaluation
of the LO and NLO contributionsa . This choice of parameters allows us to quantify the size of the
a
Note that the evolution of the gluon distribution within the PDF set together with the value of αs intrinsically
includes contributions from the light quarks. The NNLO calculation presented here is “gluons-only” in the sense

genuine NNLO contributions to the parton-level subprocess. Factorization and renormalization
scales (µF and µR ) are chosen dynamically on an event-by-event basis. As default value, we set
µF = µR ≡ µ and set µ equal to the transverse momentum of the leading jet so that µ = pT 1 .
In Fig. 1 we present the double-differential jet cross sections at NNLO for the central scale
choice. The NNLO/NLO k-factor shows the size of the higher order NNLO effect in each bin of
the distribution with respect to the NLO cross section. For the single jet inclusive cross section
we see that the NNLO/NLO k-factor increases the cross section between 25% at low pT to 12%
at high pT and this behaviour is similar for the three rapidity slices |y| < 0.3, 0.3 < |y| < 0.8
and 0.8 < |y| < 1.2. For the exclusive dijet mass distribution the NNLO corrections are up to
20% with respect to the NLO cross section and increase slightly for large y ∗ .
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Figure 2: (Left plot) Scale dependence of the single jet inclusive cross section for pp collisions at s = 8 TeV for
the anti-kT algorithm with R=0.7 and with |y| < 4.4 and 80 GeV < pT < 97 GeV at NNLO (blue), NLO (red)
and LO (green). (Right plot) Single jet inclusive cross section versus resolution parameter R of the anti-kT jet
√
algorithm at s = 8 TeV, 80 GeV < pT < 96 GeV and |y| < 0.3 at NNLO (blue), NLO (red) and LO (green).

In Fig. 2 we plot the dependence of the single jet inclusive cross section as a function of the
scale choice and of the resolution parameter R of the anti-kT jet algorithm, at each order in
perturbation theory. We observe that the computation of higher order corrections to the cross
section has the effect of reducing the scale uncertainties on the theory prediction. In particular
for this observable we obtain a scale variation at the percent level at NNLO.
The R dependence shows that the cross section increases as the value of R increases. This
is observed first at NLO where for the first time additional parton radiation can be inside or
outside the jet. At NNLO up to three partons can form a jet and this should lead to a better
matching of the jet algorithm between theory and experiment. We observe that the size of the
NNLO correction decreases for small R.
3

Conclusions and outlook

We presented the NNLO QCD calculation in the purely gluonic channel at leading colour to
the fully differential inclusive jet and dijet cross section at hadron colliders opening the path
towards precision QCD phenomenology with the LHC. For all of the observables considered
here, we observed a dramatic reduction of the respective uncertainties in the theory prediction
due to variations of the factorization and renormalization scales. We expect similar conclusions
when including the processes involving quarks.
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Pileup Subtraction for Jet Shapes

Ji-Hun Kim
IPhT, CEA-Saclay, France
Many QCD studies and BSM studies involve hadron jets. For those studies, we need to precisely measure jet shapes such as jet mass, jet transverse momentum and angularity. Pileup
events, however, significantly degrade jet shape measurements at the hadron collider experiments. In this talk, we introduce a general method to correct for pileup effects in jet shapes,
which acts event-by-event and jet-by-jet, and accounts also for hadron masses.

1

Introduction

Colored partons radiate to produce soft and collinear quarks and gluons which evolve to a
numerous hadrons collimated along some directions, so called hadron jets. Jet algorithms are
for grouping them. Among them, inclusive kT, Cambridge/Aachen, Anti-kT, and SISCone jet
algorithm are infrared and collinear safe and popular. Many QCD studies and BSM studies
involve hadron jets, we need to precisely measure jets. At the LHC, however, signal events of
our interest come together with lots of pileup events.
The effect of pileup events is a challenging issue for measuring hadron jets. When two
protons are crossed at the LHC, nothing happened for most of times. Proton-proton collision
events are extremely rare events. Furthermore, Hard events are even orders of smaller than
that, i.e. 1  psoft  phard . When two protons collide head-on, nothing would happen most
of time. It’s why LHC accelerate and collide not individual protons, but proton bunches. And
each bunch contains more than 1011 protons. Whenever we see hard collision event, the law of
rare events implies that it is likely to accompany additional events, which are likely to be soft,
so called pileup events. At the 2012 run of LHC, the expected number of pileup events is about
30. They produce numerous low energy particles and affect jet clustering procedure. Due to
the limitation of detector resolutions, we cannot identify and remove pileup particles; in effect,
amount of pileup particle is a kernel, and measured jet shapes are convoluted by the kernel.
The effects of pileup is mainly divided into two categories : it introduces biases to the jet shape
measurements and also increases variance of uncertainties of the jet shape measurements.
One of method to reduce the pileup effects is defining an area of hadron jet 1 and using a
simplified pileup model to correct pileup contribution to a jet transverse momentum 2 . Experiments including ATLAS and CMS have used this method and it is known to be almost remove
the biases and also reduce the variances. However, this method is, by definition, only applicable
to a jet transverse momentum.
Main contribution of this talk is extending the pileup subtraction method to be applicable
to general jet shapes3 .

2

A Simplified Model of Pileup Events.

Although each pileup event is non-uniform, pileup events as a whole are roughly uniform since
they are union of independent collisions. Pileup particles are evenly distributed over azimuth
angle, φ, and nearly uniformly distributed over rapidity, y. With these assumptions, pileup
particles can be modeled with a number density of pileup particle, ν, and a probability function
for their pT spectrum. Then, pT -sum of pileup particles are propotional to jet area1 :
hPpileup (pT |A)i = Ahνihppileup
i ≡ ρA
T
hPpileup (pT )i =

(1)

Z

dA P (A) ρA = ρhAi.

(2)

A pT density, ρ = hνihppileup
i, of pileup events can be measured for each event,
T
ρ = median
patches

hn p

T patch

Apatch

oi

.

(3)

where patches are either jets with small radius or grids over the η − φ plane.
Four momentum can be written in terms of rapidity, azimuth angle, transverse momentum,
mass. For a given jet area, rapidity and azimuth angle of four momenta sum of pileup particles
in this model is fixed. And ρ gives transverse momentum. We introduce a parameter, ρm for
accounting mass:


mδ,patch
ρm = median
,
(4)
patches
patch
q

where mδ,patch = i∈patch ( [b]m2i + p2t,i − pti ) and the sum runs over particles i in the patch.
Pileup events may affect jet clustering procedure; thus constituents of jets can be changed
significantly. However, it is hard to take it account and we ignore this effect. In fact, it is found
to be a good approximation for most cases. Since we ignore the back-reaction effect of pileup, a
measured jet of constituents, {pµ }full , is a union of a hard part of the jet, {pµ }hard , and particles
from pileup events, {pµ }pileup .
P

3

Pileup subtraction for jet shapes.

A jet shape, f, is a function of the jet’s constituents, {pµ }jet , to a real number. What we can
measure from experiments is a value of a jet shape, f ({pµ }full ) = f ({pµ }hard ∪ {pµ }pileup ), while
what we want to measure is f ({pµ }hard ).
What can we do for them to reduce pileup effects? The infra-red and collinear safety of jet
shapes has a critical role in here. Jet shapes are insensitive to how low energy jet constituents
are distributed inside the jet. Given the four momenta sum of pileup particles, we can split each
pileup particles into a bunch of small pT particles by using collinear safety, and re-distribute
them uniformly and continuously inside the jets by using infra-red safety. In case of the jet
shape is infra-red and collinear safe, f ({pµ }full ) does not much depends on the exact form of
{pµ }pileup , and f ({pµ }full ) ≈ f ({pµ }hard ∪ {pµ }uniform ), where {pµ }uniform represent background
particles uniformly distributed inside the jet. For given f ({pµ }hard and a jet area, we define a
function of a single variable fH (x) ≡ f ({pµ }hard + x × {pµ }pileup ); i.e. fH (0) corresponds to
the f ({pµ }hard ) and fH (1) is f ({pµ }full ). Although it is unknown that which subgroup of the
jet constituents are comes from pileup, it is possible to add another uniform background to the
jet to increase {pµ }uniform . In this way, we can estimate fH (x) in a range of x ∈ [1, ∞); thus
we derive f 0 (x)|x=1 , f 00 (x)|x=1 , · · · and finally, we get fH (0). It is a brief summary for how the
pileup subtraction for jet shapes works.
In Fig. 1(from 3 ), we apply this pileup subtraction scheme with angularity, θ(1) , and Nsubjettiness, τ21 . As expected, the pileup subtraction scheme reduce the effects of pileup events.
In Fig. 2 (from 3 ), we also apply this scheme for top quark tagging or quark/gluon discrimination.
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Figure 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, W
W and tt production processes. The distributions are shown for Poisson distributed pileup (with an average of
30 pileup events) and the averages are shown as a function of the number of pileup events, nPU. The shapes are
calculated for jets with pT > 500GeV (the cut is applied before adding pileup, as are the cuts on the jet mass mJ
and subjettiness ratio τ21 where relevant).
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Figure 2: Left: rate for tagging quark and gluon jets using a fixed cut on the jet width, shown as a function of the
number of pileup vertices. Middle: filtered jet-mass distribution for fat jets in tt̄ events, showing the impact of
the ρ and ρm components of the subtraction. Right: tagging rate of an N -subjettiness top tagger for tt̄ signal and
dijet background as a function of the number of pileup vertices. All cuts are applied after addition (and possible
subtraction) of pileup. Subtraction acts on τ1 , τ2 and τ3 individually.

4

Conclusion

Using Pythia and Herwig simulation, we show that the pileup subtraction scheme works well for
jet shape such as jet mass, transverse momentum, angularity, and N-subjettiness even in presence
of up to 60 pileup events. On the other hands, some widely used jet shape including planar flow
are not infra-red safe, and our subtraction scheme shows relatively poor performance. We hope
this progress will help ensure the viability of a broad range of jet substructure tools in highluminosity LHC running. The software for the general shape subtraction approach presented
here will be made available as part of the FastJet Contrib project 4 .
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Nonperturbative corrections and showering in NLO-matched event generators a
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We study contributions from nonperturbative effects and parton showering in NLO event
generators, and present applications to jet final states. We find pT -dependent and rapiditydependent corrections which can affect the shape of observed jet distributions at the LHC.
We illustrate numerically the kinematic shifts in longitudinal momentum distributions from
the implementation of energy-momentum conservation in collinear shower algorithms.

Monte Carlo event generators are used in analyses of complex final states at the Large
Hadron Collider (LHC) 1 both to supplement finite-order perturbative calculations with allorder QCD radiative terms, encoded by parton showers, and to incorporate nonperturbative
effects from hadronization, multiple parton interactions, underlying events 2,3 . In this article we
report results from our study 4 of nonperturbative (NP) and parton-showering (PS) corrections
in the context of matched NLO-shower Monte Carlo generators. The results we present refer to
jet final states. Further results for massive states may be found in 4 .
LHC experiments have measured inclusive jet production 5,6 over a kinematic range in transverse momentum and rapidity much larger than in any previous collider experiment. Baseline
comparisons with Standard Model theoretical predictions are based either on next-to-leadingorder (NLO) QCD calculations, supplemented with nonperturbative (NP) corrections estimated
from Monte Carlo event generators 5,6 , or on NLO-matched parton shower event generators 7 .
The first kind of comparison shows that the NLO calculation agrees with data at central rapidities, while increasing deviations are seen with increasing rapidity at large transverse momentum
pT 5 . The question arises of whether such behavior is associated with higher-order perturbative contributions or with nonperturbative components of the cross section. The second kind
of comparison, based on Powheg calculations 8 in which NLO matrix elements are matched
with parton showers 2,3 , improves the description of data, indicating that higher-order radiative
contributions taken into account via parton showers are numerically important. At the same
time, the results show large differences between Powheg calculations interfaced with different
shower generators, Pythia 2 and Herwig 3 , in the forward rapidity region, pointing to enhanced
sensitivity to details of the showering.
NP correction factors are obtained in 5,6 by using leading-order Monte Carlo (LO-MC) generators 2,3 . The method to determine these factors is to compare a Monte Carlo simulation
including parton showers, multiparton interactions and hadronization, and a Monte Carlo simulation including only parton showers in addition to the LO hard process. While this is a natural
way to estimate NP corrections from LO+PS event generators, it is noted in 4 that when these
a
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corrections are combined with NLO parton-level results a potential inconsistency arises because
the radiative correction from the first gluon emission is treated at different levels of accuracy in
the two parts of the calculation. To avoid this, Ref. 4 proposes a method which uses NLO Monte
Carlo (NLO-MC) generators to determine the correction. In this case one can consistently assign correction factors to be applied to NLO calculations. This method allows one to study
separately correction factors to the fixed-order calculation due to parton showering effects. To
do this, Ref. 4 introduces the nonperturbative (NP) and showering (PS) correction factors, K N P
and K P S , as
(ps+mpi+had)
(ps)
K N P = NN LO−M C
/NN LO−M C ,
(1)
(ps)

(0)

K P S = NN LO−M C /NN LO−M C ,

(2)

where (ps + mpi + had) denotes a simulation including parton showers, multiparton interactions
and hadronization, while (ps) denotes a simulation including parton showers only. The denominator in Eq. (2) is defined by switching off all components beyond NLO in the Monte Carlo
simulation.
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Figure 1: The NP correction factors to jet transverse momentum distributions obtained using Pythia and Powheg
respectively, for |y| < 0.5 and 2 < |y| < 2.5. Left: R = 0.5; Right: R = 0.7.

The factor K N P in Eq. (1) differs from the LO-MC NP factor 5,6 because of the different
definition of the hard process. In particular the multi-parton interaction pT cut-off scale is
different in the LO and NLO cases. Numerical results are shown in Fig. 1. The factor K P S in
Eq. (2), on the other hand, is new. It singles out contributions due to parton showering and
has not been considered in previous analyses. Unlike the NP correction, it gives in general finite
effects also at large pT . Results are plotted in Fig. 2, showing that this correction is y and pT
dependent, especially when rapidity is non-central, so that it cannot be treated as a rescaling.
The correction factor in Fig. 2 comes from initial-state and final-state showers. These are
interrelated so that the combined effect is nontrivial and is not obtained by simply adding the
two 4 . The effect from parton shower is largest at large |y|, where the initial-state parton shower
is mainly contributing at low pT , while the final-state parton shower is contributing significantly
over the whole pT range.
The main effect of initial-state showering is associated with the kinematic shifts in longitudinal momentum distributions first noted in 9 . These shifts result, quite generally, from combining
the approximation of collinear, on-shell partons with the requirements of energy-momentum
conservation in the Monte Carlo generator. More precisely, the Monte Carlo first generates hard
subprocess events in which the momenta kj of the partons initiating the hard scatter are on
shell, and are taken to be fully collinear with the incoming state momenta. Next the showering
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Figure 2: The parton shower correction factor to jet transverse momentum distributions, obtained from Eq. (2)
using Powheg for |y| < 0.5 and 2 < |y| < 2.5. Left: R = 0.5; Right: R = 0.7.

algorithm is applied, and complete final states are generated including additional QCD radiation
from the initial and final parton cascades. As a result of QCD showering, the momenta kj are
no longer exactly collinear. Their transverse momentum is to be compensated by a change in
the kinematics of the hard scattering subprocess. By energy-momentum conservation, however,
this implies a reshuffling, event by event, in the fractions xj of longitudinal momentum carried
by the partons scattering off each other in the hard subprocess.
The size of the shift is illustrated in Fig. 3 4 for the case of jets produced at different rapidities,
by comparing the distribution in the parton longitudinal momentum fraction x before parton
showering and after parton showering. We see that the longitudinal shift is negligible for central
rapidities but becomes significant for y > 1.5. It characterizes the highly asymmetric parton
kinematics 11 which becomes important for the first time at the LHC in significant regions of
phase space. Although Fig. 3 is obtained using a particular NLO-shower matching scheme
(Powheg), the effect is common to any calculation matching NLO with collinear showers. On
the other hand, this is avoided in shower algorithms using transverse momentum dependent
parton distributions 12,13,14,15 from the beginning, as for instance in 16,17 .
In summary, the nonperturbative correction factor K N P introduced from NLO-MC in Eq. (1)
gives non-negligible differences compared to the LO-MC contribution 5,6 at low to intermediate
jet pT , while the showering correction factor K P S of Eq. (2) gives significant effects over the
whole pT range and is largest at large jet rapidities y. Because of this y and pT dependence,
taking properly into account NP and showering correction factors changes the shape of jet
distributions, and may thus influence the comparison of theory predictions with experimental
data. Besides jets, longitudinal momentum shifts as in Fig. 3 also affect massive final states 4
such as Drell-Yan Z/W production. We anticipate that the showering correction factors will
be relevant in particular in fits for parton distribution functions using inclusive jet and vector
boson data.
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Figure 3: Distributions in the parton longitudinal momentum fraction x before (POWHEG) and after parton
showering (POWHEG+PS), for inclusive jet production at different rapidities for jets with pT > 18 GeV obtained
by the anti-kt jet algorithm with R = 0.5. Shown is the effect of intrinsic kt , initial (IPS) and initial+final state
(IFPS) parton shower.
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Motivated by current searches for electroweak superpartners at the Large Hadron Collider,
we present precision predictions for pair production of such particles in the framework of the
Minimal Supersymmetric Standard Model. We make use of various QCD resummation formalisms and match the results to pure perturbative QCD computations. We study the impact
of scale variations and compare our results to predictions obtained by means of traditionally
used Monte Carlo event generators.

1

Introduction

After almost half a century of theoretical developments and experimental discoveries in highenergy physics, an extremely coherent picture arises as the so-called Standard Model of particle
physics. Since this theory contains a fundamental scalar field, the stabilization of its mass with
respect to radiative corrections is questionable. This has led to a plethora of new physics models
among which weak-scale supersymmetry 1,2 (SUSY) is one of the most appealing option since it
encompasses in addition, e.g., gauge coupling unification and a candidate for dark matter.
The current non-observation of any hint for strong superpartners has shifted the experimental
attention to the production of electroweak sleptons, neutralinos√and charginos. Investigations at
the Large Hadron Collider (LHC), at a center-of-mass energy of Sh = 7 and 8 TeV, have already
allowed to impose bounds of several hundreds of GeV on their masses 3,4 . These analyses however
rely on leading order (LO) computations 5,6,7 supplemented by QCD next-to-leading order (NLO)
corrections 8 . Since such predictions suffer from rather large theoretical uncertainties, soft-gluon
resummation of the large logarithmic terms arising at small transverse momentum or close to
the production threshold have to be accounted for and matched to fixed order 9,10,11,12,13,14,15 .
We briefly review, in Section 2, three resummation formalisms that can be employed for such
precision calculations and illustrate their main effects in Section 3 for gaugino pair production.
a
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In addition, we also confront the resummed predictions to results obtained using LO Monte
Carlo event generators including multiparton matrix element merging after parton showering.
We summarize our work in Section 4.
2

Soft gluon resummation: a brief insight

We focus on the hadroproduction of pairs of electroweak superpartners with an invariant mass
M and a transverse momentum pT . After a Mellin transform with respect to M 2 /Sh , the
differential cross section d2 σ/dM 2 dp2T can be expressed, in conjugate N -space, as a product of
the partonic cross section σab with the densities fa,b of the partons a, b in the colliding hadrons,
M2

X
d2 σ
(N
−
1)
=
fa (N, µ2F )fb (N, µ2F )σab (N, M 2 , p2T , µ2F , µ2R ) .
2
2
dM dpT

(1)

ab

Under this form where factorization and renormalization scales µF and µR are explicitly indicated, we can resum to all orders in the strong coupling αs the large logarithmic terms arising
when pT tends towards zero and/or close to the production threshold. In this case, the partonic
cross section can be refactorized into a closed exponential form, respectively reading
h
i
(res.)
σab (N, M 2 , µ2F , µ2R ) = Hab (M 2 , µ2F , µ2R ) exp Gab (N, M 2 , µ2F , µ2R ) , (2)
Z ∞
h
i
b
(res.)
2 2
2
2
σab (N, M , pT , µF , µR ) =
db J0 (bpT ) Hab (M 2 , µ2F , µ2R ) exp Gab (N, b, M 2 , µ2F , µ2R ) , (3)
2
0
in the threshold (after integrating upon pT ) and small-pT regime. The hard part of the cross
section is described by the function Hab whereas the Sudakov form factor Gab embeds soft and
collinear parton radiation and absorbs the large logarithms. Eq. (3) also contains an inverse
Fourier transform, J0 denoting the 0th -order Bessel function, so that the singularities of the
integrand have to be handled after deforming the integration contour into the complex plane 16 .
Although the logarithmic contributions must be resummed when they are large, the full
perturbative computation, only partially accounted for by resummation, is expected to be reliable otherwise. Therefore, the fixed order (σ (f.o.) ) and resummed (σ (res.) ) results have to be
consistently combined by subtracting from their sum their overlap σ (exp.) ,
(res.)

σab = σab

(f.o.)

+ σab

(exp.)

− σab

.

(4)

Since both σ (res.) and σ (exp.) are computed in Mellin space, an inverse transform is in order. To
handle the singularities arising at the level of the N -space cross section, the integration contour
is distorted following the principal value procedure and minimal prescription 17,18 .
The form of the quantities introduced above depends on the resummation regime. Transversemomentum resummation deals with logarithms arising at small pT , while threshold resummation
takes care of those appearing close to the production threshold. Finally, joint resummation allows
for resumming both types of logarithms simultaneously. We refer to the Resummino manual
and references therein for the relevant analytical expressions at the next-to-leading logarithmic
(NLL) accuracy 19 .
3

Gaugino pair production at the next-to-leading logarithmic accuracy
√
0
In Fig. 1, we address the production of an associated χ̃±
Sh = 14 TeV.
1 χ̃2 pair at the LHC, for
We adopt the LM9 benchmark scenario 20 , where both gauginos have a mass of about 150 GeV
whereas gluinos and squarks lie above 1 TeV, and employ the CTEQ6 parton densities 21 . On
the left panel of the figure, we present spectra in the invariant mass of the gaugino pair. The
LO results (dotted) are found to be considerably smaller than NLO predictions with or without
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Figure 1: Invariant mass (left) and transverse-momentum (right) distributions of an associated χ̃02 χ̃±
1 pair produced
at the LHC, at fixed order and after matching to resummation. Scale uncertainties are indicated for the pT spectra.
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Figure 2: Distributions in the transverse momentum of a χ̃+
1 χ̃1 pair produced at the LHC. We compare resummation results to several approaches by means of LO event generators including MLM merging techniques.

matching to NLL resummation. Since we restrict the distribution to the small invariant-mass
region, far from the production threshold, threshold resummation does not lead to a significant
effect with respect to NLO (dashed). In contrast, jointly resummed predictions (full) exceed the
NLO ones due to the resummation of the large logarithms arising at small pT .
On the right panel of Fig. 1, we show transverse-momentum spectra of the gaugino pair.
While fixed-order predictions at O(αs ) (dotted) diverge at small pT due to uncanceled soft
singularities from real gluon emission, resummed calculations exhibit a pronounced peak. For
intermediate values of pT , resummation effects are found to be still important with a K-factor
greater than unity. We finally show that calculations using pT (dashed) and joint (full) resummation agree with each other, although the scale uncertainty associated with the latter,
estimated by varying both unphysical scales by a factor of two around the average mass of the
two gauginos, is considerably smaller due to the resummation of threshold logarithms.
√
−
In Fig. 2, we focus on χ̃+
Sh = 8 TeV and on the first SUSY scenario
1 χ̃1 production at
22
proposed by the LPCC . It embeds sub-TeV squarks and gluinos and a lightest chargino of
about 300 GeV. Using MadAnalysis 5 23 , we confront joint resummation (full) to predictions
of the LO event generator MadGraph 5 24 , matched to Pythia 6 25 for parton showering, the
necessary UFO module 26 being exported from FeynRules 27,28,29,30,31 . We allow the generated
events to contain zero (dotted), up to one (dashed) or up to two (dot-dashed) additional jets
and merge them following the MLM merging scheme 32 . After normalizing the Monte Carlo
results to the resummed prediction of 40.51 fb and employing the MSTW parton densities 33 , we
observe a very good agreement between all approaches in the small-pT region. In contrast, in
the large-pT region, only Monte Carlo predictions including up to one extra parton agree with
the resummed results, since both rely on the same matrix elements.

4

Summary

We have analyzed predictions for electroweak superpartner production at the LHC obtained
by means of different resummation methods after a combination with NLO predictions. The
results have been found to be more reliable and exhibit smaller uncertainties stemming from
scale variation. A similar accuracy can be reached by means of LO Monte Carlo event generators
after merging matrix elements possibly containing additional partons.
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COMBINING HIGHER-ORDER RESUMMATION WITH MULTIPLE
NLO CALCULATIONS AND PARTON SHOWERS IN THE GENEVA
MONTE CARLO FRAMEWORK
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We discuss the Geneva Monte Carlo framework, which combines higher-order resummation (NNLL) of large Sudakov logarithms with multiple next-to-leading-order (NLO) matrixelement corrections and parton showering (using Pythia 8) to give a complete description
at the next higher perturbative accuracy in αs at both small and large jet resolution scales.
Results for e+ e− → jets compared to LEP data and pp → (Z/γ ∗ → `+ `− ) + jets are presented.

1

Introduction

Present and future colliders require accurate and reliable predictions of QCD effects, beyond the
lowest perturbative accuracy in the strong coupling αs expansion. For inclusive observables, such
as total cross sections, the lowest perturbative accuracy is obtained via a fixed-order expansion
in powers of αs , truncated at the leading order. To get accurate results, one is usually forced to
go at least to the next higher order, i.e., NLO, or even to NNLO. For more exclusive observables,
the presence of logarithmically enhanced contributions in certain regions of phase space requires
an all-orders resummation to obtain physically meaningful results. In this case, the proper
lowest perturbative accuracy is the (N)LL resummation. In general, a description which aims
to be valid across the entire phase space demands a combination of both types of corrections.
At the lowest order, such a combination is achieved in Monte Carlo programs by the standard
merging of matrix elements with parton showers (ME/PS). 1,2
The Geneva framework 3 extends this to higher perturbative accuracy by including the fixed
NLO corrections as well as the NNLL resummation of the jet resolution parameter, which in our
case is chosen to be N -jettiness 4 due to its simple factorization and resummation properties.
An immediate by-product of this combination of fixed-order and resummed results for different
jet multiplicities is the merging of multiple NLO calculations, which has been the subject of
several recent theoretical efforts. 5,6,7,8,9 The key difference in our approach is the inclusion of
higher logarithmic resummation b of the jet resolution scale τ cut , which allows us to push it to
much lower values than fixed-order perturbation theory would allow. In this way, we can avoid
the restriction αs ln2 τ cut  1 that limits the range of applicability of other approaches.
a

Speaker
The inclusion of higher logarithmic resummation has also been proposed in a subsequent work 10 as a possible
way to remove the dependency on the jet resolution scale.
b

To provide further parton showering and hadronization, Geneva is interfaced to Pythia
8. 11 In this way, the best possible theoretical predictions in the context of fully exclusive Monte
Carlo event generators can be directly made available for experimental analyses.
2

Theoretical framework

We now give a brief description of our method, referring to the Geneva paper 3 for a comprehensive discussion. We first separate the exclusive N -jet and inclusive (N + 1)-jet regions,
Z
Z
dσ
dσ
(TNcut ) + dΦN +1
(TN ) θ(TN > TNcut ) ,
(1)
σ≥N = dΦN
dΦN
dΦN +1
where dσ/dΦN (TNcut ) is the fully differential N -jet cross section for TN < TNcut and dσ/dΦN +1 (TN )
is the fully differential cross section for a given N -jettiness value TN (ΦN +1 ). The parameter TNcut
is a small infrared cutoff ∼ 1 GeV, whose dependence in the final results cancels to the required
resummation order. In the N -jet region, where TN is small, we then resum the logarithms of
TN /Q, with Q some hard scale of the process. In the (N + 1)-jet region, at large TN , we instead
use a fixed-order expansion in αs . To properly combine the higher fixed-order results at large
TN with the higher-order resummation at small TN , with a smooth transition between these two
regimes, we employ the following master formulas,
 FO

dσ
dσ resum cut
dσ
dσ resum cut
cut
cut
(T ) =
(TN ) +
(T ) −
(TN )
,
dΦN N
dΦN
dΦN N
dΦN
FO



dσ
dσ FO
dσ resum
dσ resum
(TN ) =
(TN )
,
(2)
dΦN +1
dΦN +1
dΦN dTN dΦN dTN FO
where the superscript “resum” indicates an analytically resummed calculation and “FO” indicates a fixed-order calculation or expansion. This construction can be iterated in the case of
several multiplicities. 3 At this stage, we have explicit control of the perturbative uncertainties
and are able to estimate reliably both the fixed-order and resummation uncertainties and to
combine them to provide perturbative event-by-event uncertainties.
Once the partonic Geneva events are generated according to Eq. (2) – or its generalization
in case of more jet multiplicities – they are fed through the Pythia 8 parton shower, whose
purpose it is to fill up the jets with additional emissions. To preserve the perturbative accuracy
of the higher-order resummation, the shower is constrained not to change the weight of an
event and to preserve its value of TN . (In general, this is a nontrivial constraint and can be
implemented with sufficient approximation and manageable efficiency.)
Finally, we rely on the Pythia 8 hadronization model to hadronize the final-state partons.
No further constraints are applied in this step, since Geneva’s partonic predictions do not
include any nonperturbative effects.
3

Results

We first present results for e+ e− → 2/3 jets, using 2-jettiness T2 as the 2-jet resolution variable,
P


|n̂ · p~k |
k
T2 = Ecm 1 − maxn̂ P
,
(3)
pk |
k |~
which is simply related to thrust T by T2 = Ecm (1 − T ). We perform the resummation in T2 to
NNLL0 and include the full NLO2 , NLO3 , and LO4 fixed-order matrix elements; i.e., we obtain
NNLL0T +NLO3 predictions.
In Fig. 1, we show our results before and after Pythia 8 showering, compared with analytical resummations, for 2-jettiness, heavy jet mass, and jet broadening. We focus on the
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Figure 1: The 2-jettiness (left), heavy jet mass (central), and jet broadening (right) parton-level Geneva results,
compared with analytical resummation. The error bars or bands on the Geneva histograms are built from
event-by-event perturbative uncertainties. Statistical uncertainties from Monte Carlo integration are negligible.
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Figure 2: The 2-jettiness (left column), heavy jet mass (central column), and jet broadening (right column)
distributions of Geneva interfaced to Pythia 8, compared to ALEPH and OPAL data in the peak (upper line)
and transition regions (lower line). Default results are obtained with Pythia 8 e+ e− tune 1 and αs (mZ ) = 0.1135.
Variations of the Pythia 8 tune, the αs (mZ ) value, and results without hadronization are shown for comparison.

transition region, where the resummation and fixed-order calculations are both important, and
their proper combination is necessary. Geneva results are obtained with Ecm = 91.2 GeV,
αs (mZ ) = 0.1135 (from N3 LL0 thrust fits 12 ), and Pythia 8.170 with e+ e− tune 1. The perfect
agreement for the T2 distribution, in both the central value and in the theoretical uncertainties,
is a nontrivial crosscheck on the correctness of our implementation. Predictions for observables
other than 2-jettiness are instead important to validate the Geneva framework, since the logarithmic structure of these observables will in general be different from that of 2-jettiness. The
close agreement with the analytic resummed results we find demonstrates that Geneva is able
to capture a large set of higher-order logarithms for observables other than the jet resolution
variable T2 . In Fig. 2, we show our final results, including Pythia 8 hadronization, finding
excellent agreement with ALEPH and OPAL data.
Next we discuss the ongoing extension to hadronic collisions. We show first results for
pp → (Z/γ ∗ → `+ `− ) + jets, matching the 0- and 1-jet multiplicities, and using beam thrust, 13 as
the resolution parameter. An additional complication compared to the e+ e− case is the presence
of initial-state radiation. In the resummation, the collinear radiation from the incoming partons
is described by beam functions, which can be factorized into a convolution of the usual parton
distribution functions and perturbatively calculable coefficients. 13 In Fig. 3, we show Geneva
results at NNLL+LO1 for Drell-Yan production in pp collisions at Ecm = 8 TeV, sampling the
invariant mass Q of the `+ `− pair around the Z pole in the MZ ± 10 ΓZ interval. The agreement
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Figure 3: The Geneva partonic results for Drell-Yan production, compared to the analytic resummation of T0
matched to fixed order at NNLL+LO1 , in the peak (left), transition (center), and tail (right) regions.

of central values and theoretical uncertainties with the fixed-order calculation at large T0 and
with the NNLL analytic resummation at low T0 serves as a useful validation.
4

Conclusions

From the Monte Carlo perspective, the Geneva framework achieves the combination of higherorder resummation with multiple NLO calculations. From the resummation perspective, it
allows one to obtain fully differential results that correctly include the resummation of the jet
resolution variable to higher logarithmic accuracy.
We have presented results for e+ e− collisions, employing 2-jettiness as a resolution parameter. Using αs (mZ ) = 0.1135 together with tune 1 of Pythia 8, we obtain an excellent description
of ALEPH and OPAL data, both for thrust and for observables whose resummation structure
is distinct from that of 2-jettiness, namely C-parameter, heavy jet mass, and jet broadening.
The extension to pp collisions is in progress. Here, we have concentrated on the Drell-Yan
process at the LHC, using beam thrust as the jet resolution variable and showing the first steps
of such an implementation.
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PHOTON PRODUCTION AT THE LHC
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Laboratoire d’Annecy-le-Vieux de Physique des Particules, 9 chemin de Bellevue
74941 Annecy-le-Vieux, France
We review the lastest results on photon production at the LHC by the ATLAS and CMS
experiments obtained in proton-proton collisions with a center of mass energy of 7 TeV in
2010 and 2011, corresponding to a maximum integrated luminosity of 5 fb−1 . We compare
the prompt photon and photon-jet differential cross sections to theoretical predictions and
discuss their impact on the parton distribution functions of the proton. Di-photon differential
cross sections are also presented as a function of the di-photon invariant mass, transverse
momentum, azimuthal separation, and cos θ∗ .

1

Introduction

Photon production measurements at hadron colliders allow precise tests of perturbative QCD
predictions by providing a colorless probe of the hard scattering process 1 . Since the photon
originates directly from the hard interaction and does not undergo hadronization the environment tends to be cleaner than for jet production. These measurements can help to probe the
gluon content of the proton 2 as the prompt photon and photon-jet production is dominated by
quark-gluon fusion. In addition, isolated prompt photon production is the main background to
searches for new phenomena involving photons in the final state, most notably the Higgs boson
production via the H → γγ mechanism.
At the Large Hadron Collider 3 (LHC), a significant increase of center-of-mass energy with
respect to previous collider experiments allows for the exploration of new kinematic regions in
the hard scattering processes in hadron-hadron collisions. The photons considered in the analyses presented in this paper include all photons produced in p-p collisions, not originating from
secondary hadron decays. Isolated prompt photons are produced mainly through qg Compton
scattering, q q̄ annihilation, and in the fragmentation of partons with large transverse momentum. For di-photons the production is dominated by the q q̄ annihilation, the gg fusion and the
fragmentation of partons in association with a prompt photon.
Both the ATLAS 4 and CMS 5 Collaborations have performed measurements of the differential
cross section of isolated prompt photon, photon-jet and di-photon production with data collected
in 2010 and 2011. In this article we present the latest results from both experiments and compare
them with theoretical predictions from fixed order calculations and parton shower simulations.
2

Photon reconstruction and signal extraction

The photon energy and position are reconstructed from the clusters in the electromagnetic
calorimeter. In the case of converted photons, clusters can then be associated to one or two
tracks. After cluster reconstruction, the main background comes from the decay of neutral

Figure 1: Left: Measured (dots with error bars) and expected inclusive prompt photon cross section in the
ATLAS barrel η region 10 . The inner error bars on the data points show statistical uncertainties, while the full
error bars show statistical and systematic uncertainties added in quadrature. The next to leading order theory
prediction is shown as a shaded band which indicates theoretical uncertainties, while the leading order parton
shower Monte Carlo generators are shown as lines. Right: The ratios of the photon-jet triple-differential cross
section to the NLO QCD prediction using JETPHOX with the CT10 PDF set and scales, as measured by CMS 16
with 2.14 fb−1 . Errors show the statistical and systematic uncertainties added in quadrature. The two dotted
lines represent the effect of varying the theoretical scales. The shaded region is the CT10 PDF uncertainty. The
dash-dotted lines show the ratios of the SHERPA predictions to JETPHOX.

hadrons, such as π 0 mesons, into nearly collinear pairs of photons. This jet background contamination can be estimated using discriminating criteria, such as the profile of the electromagnetic
shower (identification) and the amount of energy surrounding the photon candidate (isolation).
For photon identification, ATLAS defines shower profile variables in the different layers of
its calorimeters while CMS uses a topological fit of the cluster shape. Photons are considered
isolated if the extra transverse energy within a cone of radius ∆R = 0.4 in η × φ (η is the
pseudorapidity along the z axis and φ is the azimuthal angle) centered around the photon, is
lower than typically a few GeV.
The signal is then extracted using a sideband technique in the identification-isolation plane
or with a template fit of the isolation profile. In both cases, efficiencies and profiles are taken
from Monte Carlo generators for the photon signal and extracted using data-driven approaches
for the jet background.
3

Isolated prompt photon production

The production cross section of isolated prompt photons is measured as a function of the transverse energy of the photon (ET ). ATLAS measurements in 2010, with 0.88 pb−1 , start as low as
10 GeV,6 while ATLAS and CMS results, with 35 pb−1 , use 50 and 25 GeV cuts, respectively,
due to the single photon trigger thresholds 8,7 . The most recent results from ATLAS cover
the kinematic range 100 ≤ ETγ ≤ 1000 GeV and uses the 2011 data set, corresponding to an
integrated luminosity of 4.71 fb−1 .
ATLAS and CMS results have been compared to next-to-leading order (NLO) calculations
from JETPHOX 11 and to parton shower Monte Carlo generator predictions from PYTHIA 12
and HERWIG,13 see figure 1 left. The highest disagreements are at low ET values, while above

100 GeV the data is systematically higher than the predictions. At very high ET (above 700 GeV)
the prediction uncertainties are dominated by the poorly determined gluon density.

4

Isolated photon plus jet production

The differential cross sections for isolated photons in association with jets are measured as
functions of the photon transverse energy in different regions of rapidity of the photon (and of
the leading jet for the CMS study). The chosen regions differ by the accessible x values and the
amount of the fragmentation component. ATLAS performed this measurement using 35 pb−1
from the 2010 data set 14 . While newer CMS results use 2.14 fb−1 from the 2011 data set 16 ,
see right plot of figure 1. Recently ATLAS extended the study by measuring also cross sections
in terms of other kinematic properties of the photon-jet system 15 : the leading-jet transverse
momentum and rapidity, the difference in azimuthal angle between the photon and the jet, the
photon-jet invariant mass and the cosine of the longitudinal angle difference.
The obtained distributions have been compared to JETPHOX, PYTHIA and SHERPA 17
predictions, and using different PDFs. The worst agreement is found for high jet rapidities but
still within uncertainties. The ATLAS 2010 results use a low trigger threshold allowing to scan
the ET range down to 25 GeV. In this low ET region, as in the single photon studies, JETPHOX
overestimates the data.

5

Isolated di-photon production

The differential cross section of di-photon production was measured as a function of four kinematic variables: the invariant mass and transverse momentum of the di-photon system, the
azimuthal separation between the two photons, and cos θ∗ . The first one is of obvious interest
for resonance searches, while the second and the third provide important information in the
study of higher order QCD perturbation and fragmentation. ATLAS defines cos θ∗ as the cosine
of the polar angle of the highest transverse momentum photon in the Collins-Soper di-photon
rest frame 18 . CMS makes use of the rapidity difference: cos θ∗ = tanh |∆yγγ |/2. Both definitions
are useful to investigate the spin of di-photon resonances.
The analyzed data set used by CMS consists of the 7 TeV p-p collisions recorded in the
year 2010,19 for an integrated luminosity of 36 pb−1 . ATLAS recently updated their results 20
with the data sample collected in 2011, corresponding to 4.9 fb−1 of integrated luminosity. The
signal extraction method is the same as for single photon analyzes, extended to two photons.
The largest background comes from jets decaying into neutral hadrons and is estimated as in
the single photon analyses. The second main background comes from Drell-Yan events and is
subtracted using electron to photon fake rates extracted from Z → ee and Z → eeγ events for
the 2011 analysis. For the 2010 analysis where the statistics is too low, Monte Carlo simulated
events are used.
The differential distribution obtained are compared to fixed order calculations from DIPHOX 21
and 2γNNLO,22 and parton shower Monte Carlo generators PYTHIA and SHERPA, see figure 2.
The Monte Carlo generators are rescaled to correspond to the measured integrated cross section, and are in good agreement. Except for large cos θ∗ values where all predictions tend to
underestimate the data. At low ET (and ∆φ ' π) the fixed-order calculations do not reproduce the data, due to the known infrared divergences from initial-state soft gluon radiation.
Everywhere else DIPHOX is missing NNLO contributions and clearly underestimates the data.
Thanks to the inclusion of NNLO terms, 2γNNLO is able to match the data very closely within
the uncertainties, except in limited regions where the neglected fragmentation component is still
significant after photon isolation requirements.

dσ/dmγ γ (pb/GeV)

CMS
s = 7 TeV, L = 36 pb-1
|η| < 1.44, ET,γ > 20, 23 GeV
Theory DIPHOX + GAMMA2MC
Measured
Stat. uncertainties
Stat. ⊕ syst. uncertainties
Theoretical scale uncertainties
PDF + αs uncertainties
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Figure 2: Left: Comparison between the ATLAS experimental cross sections and the predictions obtained with
DIPHOX+GAMMA2MC (NLO) and 2gNNLO (NNLO) for the di-photon invariant mass 20 . The black dots
correspond to data with with error bars for their total uncertainties, which are dominated by the systematic
component. The theoretical uncertainties include contributions from the limited size of the simulated sample, from
the renormalization and factorization scales choice and from uncertainties on the parton distribution functions and
on the hadronization and underlying event corrections. Right: Measured cross section of di-photon production
as a function of the invariant mass of the photon pair for photons within the pseudorapidity region |η| < 1.44,
as seen by CMS 19 . The inner and outer error bars on each point show the statistical and total experimental
uncertainties. The 4% uncertainty on the integrated luminosity is not included in the error bars. The dotted line
and shaded region represent the systematic uncertainties on the theoretical prediction from the theoretical scales
and the PDFs, respectively.

6

Constraining parton distribution functions with photon measurements

Precise determination of the parton distribution functions (PDFs) of the proton is an essential
input for phenomenological analyzes at the LHC. These PDFs are constrained using Deep Inelastic Scattering, jet production, Drell-Yan and W, Z production data. Photon data is usually
not included, as large discrepancies between data and theories at fixed-target energies, greatly
reduced their impact.
However, photon data is particularly sensitive to the gluon density, which is involved in a
large fraction of the scattering processes at the LHC. As a matter of fact, gluon-gluon fusion
is the dominant channel for the production of the SM Higgs boson, top-quark pairs or dijets,
to mention a few. Recent studies 23 have shown that in the new energy range reached by the
LHC, the isolated-photon theoretical prediction uncertainties are dominated by renormalization
and factorization scales, away from non-perturbative effects due to the collinear fragmentation
of final-state partons.
The impact of the available ATLAS and CMS photon and photon-jet measurements on the
gluon density, was quantified in recent studies 24,25 using NLO theoretical calculations from the
JETPHOX program combined with the NNPDF2.1 parton densities. The central value of the
gluon distribution itself is unmodified but its uncertainty could be reduced by up to 20 % around
x ' 0.02. This lead to an uncertainty reduction of up to 20% for low mass Higgs production in
the gluon-fusion channel.

7

Conclusion

ATLAS and CMS performed isolated-photon studies using the p-p collision data collected in
2010 and 2011. Both experiments have shown good agreement with theoretical calculations.
Furthermore, the available isolated-photon data could also provide constraints on the gluon
PDFs and thus on many relevant LHC processes, most importantly Higgs production in gluongluon fusion.
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QCD in 2D Flux Tube
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We show from the action integral that under the assumption of longitudinal dominance and
transverse confinement, QCD4 in (3+1) dimensional space-time can be approximately compactified into QCD2 in (1+1) dimensional space-time. In such a process, the relation between
the coupling constant g2D in QCD2 and the coupling constant g4D in QCD4 is derived. The
quark and gluon masses acquired in the compactification are obtained. They depend crucially
on the excitation of the partons in the transverse degrees of freedom.

1

Introduction

Previously, t’Hooft showed that in the limit of large Nc with fixed g 2 Nc in single-flavor quantum
chromodynamics in (3+1) dimensional space-time (QCD4 ), planar diagrams with quarks at
the edges dominate, whereas diagrams with the topology of a fermion loop or a wormhole are
associated with suppressing factors of 1/Nc and 1/Nc2 , respectively1 . In this case a simple-minded
perturbation expansion with respect to the coupling constant g cannot describe the spectrum,
while the 1/Nc expansion may be a reasonable concept, in spite of the fact that Nc is equal to 3
and is not very big. The dominance of the planar diagrams allows one to consider QCD in one
space and one time dimensions (QCD2 ) and the physics resembles those of the dual string or a
flux tube, with the physical spectrum of a straight Regge trajectory 2 . The properties of QCD in
two-dimensional space-time have been investigated by many workers 1,2,3 . The flux tube picture
of longitudinal dynamics manifests itself in various aspects of hadron spectroscopy 4 .
In the high-energy arena, the flux tube picture finds phenomenological applications in hadron
collisions and high-energy e− e+ annihilations 5,6,7,8,9 . In these high-energy processes, the (average) transverse hadron momenta of produced hadrons are observed to be limited, as appropriate
for particles confined in a flux tube. The idealization of the three-dimensional flux tube as a
one-dimensional string leads to the string fragmentation picture of particle production in (1+1)
space-time dimensions. The particle production description of Casher, Kogut, and Susskind 5
in (1+1) dimensional Abelian gauge theory led to results that mimics the dynamics of particle
production in hadron collisions and in the annihilation of e+ e− pairs at high energies. Furthermore, the Lund model of classical string fragmentation has been quite successful in describing
quantitatively the process of particle production in these high energy processes 6,7,8,9 .
With the successes of lower-dimensional descriptions of high-energy collision processes in
QCD, we would like to examine the circumstances in high-energy processes under which QCD4
in (3+1) dimensions can be compactified into QCD2 in (1+1) dimensions, if one starts with

the QCD4 action integral. In such a process, we will be able to find out how quantities in the
compactified QCD2 can be related to quantities in QCD4 . The success of the compactification
program will facilitate the examination of some problems in QCD4 in the simpler dynamics of
QCD2 .
4D → 2D Compactification in the Action Integral

2

The 4D-action A resides in (3+1) dimensional space-time. There are however environments
which allow the compactification of the 4D action to reside in two-dimensional (1+1) spacetime, within which the dynamics can be greatly simplified.
We note that in hadron collisions and e− e+ annihilations at high energies, the string fragmentation process occurs when a valence quark pulls apart from a valence antiquark longitudinally
at high energies. It is therefore reasonable to conceive that the QCD4 compactification can take
place under the dominance of longitudinal dynamics, not only of the leading valence quark and
antiquark pair, but also the produced q q̄ parton pairs. In the Lorentz gauge, as Aν is proportional to the current jν , the gauge field components Aa1 and Aa2 along the transverse direction
are then small in magnitude in comparison with those of Aa0 and Aa3 and can be neglected. The
absence of the transverse gauge fields provides a needed simplification for compactification.
The spatially one-dimensional string being an idealization of a more realistic three-dimensional
flux-tube, the description of produced q q̄ parton pairs within the string presumes the confinement of these produced partons inside the string. Hence, it is reasonable to conceive further that
the QCD4 compactification takes place under transverse confinement. We can describe transverse confinement in terms of a confining scalar interaction S(r⊥ ) and the quark mass function
is then m(r⊥ ) = m0 + S(r⊥ ), where m0 is the quark rest mass.
Therefore, under the assumption of longitudinal dominance and transverse confinement, the
SU(N) gauge invariant action integral in (3+1) Minkowski space-time is given by 10 :
A=

Z

(

h

d4 x T r Ψ̄(x)



µ
(i∂µ
γ4D

+ g4D Ta Aaµ (x)) − m(r⊥ )



)

1 a
Ψ(x) − Fµν
(x) Faµν (x) ,
4
i

a
a
Fµν
(x) = ∂µ Aaν (x) − ∂ν Aaµ (x) + g4D fbc
Abµ (x) Acν (x),

(1)

(2)

where Aaµ (x) and Ψ(x) are gauge and fermion fields respectively with coordinates x ≡ xµ =
(x0 , x) = (x0 , x1 , x2 , x3 ) and transverse coordinates r⊥ = (x1 , x2 ), g4D is the coupling constant,
ν are the stanadard Dirac matrices, and T are the generators of the SU(N) group.
γ4D
a
2.1

Fermion part of the action integral

We first examine AF , the fermion part of the 4D action integral in Eq. (1) that involves the
fermion field. To carry out the compactification, we write the Dirac fermion field Ψ(x) in terms
of functions G± (~r⊥ ) and f± (x0 , x3 ) 7 :


1 

Ψ(x) = √ 
2

G1 (r⊥ ) f+ (x0 ; x3 ) + f− (x0 ; x3 ) 
−G2 (r⊥ ) f+ (x0 ; x3 ) − f− (x0 ; x3 )
G1 (r⊥ ) f+ (x0 ; x3 ) − f− (x0 ; x3 )
G2 (r⊥ ) f+ (x0 ; x3 ) + f− (x0 ; x3 )





.


(3)

Using this explicit form of the Dirac fermion field Ψ(x), we carry out the simplifications and
integrations over x1 and x2 that eventually lead from AF to AF (2D),
AF (2D) = T r

Z

d2 X Ψ̄(X)

h



i

iγ µ ∂µ + g2D γ µ Ta Aaµ (X) − mqT Ψ(X),

(4)

where µ = 0, 3, and we have introduced the Dirac fermion field Ψ(X), γ-matrices, and metric
tensor gµν , according to the following specifications in (1+1)-dimensional space-time in QCD2 ,
Ψ(X) =


γ0 = 

!

f+ (X)
f− (X)
1



0



γ3 = 


,



−1

0

X = (x0 , x3 ),

,

0

1



−1

0

(5)





,

gµν = 

1



0



0

−1


.

(6)

The 2D coupling constant g2D is related to 4D coupling constant g4D by
Z

g2D =

dx1 dx2 g4D [|G1 (r⊥ )|2 + |G2 (r⊥ )|2 ]3/2 ,

(7)

where the transverse wave functions G1,2 (r⊥ ) are normalized according to
Z





dx1 dx2 |G1 (r⊥ )|2 + |G2 (r⊥ )|2 = 1.

(8)

The transverse quark mass mqT in Eq. (4) is given by
Z

mqT =

n





o

dx1 dx2 m(r⊥ ) |G1 (r⊥ )|2 − |G2 (r⊥ )|2 + [(G∗1 (r⊥ )(p1 − ip2 )G2 (r⊥ )) − h.c.] .

(9)

In obtaining these results, we have considered 2D gauge fields Aaµ (2D, x0 , x3 ) ≡ Aaµ (2D) ≡
Aaµ (X) related to the 4D-field gauge fields Aaµ (x0 , x3 , r⊥ ) by
q

Aaµ (x0 , x3 , r⊥ ) =

|G1 (r⊥ )|2 + |G2 (r⊥ )|2 Aaµ (X),

µ = 0, 3.

(10)

The above equation means that along with the confinement of the fermions, for which the wave
function G1,2 (r⊥ ) is confined within a finite region of transverse coordinates r⊥ , we also consider
the confinement of the gauge field Aaµ (X), µ = 0, 3, within the same finite region of transverse
coordinates, as in the case for a flux tube.
The result of Eq. (7) reveals that as a result of the compactification of QCD4 , the coupling
constant g(2D) in lower dimensional space in QCD2 acquires the dimension of a mass, and
is related to the confining wave functions of the fermions. Fermions in different excited states
inside the tube will have different coupling constants as indicated in Eq. (7). The effective quark
mass mqT also depends on the transverse fermion wave functions, as indicated in Eq. (9). In
the lower two-dimensional space-time, fermions in excited transverse states have a quark mass
different from those in the ground transverse states.
2.2

Gauge field part of the action integral

To go from AF to AF (2D) we have assumed that the currents in the x0 and x3 directions are
much larger in magnitude than the currents in the transverse directions so that Aa1 and Aa2 are
small in comparison and can be neglected. As a consequence, F12 = 0 (we omit the superscript
symbol a (color) for simplicity). The evaluation of all other components of Fµν give for the
gauge field part of the action integral
Z

d4 x
4

a
Fµν
Faµν =

−

Z

Z

dx0 dx3
4

Z

dx0 dx3
4
1

dx dx

Z

2



a
dx1 dx2 (|G1 (r⊥ )|2 + |G2 (r⊥ )|2 )F03
(2D)Fa03 (2D)
2

2 1/2 2

{∂1 [|G1 (r⊥ )| + |G2 (r⊥ )| ]

2

2 1/2 2

} + {∂2 [|G1 (r⊥ )| + |G2 (r⊥ )| ]

×[A0 (2D, x0 , x3 )A0 (2D, x0 , x3 ) + A3 (2D, x0 , x3 )A3 (2D, x0 , x3 )].



}

(11)

It is useful to introduce the gluon mass mgT that arises from the confinement of the gluons in
the transverse direction,
m2gT

1
=
2

Z


n
dx1 dx2  ∂1

2
X

!1/2

|Gi (r⊥ )|2

i=1

o2

n

+ ∂2

2
X

!1/2

|Gi (r⊥ )|2


o2

.

(12)

i=1

As this gluon mass mgT arises from the confinement compactification of the gluon within the flux
tube, we can call such a mass the compactification mass of the gluon. Equation (11) becomes
dx0 dx3
d4 x a
a
F03
(2D)Fa03 (2D) − 2m2gT [Aaµ (X)Aµa (X)] (13)
Fµν (4D) Faµν (4D) =
4
4
We collect all the fermion and gauge field parts of the action integral in A(4D) in Eq. (1). All
terms in the action integral A(4D) (including matrices and coefficients) are in the Minkowski
(1 + 1) dimensional space-time. We can rename the action integral A(4D) to be A(2D) given
explicitly by11


Z

Z

A(2D) =

Z

(
2

d X

"











T r Ψ̄(X) γ k i∂µ + g2D Ta Aaµ (X) − mqT Ψ(X)
)

1 a
1
− Fµν
(2D) Faµν (2D) + m2gT [Aµa (X)Aaµ (X)] .
4
2

(14)

Thus, in the presence of longitudinal dominance and transverse confinement, we succeed in
compactifying the action integral from A(4D) in QCD4 to A(2D) in QCD2 , by introducing g2D ,
mqT , and mgT that contain information about the transverse profile. All the transverse flux
tube information is subsumed under these quantities. In this way, the 2D gauge field appears
to be massive where mgT and mgT arise as a consequence of the transverse confining motion of
both fermion and gauge fields. The physical explanation of such effect consists in the decrease
of the number of trajectories in moving from one point of the space to another point, as a
direct consequence of compactification. Such constraints in movement manifest themselves as
masses of field particles. The magnitudes of mqT and mgT depend strongly on the kind of the
compactification that is dictated by the transverse functions G1 (r⊥ ) and G2 (r⊥ ) (see Eqs.(9)
and (12)).
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Dipartimento di Fisica, Università di Pisa, and INFN, Sezione di Pisa,
Largo Pontecorvo 3, I-56127 Pisa, Italy
b
Institute of Nuclear Research of the Hungarian Academy of Sciences (ATOMKI),
Bem tér 18/c, H-4026 Debrecen, Hungary
c
Institut für Theoretische Physik, Universität Zürich, 8057 Zürich, Switzerland
We will show how a universal and Froissart-like (i.e., of the kind B log2 s) hadron-hadron total
cross section can emerge in QCD asymptotically at high energy, finding indications for this
behavior from the lattice. The functional integral approach provides the “natural” setting for
achieving this result, since it encodes the energy dependence of hadronic scattering amplitudes
in a single elementary object, i.e., a proper correlation function of two Wilson loops.

1

Introduction

√
Present-day experimental observations (up to a center-of-mass total energy s = 7 TeV, reached
at the LHC pp collider 1 ) seem to support the following asymptotic high-energy behavior of
(hh)
hadronic total cross sections: σtot
(s) ∼ B log2 s, with a universal (i.e., not depending on the
particular hadrons involved) coefficient B ' 0.3 mb. 2 This behavior is consistent with the well(hh)
known Froissart-Lukaszuk-Martin (FLM) theorem 3 , according to which, for s → ∞, σtot
(s) ≤
2
2
(π/mπ ) log (s/s0 ), where mπ is the pion mass and s0 is an unspecified squared mass scale. As
we believe QCD to be the fundamental theory of strong interactions, we also expect that it
correctly predicts from first principles the behavior of hadronic total cross sections. However,
in spite of all the efforts, a satisfactory solution to this problem is still lacking. (For some
theoretical supports to the universality of B, see Ref. 4 and references therein.)
This problem is part of the more general problem of high-energy elastic scattering at low
transferred momentum, the so-called soft high-energy scattering. As soft high-energy processes possess two different energy scales, the total center-of-mass energy squared s and the
transferred momentum squared t, smaller than the typical energy scale of strong interactions
(|t| . 1 GeV2  s), we cannot fully rely on perturbation theory (PT). A nonperturbative (NP)
functional-integral approach in the framework of QCD has been proposed in Ref. 5 and further
developed in Ref. 6 In this approach, for example, the elastic scattering amplitude M(hh) of two
mesons, of the same mass m for simplicity, can be reconstructed from the scattering amplitude
M(dd) of two dipoles of fixed transverse sizes ~r1,2⊥ , and fixed longitudinal-momentum fractions
f1,2 of the quarks in the two dipoles, after folding with squared wave functions ρ1,2 = |ψ1,2 |2
describing the interacting hadrons, 6
R
M(hh) (s, t) = d2 ν ρ1 (ν1 )ρ2 (ν2 )M(dd) (s, t; ν1 , ν2 ) ≡ hhM(dd) (s, t; 1, 2)ii,
(1)
R
R 2
R1
2
where
R νi = (~ri⊥ , fi ) denotes collectively the dipole variables, d ν = dν1 dν2 , dνi = d ~ri⊥ 0 dfi ,
and dνi ρi (νi ) = 1. In turn, the dipole-dipole (dd ) scattering amplitude is obtained from the

(properly normalized) correlation function (CF) of two Wilson loops (WL) in the fundamental representation, defined in Minkowski spacetime, running along the paths made up of the
quark and antiquark classical straight-line trajectories, and thus forming a hyperbolic angle
χ ' log(s/m2 ) in the longitudinal plane. The paths are cut at proper times ±T as an infrared regularization, and closed by straight-line “links” in the transverse plane, in order to
ensure gauge invariance; eventually, T → ∞. It has been shown in Refs. 7,8,9 that the relevant
Minkowskian CF GM (χ; T ; ~z⊥ ; ν1 , ν2 ) (~z⊥ being the impact parameter, i.e., the transverse separation between the two dipoles) can be reconstructed, by means of analytic continuation, from
the Euclidean CF of two Euclidean WL, GE (θ; T ; ~z⊥ ; ν1 , ν2 ) ≡ hW1(T ) W2(T ) i/(hW1(T ) ihW2(T ) i) − 1,
where h. . .i is the average in the senseH of the Euclidean QCD functional integral. The Eu(T )
clidean WL W1,2
= Nc−1 Tr{T exp[−ig C1,2 Aµ (x)dxµ ]} are calculated on the following quark
pi
[q]-antiquark [q̄] straight-line paths, Ci : Xiq[q̄] (τ ) = zi + m
τ + fiq[q̄] ri , with τ ∈ [−T, T ], and closed
by straight-line paths in the transverse plane at τ = ±T . Here p1,2 = m(± sin 2θ , ~0⊥ , cos 2θ ), θ
being the angle formed by the two Euclidean trajectories (i.e., p1 · p2 = m2 cos θ), ri = (0, ~ri⊥ , 0),
zi = δi1 (0, ~z⊥ , 0) and fiq ≡ 1 − fi , fiq̄ ≡ −fi . We define also the CFs with the infrared cutoff
removed as CE,M ≡ limT →∞ GE,M . The dd scattering amplitude is then obtained from CE (θ; . . .)
[with θ ∈ (0, π)] by means of analytic continuation as (t = −|~q⊥ |2 )
R
M(dd) (s, t; ν1 , ν2 ) ≡ −i 2s d2~z⊥ ei~q⊥ ·~z⊥ CM (χ; ~z⊥ ; ν1 , ν2 )
R
(2)
= −i 2s d2~z⊥ ei~q⊥ ·~z⊥ CE (θ → −iχ; ~z⊥ ; ν1 , ν2 ).

In Refs. 10,11 the CF CE were calculated in quenched QCD by Monte Carlo simulations in Lattice
Gauge Theory (LGT), at lattice spacing a(β = 6) ' 0.1 fm, on a 164 hypercubic lattice, using
loops of transverse size a at angles cot θ = 0, ± 21 , ±1, ±2 and transverse distances d ≡ |~z⊥ |/a =
0, 1, 2. The longitudinal-momentum fractions were set to f1,2 = 21 without loss of generality 11
and different configurations in the transverse plane were studied, including the one relevant to
meson-meson scattering, that is the average over the transverse orientations (“ave”).
Numerical simulations of LGT provide (within the errors) the true QCD expectation for CE ;
approximate analytical calculations of CE have then to be compared with the lattice data, in order to test the goodness of the approximations involved. CE has been evaluated in the Stochastic
1
2
(SVM)
(PT)
= 32 e− 3 KS cot θ + 13 e 3 KS cot θ − 1, in PT, 8,12,13 CE
Vacuum Model (SVM), 12 CE
= Kp cot2 θ, in
(ILM)
K
the Instanton Liquid Model (ILM), 11,14 CE = sinIθ , and, using the AdS/CFT correspondence,
K1

(AdS/CFT)
= e sin θ +K2 cot θ+K3 cos θ cot θ −1.
for planar, strongly coupled N = 4 SYM at large |~z⊥ |, 15 CE
The coefficients Ki = Ki (~z⊥ ; ν1 , ν2 ) are functions of ~z⊥ and of the dipole variables ~ri⊥ , fi . The
comparison of the lattice data with these analytical calculations, performed in Ref. 10 by fitting
the lattice data with the corresponding functional form, is not fully satisfactory, even though
largely improved best fits have been obtained by combining the ILM and PT expressions into the
K
(ILMp)
expression CE
= sinIp1θ + KIp2 cot2 θ. Regarding the energy dependence of total cross sections,
the above analytical models are absolutely unsatisfactory, as they do not lead to Froissart-like
total cross sections at high energy, as experimental data seem to suggest. Infact, the SVM, PT,
(hh)
ILM and ILMp parameterizations lead to asymptotically constant σtot
, while the AdS/CFT
(hh) 16
result leads to power-like σtot .

2

How a Froissart-like total cross section can be obtained

One is thus motivated to look for new parameterizations of the CF that: i) fit well the data; ii)
satisfy the unitarity condition after analytic continuation; and iii) lead to total cross sections
rising as B log2 s in the high-energy limit. 17 Regarding unitarity, from (1) and (2) one recognizes
that the quantity A(s, |~z⊥ |) ≡ hhCM (χ; ~z⊥ ; 1, 2)ii is the scattering amplitude
R in impact-parameter
18
space, which must satisfy the unitarity constraint |A + 1| ≤ 1. Since dνi ρi (νi ) = 1, this is
the case if the following sufficient condition is satisfied: |CM (χ; ~z⊥ ; ν1 , ν2 ) + 1| ≤ 1, ∀~z⊥ , ν1 , ν2 .

The conditions above constrain rather strongly the possible parameterizations. We shall assume
that the Euclidean CF can be written as CE = exp KE −1, where KE = KE (θ; ~z⊥ ; ν1 , ν2 ) is a real
function (since CE is real 10 ). This assumption is rather well justified: in the large-Nc expansion,
CE ∼ O(1/Nc2 ), so that CE + 1 ≥ 0 is certainly satisfied for large Nc ; all the known analytical
models satisfy it; the lattice data of Refs. 10,11 confirm it. The Minkowskian CF is then obtained
after analytic continuation: CM = exp KM − 1, with KM (χ; . . .) = KE (θ → −iχ; . . .). At large
χ, CM is expected to obey the above-mentioned unitarity condition, which in this case reduces
to ReKM ≤ 0 ∀~z⊥ , ν1 , ν2 .
P
For a confining theory like QCD, CE is expected to decay exponentially as CE ∼ ( ) e−µ|~z⊥ |
at large |~z⊥ |, with mass scales µ related to the masses of particles (including, possibly, also
glueballs 19 ) exchanged between
P the two WL. Therefore, one also expects a similar large-|~z⊥ |
behavior for KE , i.e., KE ∼ ( ) e−µ|~z⊥ | . (Instead, for a non-confining, let’s say conformal, field
theory, different behaviors like powers of 1/|~z⊥ | are typical. 15,16 )
Let us now assume that
 the leading term of the Minkowskian CF for χ → +∞ is of the form
CM ∼ exp i β f (χ) e−µ|~z⊥ | − 1 (i.e., KM ∼ i β f (χ) e−µ|~z⊥ | ) where β = β(ν1 , ν2 ) is a function of
the dipole variables and f (χ) is a real function such that f (χ) → +∞ for χ → +∞. In this case,
the unitarity condition is equivalent (for large χ) to Imβ ≥ 0. By virtue of the optical theorem,
(hh)
(hh)
σtot
(s) ∼ s−1 ImM(hh) (s, t = 0), we find σtot
∼ 4πµ−2 hh 21 log2 f (χ) + log f (χ)(log |β| + γ) + . . .ii.
(hh)
p
nχ
If one takes f (χ) = χ e , the resulting asymptotic behavior of σtot
is [recall χ ' log(s/m2 )] 17
(hh)

σtot ∼ B log2 s,

with:

B=

2πn2
.
µ2

(3)

We want to emphasize that the above result is universal, depending only on the mass scale µ,
which sets the large-|~z⊥ | dependence of the leading term of the CF, since the integration over
the dipole variables does not affect the leading term. The universal coefficient B is not affected
by the masses of the scattering particles: for mesons of masses m1,2 , the rapidity becomes
χ ∼ log( m1sm2 ), which simply corresponds to a change of the energy scale implicitly contained
in (3). This result can also be extended to the case in which KM is, for large χ, the sum
of different terms, each
like the one discussed above, but with different values of n
P behaving
p
n
χ
k
k
and µ, i.e., KM ∼ i k βk χ e e−µk |~z⊥ | : the resulting B comes out to be determined by the
maximum value of the ratio n/µ among these terms, i.e., B = 2π maxk ( nµkk )2 . From a physical
point of view, one expects that particles with mass M and spin J, exchanged between the two
WL, contribute with µ = M and n = J − 1: in fact, in this case the factor enχ reduces to the
well-known factor sJ−1 , expected for the contribution of an exchanged particle of spin J. 20
3

New analysis of the lattice data

(i)
= exp KE(i) − 1, i = 1, 2, 3 (among the
In Ref. 17 we have found three parameterizations CE
many that we have analyzed), that satisfy the criteria i)–iii) listed above. We have focused our
analysis on the averaged CF C ave , that is “closer” to the hadronic scattering matrix M(hh) .
(2)
K1
K1
2
The first two parameterizations, KE(1) = sin
θ + K2 cot θ + K3 cos θ cot θ and KE = sin θ +
π
K2 ( 2 − θ) cot θ + K3 cos θ cot θ, are essentially two proper modifications of the AdS/CFT result.
K1
π
3
The third parameterization is, instead, KE(3) = sin
θ + K2 ( 2 − θ) cos θ: while the first term is
“familiar”, the second one is not present in the known analytical models, but it is a fact that
(i)
the resulting best fit is extremely good. In the three cases, the unitarity condition ReKM
≤ 0 is
satisfied if K2 ≥ 0: this is actually the case for our best fits (within the errors). The leading term
after analytic continuation (the third term in the first two parameterizations K (1) and K (2) and
the second term in the parameterization K (3) ) is of the form χp eχ for large χ, which, according
to the previous discussion, should correspond to an exchanged particle of spin J = 2 (being
(hh)
n = 1), and, according to (3), leads to σtot
∼ B log2 s. The value of B = 2π/µ2 , obtained
through a fit of the coefficient of the leading term with an exponential function ∼ e−µ|~z⊥ | over
the available distances, is found to be compatible with the experimental result Bexp ' 0.3 mb

Table 1: Mass-scale µ, “decay length” λ = 1/µ and the coefficient B = 2π/µ2 obtained with our parameterizations.

Corr 1
Corr 2
Corr 3

µ (GeV)
4.64(2.38)
3.79(1.46)
3.18(98)

λ = µ1 (fm)
0.042+0.045
−0.014
0.052+0.032
−0.014
0.062+0.028
−0.015

B = 2π
(mb)
µ2
+0.364
0.113−0.037
0.170+0.277
−0.081
0.245+0.263
−0.100

(within the large errors) in all the three cases (see Table 1). However, this must
p be taken only
as an estimate, as lattice data are available only for small |~z⊥ |. Since µexp = 2π/Bexp ' 2.85
GeV is close to the value of the mass for the glueball 2++ , 19 one could be tempted to conclude,
on the basis of the results that we have found, that B is determined by the mass of this glueball.
But this is maybe still a premature conclusion: work is in progress along this direction. 20
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W/Z+Jets and W/Z+HF Production at the Tevatron
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The CDF and D0 collaborations performed a comprehensive study of the production of vector
bosons, W and Z, in association with energetic jets. Understanding the W/Z + jets and
W/Z + c, b-jets processes is of paramount importance for the top quark physics, for the Higgs
boson measurements, and for many new physics searches. In this contribution the most recent
measurements of the associated production of jets and vector bosons in Run II at the Tevatron
are presented. The measurements are compared to different perturbative QCD predictions and
to several Monte Carlo generators.

1

Introduction

The study of the production of electroweak bosons in association with jets of hadrons constitutes
a fundamental item in the high-pT physics program at the Tevatron. Vector bosons plus jets
final states are a major background to many interesting physics processes like single and pair top
quarks production, Higgs, and super-symmetry. Precise measurements of W/Z + jets production
provide a stringent test of perturbative QCD predictions [1–5] at high Q2 , and offer the possibility
to validate Monte Carlo simulation tools [6–11]. The latest vector boson plus jets results at the
Tevatron are reviewed and discussed.
2

W/Z + jets measurements

The CDF experiment recently measured Z + jets production cross sections with the full Tevatron
run II dataset, corresponding to 9.64 fb−1 of integrated luminosity [12]. Differential cross sections
as a function of several variables have been measured, including jet pT , jet rapidity and jet
jet P jet
multiplicity, angular variables like di-jet ∆φ and ∆y, and HT =
pT . Events are required
to have two electrons or muons with a reconstructed invariant mass in the range 66 6 MZ 6
116 GeV/c2 around the Z boson mass. Jets are clustered with the Midpoint algorithm [13] in
a cone radius of 0.7, and are required to have pT > 30 GeV/c and |y| 6 2.1. The background
estimation is performed both with data-driven and Monte Carlo techniques, the QCD and W+jet
a

formerly IFAE - Barcelona

backgrounds are estimated from data, other backgrounds contributions like tt̄, diboson and
Z/γ ∗ → τ + τ − are estimated from Monte Carlo simulation. The cross sections are unfolded back
to the particle level accounting for acceptance and smearing effects employing alpgen+pythia
Monte Carlo. The measured cross sections are compared to predictions from the Monte Carlo
event generators alpgen+pythia [6], powheg+pythia [7], and to the fixed order perturbative
QCD predictions mcfm [2], blackhat+sherpa [3], loopsim+mcfm [4] and to a fixed order
prediction including NLO EW corrections [5]. Fixed order predictions include parton-to-particle
correction factors that account for the non-perturbative underlying event and fragmentation
effects, estimated with alpgen+pythia Monte Carlo simulation. Figure 1 shows the measured
jet
cross section as a function of HT in Z/γ ∗ + > 1 jet events.
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Figure 1: Measured differential cross sections as a function of HT in Z/γ ∗ + > 1 jet events. Data (black dots)
are compared to loopsim prediction (open circles). The shaded bands show the total systematic uncertainty,
except for the 5.8% luminosity uncertainty, the blue area represents simultaneous variation of renormalization
and factorization scales.

A new measurement of W → eν + jets production cross section has been performed with
the D0 experiment with 3.7 fb−1 of integrated luminosity [14], including a comprehensive study
of several kinematics variables. Events are selected with a reconstructed electron of pT > 15
GeV/c and |η| 6 1.1, the transverse mass of the W, reconstructed with the electron and 6 ET ,
is required to be MTW > 40 GeV/c2 , jets are reconstructed with the Midpoint algorithm in a
radius R = 0.5 and required to have pT > 20 GeV/c and |y| 6 3.2. Data are compared to several
Monte Carlo generators, alpgen+pythia, alpgen+herwig [6], pythia [8], herwig [9] and
sherpa [10], to perturbative NLO QCD predictions from blackhat+sherpa [3], and to the
all order resummed prediction hej [11]. Figure 2 shows the average number of jets and the
probability of third jet emission as a function of the ∆y between the most rapidity-separated
jets, in events with W → eν+ > 2 jets.
3

W/Z + heavy flavor jets production

The measurement of vector boson production with associated heavy flavor jets provides an
important test of perturbative QCD predictions, and can be used to improve the determination
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Figure 2: Measured average number of jets (left) and probability of third jet emission (right) as a function of
the ∆y between the most rapidity-separated jets, in events with W → eν+ > 2 jets. Data (open black dots) are
compared to several Monte Carlo generators and predictions. The lower pane shows the theory/data ratio.

of PDF. Understanding these processes is also critical for the measurement of Higgs boson
production in association with a W or Z and in the search for SUSY.
The W + charm production cross section has been measured by CDF with 4.3 fb−1 of
integrated luminosity [15]. Charm jets are identified with an algorithm which identifies soft
leptons coming from the semileptonic decay of the charm. The measurement exploits the charge
correlation between the soft lepton and the lepton coming from the leptonic decay of the W to
reduce the background contamination. The measured cross section of 13.6±2.2(stat)+2.3
−1.9 (syst)±
1.1(lum) pb is in good agreement with the NLO prediction of 11.4 ± 1.3 pb from MCFM.
The W + b-jet cross section has been measured by D0 with 6 fb−1 of integrated luminosity
[16]. W → eν and W → µν decay channels are combined, and a multivariate technique is used
to identify b-jets. The measured cross section of 1.05 ± 0.12 pb is in good agreement with the
perturbative QCD NLO prediction from MCFM of 1.34+0.41
−0.34 pb, and consistent with predictions
from the Monte Carlo generators sherpa (1.08 pb) and madgraph (1.44 pb).
The CDF and D0 collaborations recently measured differential cross sections of Z + b-jet
production with the full Tevatron run II dataset [17, 18], with integrated luminosities corresponding to 9.7 fb−1 and 9.13 fb−1 respectively. Figure 3 shows the measured cross sections
unfolded to particle level and compared to NLO perturbative QCD predictions from MCFM
and Monte Carlo generators sherpa and alpgen+pythia. The measured cross sections are in
reasonable agreement with theory, within large experimental and theoretical uncertainties.
Summary
W/Z + jets and W/Z + heavy flavor measurements belong to the Tevatron legacy. All the
measurements are in general good agreement with the perturbative NLO QCD predictions, in the
tail of some distributions like HTjet and di-jet ∆y the inclusion of higher order corrections improves
the agreement between data and theory. Detailed studies of differential distributions in W/Z
+ jets and W/Z + heavy flavour production provide an important test of the different Monte
Carlo generators and theoretical predictions, and a fundamental validation of the background
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Figure 3: Measured Z + b-jet differential cross sections as a function of b-jet pT with the CDF (left) and D0
(right) detectors. Data (black dots) are compared to MCFM NLO prediction and Monte Carlo generators.

modeling of such processes in the search for new physics.
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Vector boson production in association with jets and heavy flavor quarks at the LHC
Konstantinos Theofilatos (on behalf of the CMS and ATLAS Collaborations)
Institute for Particle Physics
ETH Zürich, Switzerland
The associated production of jets and vector bosons allows for stringent tests of perturbative
QCD calculations and is sensitive to the possible presence of new physics beyond the Standard
Model. The mechanism of production of heavy quarks in association with a W or a Z, in
particular, is only partially understood. A measurement of jet production rates in association
with W and Z bosons in proton-proton collisions at a 7 TeV center-of-mass energy is presented,
using LHC data recorded by the CMS and ATLAS experiments.

Vector bosons (V = W or Z) produced in association with jets (V + jets) provide a precise way
to test pertubative QCD predictions. The small theoretical uncertainty on the V + jets production
together with the small experimental uncertainty on the selection of the V + jets signal, makes it
possible to study higher order pertubative effects and parton distribution functions (PDFs). The
V + jets signal itself is a background process in searches for new physics phenomena, therefore a
good understanding of it is vital for searches at the LHC. Measurements from CMS 1 and ATLAS 2
√
using 5/fb data at s = 7 TeV collected during 2011 are reported.
The experimental results are corrected for detector effects and are compared with predictions
from Blackhat 3 , Powheg 5 , aMC@NLO 4 , MCFM 6 , Madgraph 7 , Alpgen 8 and Sherpa 9 . The leading
order (LO) matrix element (ME) Monte Carlo (MC) event generators are interfaced with Pythia 11
and HERWIG 12 for parton showering (PS) with the exception of Sherpa which uses its own builtin PS. The NLO ME calculations from Powheg and aMC@NLO are interfaced with Pythia and
HERWIG and their predictions are provided at particle level (NLO+PS). The MC samples from
Madgraph, Alpgen and Sherpa have been normalized, for the inclusive V production, to the nextto-next-to-leading-order (NNLO) cross section calculated with FEWZ 10 . Details on the exact MC
configurations including the used PDFs and the choice of scales can be found in the cited articles.
The jet multiplicity in Z + jets data (Fig. 1 left) is well predicted by BlackHat+Sherpa parton
level NLO calculation (up to four hard partons). The NLO+PS prediction from aMC@NLO is
NLO for the inclusive Drell–Yan production and is only LO for the Z + 1-jet (Fig. 1 left). The
complexity of an exact ME calculation increases dramatically as a function of Njets . While an exact
ME calculation is available here, to LO for up to five partons, jet multiplicity in data extends to
Njets ≥ 6. The PS seems (within uncertainties) capable of filling the phase space in terms of
event rate as a function of Njets . Azimuthal correlations ∆φ(Z, ji ) and ∆φ(ji , jj ) for Njets ≥ 3
are measured in an attempt to complement the picture in terms of angular properties (Fig. 2).
Predictions from NLO+PS for the Z + 1−jet final state are of particular interest here, and show
agreement with Njets ≥ 3 data despite the fact that, beyond the subleading jet, additional radiation
comes exclusively from PS. High jet multiplicity implies a large scale and an increased phase space
available for parton emission. An inclusive observable of high interest, in LHC searches, is the
Z transverse momentum (Fig. 1 right) which shows a systematic trend as a function of pZT for
the ME+PS comparisons. ME+PS predicts a higher event yield than what is observed in data,
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Figure 1: Cross section measured as a function of the jet multiplicity (left) and the transverse momentum of the Z
boson (right).

the size of this effect is consistent with the reduction of the Z + jets cross section due to higherorder electroweak corrections 19 . In searches for new physics with jets and invisible energy that
have Z → νν as irreducible background, a systematic effect of this order will decrease the discovery
potential of the smallest signals of interest. The Z + jets picture is completed with the measurement
of the rapidity distributions of the Z and the leading jet which are found to be in good agreement
(< 5%) with theory 15 . However, an interesting behavior is observed in the rapidity variables
Ysum = 0.5(YZ + Yjet ) and Ydiff = 0.5(YZ − Yjet ), which rely on a proper theoretical description of
the correlations between YZ and Yjet (Fig. 3). The Ysum and Ydiff distributions show different level
of agreement between the different implementations of ME+PS, while they agree with the NLO
prediction.
(a)

CMS, s = 7 TeV, L = 5.0 fb-1
*

+-

Z/γ → l l , pZ > 0 GeV, N

jets

T

≥3

Data
MADGRAPH

102

Δφ(Z,j )
1

x100

SHERPA
POWHEG (Z+1j)
PYTHIA6

(Z2)

1/σ dσ/d(Δφ) [1/rad]

1/σ dσ/d(Δφ) [1/rad]

(a)

CMS, s = 7 TeV, L = 5.0 fb-1
*

+-

Z/γ → l l , pZ > 0 GeV, N

jets

T

≥3
Δφ(j ,j )

Data
MADGRAPH

102

1 2

x100

SHERPA
POWHEG (Z+1j)
PYTHIA6

(Z2)

Δφ(j ,j )
1 3

10

Δφ(Z,j )
2

10

x10

x10

1

0

Δφ(Z,j )
3

0.5

1

1.5

2

2.5

3

Δφ(Z,j )[rad]
i

1

Δφ(j ,j )
2 3

0

0.5

1

1.5

2

2.5

3

Δφ(j ,j )[rad]
i j

Figure 2: Cross section measured as a function of the azimuthal correlations ∆φ(Z, ji ) (left) and ∆φ(ji , jj ) (right)
for Njets ≥ 3.

The question of whether the strange content of the proton is suppressed with respect to the
light quarks, is directly assessed here with the measurement of the W plus charm cross section and
the ratio of σ(W+ + c̄)/σ(W− + c). The measurements are consistent with the strange suppression
s/d ≤ 0.5 which is predicted by MSTW08, CT10 and NNPDF23 16 . The production of a W
in association with two b-jets is important for the studies of WH → Wbb̄. This motivates the
measurement of the Wbb̄ cross section which is found to be 0.53 ± 0.05 (stat) ±0.1 (sys) pb, in
very good agreement with the NLO prediction 0.52 ± 0.03 pb 17 . On the other hand, a systematic
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Figure 3: Cross section measured as a function of the rapidity sum Ysum = 0.5(YZ + Yjet ) (left) and the rapidity
difference Ydiff = 0.5(YZ − Yjet ) (right) between the Z boson and the leading jet.

bias is observed in the W plus one b-jet final state (Fig. 5 left). The disagreement becomes more
significant if the single top contribution is not subtracted from the cross section measurement 18
(Fig. 5 right).
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Figure 5: Cross sections measured as a function of the b-jet pT for the W + b process (left) and for the combined
W + b plus single top processes (right).

In summary, the LHC’s substantial amount of delivered data at 7 TeV to the experiments
has made it possible to probe extreme kinematics of the V + jets signal that were not previously
accessible. Different levels of agreement has been observed among the various predictions and
data, reflecting to some extent the current understanding of the LHC data.
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DIBOSON PRODUCTION CROSS SECTION AT LHC
VINCENZO P. LOMBARDO
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9 Chemin de Bellevue, Annecy-le-Vieux, France
This paper presents an overview of the diboson production cross-section measurements and
constraints on anomalous triple-gauge boson couplings performed by the ATLAS and CMS
√
collaborations using proton-proton collisions produced at a centre-of-mass energy of s = 7
and 8 TeV at LHC. Results for all combinations of W, Z and γ gauge bosons (excluding γγ)
are presented with emphasis on the new W Z and ZZ production cross sections measured by
√
ATLAS at s = 8 TeV and on the new constraints on anomalous triple-gauge couplings set
by CMS in the W W and Zγ modes.

1

Introduction

In the Standard Model (SM) of particle physics, measurements of diboson final states at the
TeV scale provide excellent tests of the electroweak sector. Any deviation of the diboson production cross sections or kinematic distributions from the SM predictions may be an indication
of anomalous triple-gauge boson couplings (aTGC) and of the existence of new particles such
as those predicted by technicolor models, little Higgs and Randall-Sundrum graviton models, to
mention only a few examples. It is therefore very important to have precise diboson measurements as well as reliable and accurate theoretical predictions for these processes. In addition
non-resonant diboson production processes must be understood in detail as they represent a
significant background to the measurements of the Higgs boson. The diboson results presented
in this note are based on the proton-proton collision data collected by the ATLAS 1 and CMS 2
detectors at the LHC 3 in 2011 and 2012.
2

Diboson production cross-section measurements

The measurements of the total production cross sections of pp → W γ + X and pp → Zγ + X
have been performed in the decay channels W γ → `νγ and Zγ → ``γ 4,5 by requiring a W
or a Z boson candidate in association with an isolated photon. The photon is required to be
separated by the lepton to suppress QED Final State Radiation. The dominant background
includes W/Z + jets and γ + jets where jet-induced photons or jet-faking leptons are selected.
In addition to the total cross section both the ATLAS and CMS Collaborations have unfolded
the ETγ spectrum observing a reasonable agreement with theoretical predictions. The Zγ → ννγ
mode has also been measured by the two Collaborations 4,6 by requiring a tighter selection on
the photon and on the missing transverse energy (ETmiss ) in order to suppress the backgrounds.
A fair agreement with theoretical predictions is observed.
The pp → W Z + X production cross section has been measured in the W Z → `ν`` channel
√
by both ATLAS and CMS at a centre-of-mass energy s = 7 TeV with 4.6 and 1.1 f b−1 ,

respectively 7,8 . The signal region is selected by requiring three isolated high-pT leptons and
ETmiss . A tighter identification requirement on the lepton coming from the W decay reduces the
Z+jet background where jet-faking leptons are selected. In addition to the the total cross section
ATLAS has measured the inclusive W Z cross section as function of the transverse momentum of
the Z boson and of the invariant mass of the W Z system. Recently, ATLAS has also released the
first measurement 9 of the pp → W Z + X production cross section at 8 TeV with an integrated
+1.2
+0.7
luminosity of 13 f b−1 . The measured cross section is 20.3+0.8
−0.7 (stat)−1.1 (syst)−0.6 (lumi) pb, in
excellent agreement with the next-to-leading order (NLO) QCD predictions provided by MCFM
+ CT10 parton distribution functions 10,11 .
The pp → W W + X production cross section has been measured by ATLAS and CMS at
7 TeV with 4.6 and 4.9 f b−1 , respectively 12,13 . The selection of the W W → `ν`ν channel
requires two opposite charged isolated leptons. The Drell-Yan background in the ee and µµ
channels is suppressed by means of a Z veto and a requirement on a ETmiss -related variable. In
addition a jet veto is applied to reduce the top-quark background. The cross section measured
by ATLAS is 51.9 ± 2.0(stat) ± 3.9(syst) ± 2.0(lumi) pb and the one measured by CMS is
52.4 ± 2.0(stat) ± 4.5(syst) ± 1.2(lumi) pb. They agree to each other but they are higher
than the NLO calculations provided by MCFM+CT10 which predicts 44.7+2.1
−1.9 pb. The CMS
collaboration has also measured the W W cross section at 8 TeV with a dataset corresponding
to an integrated luminosity of 3.5 f b−1 14 . The measured cross section is 69.9 ± 2.8(stat) ±
5.6(syst) ± 3.1(lumi) pb confirming a higher cross section with respect to the NLO predictions
calculated by MCFM+CT10 which gives 57.3+2.4
−1.6 pb.
Both ATLAS and CMS have also measured the total cross section of W W + W Z → `νjj
at 7 TeV with 4.7 and 5.0 f b−1 , respectively 15,16 . The request of exactly two high-pT jets
in addition to an isolated lepton and ETmiss is used to select the signal region. After these
selection requirements the W/Z + jets background is still huge compared to signal and a binned
maximum-likelihood fit to the dijet invariant mass has been used to extract the signal yield and
measure the cross section. Both ATLAS and CMS report results which are in good agreement
with the SM predictions.
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The pp → ZZ + X production cross section has been measured by ATLAS and CMS at
√
the centre-of-mass energy of s = 7 and 8 TeV 17,18,14 . The ZZ → 4` final state requires two
pairs of isolated charged leptons (e or µ) which are compatible with two on-shell Z bosons.
√
The ATLAS Collaboration has also measured the ZZ cross section at s = 7 TeV in the
ZZ → ``νν channel 17 by applying a tight cut on a ETmiss -related variable in order to suppress
the dominant Z + jets background. On the other hand, the CMS measurement at 8 TeV
includes the ZZ → 2`2τ mode. The ATLAS Collaboration has recently released an updated
√
measurement of the ZZ → 4` cross section with 20 f b−1 at s = 8 TeV 19 . The measured

cross section is 7.1+0.5
−0.4 (stat) ± 0.3(syst) ± 0.2(lumi) pb which agrees very well with the NLO
calculation provided by MCFM with CT10 predicting 7.2+0.3
−0.2 pb.
A summary of the up-to-date diboson production cross-section measurements performed by
ATLAS and CMS are shown in Figure 1 and 2. The diboson cross sections, as well as several
other SM production cross sections, are compared to their theoretical predictions.

3

Anomalous triple-gauge boson couplings

In the SM, triple-gauge boson couplings (TGC) are completely fixed by the gauge structure of the
electroweak theory and any deviation from the SM couplings indicates new physics beyond the
SM. An effective lagrangian featuring such anomalous triple-gauge boson couplings (aTGCs) can
be constructed and then compared to the experimental data. Under some general assumptions,
aTGCs can be parameterized using the set of parameters shown in Table 1 20,21 . All these
parameters are equal to zero in the SM. Anomalous couplings are expected to modify the total
production cross section as well as the kinematic distributions of the diboson processes, in
particular in high momentum or high mass regions. The ATLAS and CMS Collaborations have
searched for anomalous triple-gauge boson couplings and found no deviation from the SM values.
Figure 3, 4, 5 and 6 show the limits at 95% confidence level on the aTGCs set by ATLAS and
CMS as well as those set by LEP and Tevatron.
coupling
WWγ
WWZ
ZZγ
Zγγ
ZγZ
ZZZ

parameters
λγ , ∆kγ
λZ , ∆kZ , ∆g1Z
Z
hZ
3 , h4
γ
h3 , hγ4
Z , fZ
f40
50
γ
γ
f40
, f50

channel
W W, W γ
W W, W Z
Zγ
Zγ
ZZ
ZZ

Table 1: List of TGC parameters commonly used in ATLAS and CMS 20,21 .

The CMS Collaboration has recently released new limits on aTGCs in the W W → `ν`ν channel
√
analyzing 4.9 f b−1 of data collected at a centre-of-mass energy of s = 7 TeV 13 . These limits
are shown in Figure 3 and 4, together with previous results. In addition CMS has extracted
limits on aTGCs in the Zγ → ννγ channel 6 setting tighter constraints on aTGCs with respect
to those extracted in the Zγ → ``γ analyses 5,4 .

Figure 3:

Limits on W W γ anomalous triplegauge couplings 24 .

Figure 4:

Limits on WWZ anomalous triplegauge couplings 24 .

Figure 5: Limits on ZγZ and ZZZ anomalous Figure 6:
triple-gauge couplings 17 .

4

Limits on ZZγ and Zγγ anomalous
triple-gauge couplings 4 .

Summary

Measurements of the production cross sections of diboson final states performed by the ATLAS
√
and CMS Collaborations at a centre-of-mass energy of s = 7 and 8 TeV have been presented.
The total production diboson cross sections are in reasonable agreement with the SM predictions
within the uncertainties. Several distributions have also been unfolded and directly compared
with the available theoretical distributions. A search for anomalous triple-gauge couplings have
been performed by both ATLAS and CMS with almost 5 f b−1 of data collected at 7 TeV at
LHC. Limits on aTGGs are set in all channels showing no deviation from the SM couplings.
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WZ and W+jets production at large transverse momenta beyond NLO
SEBASTIAN SAPETA
Institute for Particle Physics Phenomenology, Durham University,
South Rd, Durham DH1 3LE, UK
We present a study of higher order QCD corrections beyond NLO to processes with electroweak vector bosons. We focus on the regions of high transverse momenta of commonly
used differential distributions. We employ the LoopSim method, combined with NLO packages, VBFNLO and MCFM, to merge the NLO samples with different multiplicities, in order
to compute the dominant part of the NNLO corrections at high pT . We find that these corrections are indeed substantial, in the 30%-100% range, for a number of experimentally relevant
observables. For other observables, they lead to significant reduction of scale uncertainties.

1

Introduction

The production of electroweak vector bosons forms one of the most important class of Standard
Model (SM) processes. W boson in association with jets is a background to single and pair
top production, diboson production, Higgs production as well as to searches for physics beyond
the standard model (BSM). The same is true for the processes with two electroweak bosons
in the final state, like WZ production, which, in addition, are sensitive to anomalous triple
gauge boson coupling (TGC). The above processes are also interesting in their own right as they
provide important tests of quantum chromodynamics (QCD).
In this proceedings, we present a study of WZ and W+jets processes, at the LHC energies, at
approximate next-to-next-to-leading order (NNLO) in QCD. The motivation to go beyond the
next-to-leading order (NLO) for those processes comes from the fact that the NLO corrections
for WZ and W+jets turn out to be sizable for a number of important distributions at high
transverse momentum. This corrections come about due to new production channels and new
topologies absent at leading order (LO) and appearing only at NLO. An example, for the case
of WZ, is shown in Fig. 1. At leading order, the production of dibosons is possible only via
q q̄ channel. At NLO, the new qg channel, with enhanced partonic luminosity, opens up and
dominates the LO contribution. Similarly, at LO, only back-to-back WZ configurations are
possible whereas at NLO, an electroweak boson can recoil against a parton and the other boson
can be soft or collinear, which brings logarithmic enhancements for a number of distributions.
Because the NLO corrections often turn out to dominate the leading order, it is of great
importance to try to assess the NNLO corrections, to check the convergence of the perturbative
series, and to obtain precise and stable results. As shown in the right diagram of Fig. 1, in
the case of WZ production, one can also expect genuinely new sub-processes and topologies
appearing for the first time at NNLO.
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Figure 1: Example diagrams contributing to WZ production at LO, NLO and NNLO.

2

Details of the calculations

To compute the dominant part of the NNLO QCD corrections to WZ and W+jets processes,
we used the LoopSim method 1 together with the NLO packages VBFNLO 2 and MCFM. 3
LoopSim allows for a consistent merging of WZ and WZj NLO samples to obtain the result
for WZ at n̄NLO, where n̄ denotes the approximate 2-loop contribution determined from the
real and 1-loop parts of WZj at NLO. Similarly, Wj and Wjj NLO samples are used to compute
the results for W+jets at n̄NLO. The method is based on unitarity and it is supposed to
work best for processes and observables with large NLO K-factors from new topologies, as
1
. LoopSim has one parameter, RLS , which affects the way the procedure
σn̄NLO − σNNLO ∼ K
assigns branching structure to the original NLO sample. By default, we set RLS = 1 and vary
it by ±0.5, to probe the related uncertainties. As we shall see, they are much smaller then the
factorization and renormalization scale uncertainties at high pT .
3

Results

The WZ production process was studied 4 with the following cuts: The charged leptons were
required to be hard and central: pT,ℓ ≥ 15(20), for ℓ coming from Z(W), and |yℓ | ≤ 2.5. The
missing transverse energy had to satisfy the cut ET,miss > 30 GeV. The same-flavor lepton pair
mass had to lie in the window 60 < ml+ l− < 120 GeV. The final state partons with |yp | ≤ 5 were
clustered to jets with the anti-kt algorithm with the radius R = 0.45. For the q
central value of
1
1P
pT,partons + 2 p2T,W + m2W +
the factorization and renormalization scales, we chose µF,R = 2
q
1
p2T,Z + m2Z . All WZ results correspond to the sum of contributions from two unlike flavor
2
decay channels, eeµνµ and µµeνe , and both W+ Z and W− Z production channels.
√
Fig. 2 (left) shows the differential distribution, at s = 8 TeV, of the effective mass observable defined as
X
X
HT =
pT,jets +
pT,l + ET,miss .
(1)
As a first check, we computed the HT distribution at n̄LO, which can be directly compared
with the exact NLO result. As we see in Fig. 2, n̄LO matches very well the NLO at high HT ,
providing the correct prediction for the large K factor, of the order of 10. The HT observable is
therefore very well suited to be studied with LoopSim. The n̄NLO result shown in Fig. 2 yields
up to 100% correction with respect to NLO. We see that the RLS uncertainty is negligible at
high HT and the scale uncertainty decreases only a little at n̄NLO. The latter is related to the
fact that this observable favours new topologies that enter only at NNLO and are computed
with LO accuracy (cf. the right diagram of Fig. 1).
√
In Fig. 2 (right), we present the distribution of the lepton with maximum pT at s = 14 TeV.
Also here, the n̄NLO corrections are large and beyond the NLO scale uncertainty already at
200 GeV. In addition, for this observable, we show the results with veto on the jets with pT >
50 GeV. We observe that the n̄NLO corrections with veto are negative, go beyond the NLO
scale uncertainty, and exhibit larger uncertainties due to renormalization and factorization scale
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Figure 2: WZ production at the LHC. Differential cross sections and K factors for HT , defined in Eq. (1), at
√
√
s = 8 TeV (left) and for the pT of the hardest lepton at s = 14 TeV (right). The bands correspond to varying
µF = µR by factors 1/2 and 2 around the central value. The cyan solid bands give the uncertainty related to RLS
varied between 0.5 and 1.5. The distribution is a sum of contributions from two unlike flavor decay channels.

variation than the NLO result. The latter indicates that the small scale uncertainty at NLO was
partially accidental. Overall, these results clearly illustrate that the veto procedure should be
used with great care as it has a non-trivial effect on the convergence of the perturbative series.
The W+jets process was studied with the cuts that match the ATLAS measurement. 5 The
charged leptons were required to have pT,ℓ ≥ 20 GeV and |yℓ | ≤ 2.5. The missing transverse
energy had to be above ET,miss > 25 GeV. The transverse mass 5 of the W was required to be
greater than 40 GeV. Only events with anti-kt , R=0.4 jets with pT, jet > 30 GeV and |y jet | < 4.4
were accepted. Finally, for each jet, its distance to the lepton ∆R(ℓ, jet) had to be greater than
0.5, otherwise this jet was removed from the event. For the
central value
P of the factorization
1 P
1
and the renormalization scale, we chose µF,R = 2 ĤT = 2 ( pT,partons + pT,leptons ).
In Fig. 3 we show the differential distributions of the transverse momentum of the hardest jet (left) and the scalar sum of the traverse momenta of jets, leptons and missing energy,
√
HT (right), defined previously in Eq. (1). The results correspond s = 7 TeV and are sums of
contributions from W + and W − for a single lepton decay channel W → ℓν. The theoretical
predictions, computed at LO, NLO and n̄NLO, were corrected for non-perturbative effects. 5
In the case of the pT of the leading jet, we see a substantial reduction of scale uncertainty
at n̄NLO, while the result stays within the NLO band. Hence, that observable comes under
control at n̄NLO as no new channel or topologies appear at this order. We also note that the
RLS uncertainty is always smaller that the scale uncertainty and it decreases with increasing
pT . For the HT distribution, the n̄NLO result goes beyond the NLO uncertainty band for
HT > 300 GeV and the corrections are up to 30% with respect to NLO. The RLS uncertainty is
negligible above 300 GeV. The large n̄NLO correction to HT is a result of the third jet coming
from the initial state radiation. This jet adds a small contribution to HT but, because the
spectrum is steeply falling, the enhancement in the distribution is substantial. Altogether, the
n̄NLO result, by including configurations with three partons in the final state, describes the HT
data significantly better than NLO.
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Figure 3: W+jets production at the LHC, s = 7 TeV. Differential cross sections as functions of the pT of the
hardest jet (left) and HT (right) at LO, NLO and n̄NLO. The theoretical results are corrected for non-perturbative
effects and are compared to the ATLAS data. The bands correspond to varying µF = µR by factors 1/2 and 2
around the central value. The cyan solid bands give the uncertainty related to RLS varied between 0.5 and 1.5.

4

Conclusions

We used LoopSim together with VBFNLO and MCFM to compute approximate NNLO corrections to processes with vector bosons: WZ and W+jets production. Our results, referred to as
n̄NLO, are expected to account for the dominant part of the NNLO QCD corrections in some
high pT distributions.
In the case of WZ production, we found sizable effects due to n̄NLO for a range of experimentally relevant observables: HT , pT,ℓ,max , ET, miss . 4 They all show non-trivial kinematic
dependencies and go beyond NLO uncertainty bands. For W+jets, the HT -type observables
exhibit large n̄NLO corrections. On the other hand, pT of the leading jet, which gets large correction at NLO, nicely converges at n̄NLO and shows significant reduction of scale uncertainty.
In conclusion, the QCD corrections beyond NLO to process with electroweak bosons are in
many cases sizable and should be taken into account in precision studies as well as in searches
for new physics.
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Structure Functions and PDF determination at HERA
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Notkestr. 85, 22607 Hamburg, Germany.
Latest results on the measurements of the deep inelastic scattering (DIS) processes at HERA
published by the H1 and ZEUS collaborations are presented in this report. The parton
distribution functions (PDFs) of the proton extracted from the HERA data and the open
source QCD framework for PDF determination, HERAFitter, are discussed here as well.

1

DIS ata HERA and recent measurements

The HERA (Hadron Elektron Ring Anlage) is the world’s only ep collider operated in the years
√
1992-2007, with centre-of-mass energies s = 225 − 318 GeV. Two different deep inelastic ep
scattering processes are measured at HERA: neutral current (NC), ep → eX, and charged
current (CC), ep → νX. NC reactions are mediated by the photon or a Z boson while in
the CC scattering a W ± boson is exchanged. The NC (and similarly CC) cross section can be
expressed in terms of structure functions:
±

e p
d2 σN
2πα2
C
=
[Y+ F̃2± ∓ Y− xF̃3± − y 2 F̃L± ],
dxdQ2
xQ4

where Y± = 1 ± (1 − y)2 with y being the inelasticity. The structure function F̃2 is the dominant
contribution to the cross section, xF̃3 is important at high Q2 and F̃L is sizable only at high
y. In the framework of perturbative quantum chromodynamics (QCD) the structure functions
are directly related to the parton distribution functions, i.e. in leading order (LO) F2 is the
P
momentum sum of quark and anti-quark distributions, F2 ≈ x e2q (q + q), xF3 is related to
P
their difference, xF3 ≈ x 2eq aq (q − q). At higher orders, terms related to the gluon density
distribution (αs g) appear.
In analogy to neutral currents, the inclusive CC ep cross section can be expressed in terms of
structure functions. In LO the CC e+ p and e− p cross sections are sensitive to different quark
e− p
e+ p
densities, i.e. σ̃CC
≈ x[u + c] + (1 − y)2 x[d + s].
≈ x[u + c] + (1 − y)2 x[d + s] and σ̃CC
Two collider experiments at HERA, H1 and ZEUS, have recently published their final measurements of the inclusive DIS data. Inclusive e± p single and double differential cross sections
for NC and CC scattering processes are measured by the H1 experiment 1 using data with centre√
of-mass energy of s = 319 GeV and a total integrated luminosity of 333.7 pb−1 corresponding
to the full second data taking period at HERA with longitudinal lepton polarisation (HERA II).
The differential cross sections are measured in the range of negative four momentum transfer
squared, Q2 , between 60 and 50 000 GeV2 , and Bjorken x between 0.0008 and 0.65. The measurements are combined with earlier published unpolarised H1 data and, among other things,

are used to determine the structure function xF3γZ . The NC parity violating structure function
F2γZ is measured for the first time and is show in figure 1 (left). The polarisation dependence
of the charged current total cross section is also measured. The H1 measurements are well
described by a next-to-leading order (NLO) QCD fit based on all published H1 inclusive cross
section data which are used to extract the parton distribution functions of the proton.
The ZEUS collaboration has published the measurement of the NC cross sections for e+ p data
collected in 2006-2007 years 2 . Together with the single and double differential NC cross sections,
the structure functions F̃3 and F3γZ (figure 1 right) were determined. This is the final ZEUS
measurement of the inclusive cross sections from the HERA II period.
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Figure 1: Left: structure function F2γZ transformed to Q2 = 1500 GeV2 for H1 data (solid points) and the
expectation from the prediction obtained with H1PDF 2012 (solid curve). Right: structure function xF3γZ
determined from ZEUS NC data and compared to the predictions using various PDFs.

2

HERA PDFs

A precise knowledge of the PDFs of the proton is essential in order to make predictions for
basically any scattering processes at hadron colliders. This knowledge mainly comes from DIS
at HERA, fixed target experiments and from TEVATRON while precise data from LHC also
becomes increasingly important. The HERAPDFs are based only on HERA DIS data which
allows the usage of the conventional χ2 tolerance of ∆χ2 = 1. Since this analysis is solely based
on ep data, the PDFs do not depend on the approach for nuclear corrections needed for fixed
target data.
In the HERAPDF1.0 fit 3 , the combined set on NC and CC ep inclusive cross-sections for the
first running period of HERA (HERA I) is used. A large fraction of the full statistics of the
HERA inclusive CC and NC data are used for NLO and NNLO QCD fits resulting in HERAPDF1.5 4 . Currently, the recently published H1 and ZEUS data presented in previous section
are in the process of combination and will be used in the determination of new HERA PDF set
(HERAPDF2.0).
For HERA PDFs the QCD predictions for the structure functions are obtained by solving the
DGLAP evolution equations 5 at NLO (or NNLO) in the M S scheme with the renormalisation and factorisation scales chosen to be Q2 . PDFs are parametrised as a functions of x at
the input scale Q20 (chosen to be below the charm mass threshold) and for higher Q2 are obtained through the DGLAP evolution equations. For the PDF parametrisation the generic form
xf (x) = AxB (1 − x)C (1 + Ex2 ) is used. The parametrised PDFs are the gluon distribution
xg, the valence quarks xuv , xdv , and the u-type and d-type anti-quark distributions xŪ , xD̄
which at the starting scale are xŪ = xū and xD̄ = xd¯ + xs̄. The normalisation parameters A
are constrained by the quark number sum-rules and momentum sum-rule, extra constrains for
small-x behaviour of d− and u−type quarks Buv = Bdv , BŪ = BD̄ and AŪ = AD̄ (1 − fs )
(fs is the strange quark distribution) which ensures that xū → xd¯ as x → 0.

The break-up of the HERAPDF1.0 and HERAPDF1.5 into different flavours is illustrated in
figure 2. Model uncertainties (shown as yellow bands) are evaluated by varying the input assumptions on Q2min , fs , mass of heavy quarks mC and mB . Parametrisation uncertainties (green
band) are formed by an envelope of the maximal deviation from the central fit varying parametrisation assumptions and therefore has an asymmetric shape. As it can be seen from the figure 2,
the uncertainty bands in HERAPDF1.5 are smaller than in HERAPDF1.0 due to the inclusion
of the more precise HERA II data.
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Figure 2: The parton distribution functions from HERAPDF1.0 (left) and HERAPDF1.5 (right) shown for
xuv , xdv , xS = 2x(Ū + D̄), xg at Q2 = 1.9 GeV2 . The gluon and sea distributions are scaled down by a factor 20.
The different colour bands represent experimental, model and parametrisation uncertainties, respectively.

The effect of including the HERA charm production data in the PDF fits is studied and published
in 6 . In this study, several implementations of the variable flavour number schemes (VFNS),
which have different treatment of heavy quark mass terms in pQCD, are investigated. The
different treatments can have different impact on the charm contribution to the sea quark and
therefore affect the composition of xU (x) from the xu(x) and the xc(x) contributions. A combined NLO QCD analysis is performed using the charm production and the inclusive DIS data
repeatedly for each VFN scheme with different values of the charm quark mass parameter, Mc .
Figure 3 (left) shows the results of the Mc scan for all schemes considered. It is interesting to
observe that first, different schemes have different optimal charm quark mass parameter Mc ,
and second, the χ2 minimum values are comparable for all schemes despite of different optimal
values of Mc .
The implications of this result on the NLO predictions for W ± and Z production cross sections
at the LHC are investigated by calculating the boson cross sections with PDF sets produced for
each scheme at its optimal Mc . As an example, the W + cross section as a function of Mc is shown
in figure 3. Good agreement between different predictions is observed at optimal Mc which results in a reduction of the uncertainties due to the heavy flavour treatment to below 2.0%.
The QCD analysis is also performed in the fixed-flavour-number-scheme at NLO and the running
charm quark mass is determined: mc (mc ) = 1.26 ± 0.05exp ± 0.03mod ± 0.02param ± 0.02αs GeV.
The impact of the HERA inclusive jet data on PDFs (HERAPDF1.6 7 ) and inclusive DIS, jet,
charm and low energy data together (HERAPDF1.7 8 ) were also studied but not discussed here.
HERAFitter project
HERAFitter project is an open source QCD fit framework designed for the extraction of PDFs
and the fast assessment of the impact of the new data. The framework includes various modules and interfaces enabling a large number of theoretical and methodological options, as well
as a large number of relevant data sets like inclusive cross sections from HERA DIS and fixed
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Figure 3: Left: Comparison of the χ2 obtained by NLO fits to the inclusive HERA I and the preliminary combined
charm data in different VFN schemes represented as lines of different styles. Right: W + production cross section
√
σW + at the LHC for s = 7 TeV as a function of Mc . Lines represent different schemes and the stars show the
positions of the corresponding optimal Mc values obtained for each scheme.

target experiments, Drell-Yan, jet production data (ep, pp and pp̄) and heavy quark structure
functions. The structure functions may be computed in a variety of heavy quark schemes as
well as the fixed flavour scheme. For the systematic uncertainty treatment of the experimental
data there are several methods provided (Hessian, covariance matrix, Monte Carlo replicas).
The package is interfaced to different tools like FastNLO 9 and APPLGRID 10 for the fast input
of NLO jet and Drell-Yan cross sections and HATHOR 11 for the calculation of the top cross
sections. HERAFitter is under continues development and includes many useful additions. Basic plots are provided together with the fit result and the resulting PDFs are supported by the
LHAPDF standards. This framework is actively used by LHC experiments.
In summary, HERAFitter contains all necessary ingredients to study the proton PDFs, it incorporates variety of different data processes and theory calculations, contains many useful tools
and is an optimal platform for various benchmarking studies. More information and the package
downloads can be found on the web site http://herafitter.org.
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We report on recent progress in the NNPDF framework of global PDF analysis. The
NNPDF2.3 set is the first and only available PDF set with includes LHC data. A recent
benchmark comparison of NNPDF2.3 and all other modern NNLO PDF sets with LHC data
was performed. We have also studied theoretical uncertainties due to heavy quark renormalization schemes, higher twists and deuterium corrections in PDFs. Finally, we report on the
release of positive definite PDF sets, based on the NNPDF2.3 analysis, specially suited for
use in Monte Carlo event generators.

Introduction In this age of precision QCD at the LHC, the determination of the parton
distribution functions which characterize the structure of the proton is becoming increasingly
important. For some measurements the size of PDF uncertainties approaches that of experimental uncertainties. However, the LHC also offers a great opportunity to constrain PDFs. Some
LHC observables important to PDFs have already been released using 2010 and 2011 data, and
many others are now being analysed with the full 2012 data. NNPDF2.3 is the first and only
publicly available PDF set which includes LHC data 1 , extending the dataset from NNPDF2.1 2,3
with data on jet and electroweak boson production from the ATLAS, CMS and LHCb collaborations. The impact of the data was found to be moderate, but it will certainly increase with
the release of more data with greater precision and including a wider range of different physical
observables.
Here we will discuss recent work involving members of the NNPDF collaboration: a benchmarking of NNLO PDF sets, investigation of sources of theoretical uncertainties on PDF determinations, and the release of a NNPDF2.3 set for NLO Monte Carlo generators.
PDF benchmarking with LHC data An extensive benchmarking exercise comparing the
modern NNLO PDFs was carried out in Ref. 4 . It benchmarked both PDFs and parton luminosities for NNPDF2.3, ABM11, HERAPDF1.5, CT10 and MSTW08, and also compared the
predictions of these sets to LHC data both at the level of inclusive cross sections and of differential distributions. The comparisons to data were made quantitative using a variety of χ2
estimators. The gluon–gluon luminosities for the PDF sets in the benchmark are shown as a
ratio to NNPDF2.3 in Fig. 1 for αS = 0.119.
There is good agreement between the three global PDF sets (NNPDF2.3, MSTW08 and
CT10), which is at least as good at NNLO as was previously found for NLO. For several LHC
processes the combined PDF+αS uncertainties determined from the envelope of MSTW, NNPDF
and CT sets are found to be smaller in the 2012 PDF sets than for the 2010 sets. The HERAPDF1.5 central values also show good agreement with the global sets, with larger uncertainties
due to the smaller dataset used. For ABM11, however, disagreement was found for several PDFs
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The gluon–gluon parton luminosity at s = 8 TeV for αs (MZ ) = 0.119 as a function of the
invariant mass of the final state MX , for various NNLO PDF sets.

and LHC cross sections. Possible reasons for this disagreement are the use of an FFN scheme
or the inclusion of higher twist corrections in ABM11, discussed below, but the situation will
become more clear with the release of further precise LHC measurements, particularly top pair
production5 .
Theoretical uncertainties in PDF analyses There has also been recent work on several
theoretical issues in PDF determination and associated uncertainties which may have some
impact on current PDF sets and explain some of the differences between them. In particular,
Ref. 6 looked at the use of fixed-flavor number (FFN) versus variable-flavor number (VFN)
renormalization schemes, higher twist corrections, and nuclear corrections. The analysis was
performed in the NNPDF2.3 framework by performing fits with different theoretical assumptions
and comparing the results, both in terms of PDFs and LHC cross sections.
The treatment of heavy quarks in PDF fits can potentially have a large impact on the results
obtained 7 . Most modern PDF sets, including NNPDF2.3, use a variable flavor number scheme,
where fixed order calculations including heavy quark masses are combined with all-orders resummation of contributions from perturbative evolution. Other sets, for instance ABM11, instead
use a fixed flavor number scheme where the heavy quarks are not treated as active flavors and do
not enter into QCD evolution equations. The effect of scheme dependence was studies by producing versions of the NNPDF2.3 global pdf fit using the FFN scheme, rather than the FONLL
VFN which is the default 8a .
It was found that first of all the differences between FFN and VFN can be large, and in
particular the use of a FFN leads to a suppressed large-x gluon distribution and increased
medium and small-x quark distributions. The χ2 fit quality for the two schemes was also
studied, and it was found that FFN provides a systematically poorer description of the data,
especially for the high-Q2 and small-x HERA data, consistent with expectations given that the
FFN scheme does not include the resummation of DGLAP logarithms in the PDF evolution
which are potentially large in this kinematic region.
In Fig. 2 we show the tt̄ total cross section computed at NNLOapprox using top++ for various
√
PDF sets at s = 8 TeV for a common value of αs (MZ ) = 0.119. Is clear that both the use of a
reduced DIS-only dataset and of a FFN scheme bring NNPDF2.3 in better agreement with the
ABM11 prediction.
Ref. 6 also looked at the impact of including corrections for higher twist and deuterium
nuclear effects. Higher twist effects arise from power-suppressed contributions to the Wilson
expansion, and whilst low-scale data most sensitive to these effects are commonly removed
a
The NNPDF2.3 sets using the FFN scheme are available on the NNPDF hepforge webpage: nnpdf.hepforge.
org/
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Figure 2: The tt̄ computed at NNLOapprox using various PDF sets at
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s = 8 TeV for αs (MZ ) = 0.119.

by kinematic cuts, there may still be some residual effects. An NNPDF2.3 fit was performed
with the leading twist DIS structure functions supplemented with a twist four correction taken
from Ref. 9 . It was found that the inclusion of this correction had a negligible effect on the fit
within uncertainties, and even when this size of these corrections were doubled the impact was
marginal. Fits including nuclear corrections to structure function data on deuterium targets
were also performed. Here the corrections do have a moderate impact, however it was limited
to the large-x up-down separation. The tt̄ total cross section for fits with higher twist and
deuterium corrections are also show in Fig. 2, the differences for this particular observable are
negligible.
Positive definite PDFs for Monte Carlo generators Parton distribution functions are
not positive definite quantities beyond leading order, and thus some PDF groups allow for
negative PDFs in their NLO and NNLO sets. This is the case in the NNPDF2.3 analysis, where
instead the positivity of several physical cross sections is imposed as an additional constraint
during the minimization. In practice, negative PDFs then arise only in phase space regions
where experimental constraints on a given PDF combination are very scarce, such as the smallx gluon or the large-x antiquarks, and reflect the large PDF uncertainties in such extrapolation
regions.
While there are no theoretical issues in dealing with negative PDFs in fixed order computations, some issues can arise in the context of Monte Carlo event generation. For instance, only
positive PDFs can be used in the Sudakov form factors that determine the shower probabilities,
and negative small-x PDFs may affect the description of the underlying event (UE) and of multiple interactions (MPI) in the event generator. In addition, there can also be practical issues,
such as numerically inefficiencies when reweighting events starting from negative PDFs.
None of these issues are insurmountable. For instance the Sherpa 10 event generator includes
tunes for the default NNPDF2.3 set, which correctly describe UE and MPI at hadron colliders,
and NLO event generators such as aMC@NLO 11 provide exact PDF reweighting without the
requirement of positive definite PDFs. In addition, it is a common practice to use separate
PDFs for the hard matrix element and for the parton shower, since the latter includes the
information from the non-perturbative tunes to the data.
Despite the absence of any conceptual issue, we believe it is useful for the community to
have positive definite NLO NNPDF sets for use in event generators at the LHC. To achieve this,
we have taken as a starting point the LHAPDF grids for various NNPDF2.3 NLO sets. In the
interpolating grid for each PDF, any x, Q point which has a negative value is instead assigned
a very small positive number. This defines the NNPDF2.3 MC PDF sets. It was also necessary
to modify the LHAPDF wrapper of these sets to ensure that the output is positive definite in

any cases (to avoid negative interpolation between grid points).
Starting from LHAPDF v5.8.9, these Monte Carlo NNPDF2.3 NLO sets are publicly available. In Fig. 3 we show small-x gluon PDF (left plot) and the large-x d¯ PDF (right plot), both at
Q2 = 2 GeV2 , from the NNPDF23 nlo as 0119 mc.LHgrid PDF set. We have explicitly checked
that the good χ2 quality description of all datasets in the global PDF analysis is unaffected,
which was expected given that the PDFs in the default sets only go negative in regions far from
experimental constraints.
In summary, the NNPDF2.3 NLO MC PDF sets are positive definite PDF that are specially
suited for their use in event generators, while maintaining the excellent description of all hard
scattering data, and in particular of all relevant LHC data, which characterizes the default
NNPDF2.3 sets.
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NNPDF
Electroweak corrections to hadron collider processes become relevant at the level of precision
reached by present-day LHC experiments. We provide a preliminary discussion of the impact
of electroweak corrections to parton distributions, concentrating on electrodynamics corrections to parton evolution equations, and showing a preliminary assessment of their impact.
Furthermore, we determine the parton distribution function of the photon from deep inelastic
scattering data using the NNPDF methodology.

Introduction
The inclusion of quantum elactrodynamics (QED) corrections to hadron collider processes, which
in turns requires the determination of the photon parton distribution function (photon PDF) is
motivated by the need for greater precision for LHC measurements, such as the W mass determination, high mass searches, W W production 1 . Moreover, a precise determination of the photon
PDF is needed for a reliable computation of several new physics signals, such as the cross-section
for Z 0 and W 0 production.
Here we will include QED corrections up to leading order (LO) in O(α), to next-to-leading
order (NLO, i.e. O(αs2 )) QCD computations. This choice is motivated by the similar magnitude of
αs2 (MZ2 ) and α(MZ2 ), which suggests that LO QED corrections and NLO QCD corrections are of a
similar size.
Even though our final goal is the computation of LHC processes, we start by determining
the impact of QED corrections and the photon PDF from deep-inelastic scattering (DIS). In such
case, the photon PDF obtained is determined indirectly by DGLAP evolution, because at LO in
QED there are no photon-induced processes in DIS. Consequently, we expect the uncertainties of
the photon PDF determined from DIS to be large. Further information on the photon PDF can
be obtained from collider processes to which the photon contributes at LO, such as vector boson
production. While we will present a first assessment of the impact of QED corrections on these
processes, their inclusion in the determination of the photon PDF will be presented elsewhere.

PDFs evolution
The LO QED evolution equations 2,3 which are coupled to the standard QCD DGLAP are
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where γ(x, Q2 ) and qi (x, Q2 ) are respectively the PDF of the photon and the i-th quark flavor,
P
Pij (ξ) are splitting functions, ei the quark electric charge, and e2Σ = Nc i e2i the sum over all
active quark flavors with Nc = 3. When combining QCD and QED evolution, PDFs satisfy the
momentum sum rule
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i

There are several methods to solve the combined QCD+QED DGLAP evolution equations, for
example by finding a PDF basis which simultaneously diagonalizes the system as in Ref. 2 . We have
developed a combined solution which optimizes the matching to the NNPDF implementation.
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Impact of QED evolution on the singlet PDF, Σ =
q when γ(x, Q20 ) = 0 (left). The photon PDF
i i
generated dynamically at higher scales is shown on the right.

P

The effect of QED evolution on the singlet PDF is shown in the left plot of Figure 1, where
the percentage correction to NLO QCD DGLAP evolution due to the inclusion of QED is shown
for different scales Q2 , using as input the Les Houches toy PDF 4 and setting γ(x, Q20 ) = 0 at the
initial scale Q20 = 2 GeV2 . We observe differences of the permille level at large-x, though effects
are more pronounced at higher energies: LO QED corrections due to evolution are small, however
the initial photon PDF has been so far assumed to vanish. The right plot of Figure 1 shows the
photon PDF generated dynamically at energies above the initial scale Q2 > 2 GeV2 .
Photon PDF from DIS data
With QED corrections to DIS included up to LO through QED evolution, we can now try to
determine the photon PDF from a fit to DIS data. We use the DIS dataset included in the
NNPDF2.3 5 determination, shown in the (x, Q2 ) plane in Figure 2, which includes 2767 data
points.
A consequence of the inclusion of QED corrections is isospin symmetry breaking: the neutron
PDFs cannot no longer be obtained from the proton PDFs using isospin, i.e. un 6= dp , dn 6= up .
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Figure 2: Kinematic coverage of the experimental DIS data used in the determination of the photon PDF.

However, we assume that isospin holds at the starting scale Q20 . It is then broken dynamically by
DGLAP evolution.
In the NNPDF framework 5,6 , we generate a set of Monte Carlo replicas of the data, then
from each replica we extract a PDF set. The minimization is performed by a genetic algorithm
and the best fit is determined by cross-validation. One of the most important advantages of this
methodology is that it minimizes the bias related to the choice of functional form of PDFs. We
parametrize the photon PDF, like all other PDFs, with a feed-forward neural network with 25-3-1 architecture, which corresponds to a total of 37 parameters to be determined during the
minimization procedure. Positivity of the photon PDF at LO is imposed by squaring the output
of the neural network. The rest of the procedure is the standard NNPDF one.
The photon PDF from DIS is showed in Figure 3, in logarithmic (left) and linear (right) scales.
The plots show the central value, the 1-σ and the 68% c.l. uncertainties bands, defined around the
mean value, and the 500 PDF replicas. The photon from DIS data is compatible with zero with
large uncertainties. The photon PDF is less uncertain at central and large-x than at small-x, due
to the lack of data points in this region (see Figure 2). The overall fit quality, as measured by the
total χ2 per data point, is χ2 = 1.10.
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Figure 3: The photon PDF extracted from DIS data, NLO QCD + LO QED, at Q2 = 2 GeV2 . The Monte Carlo
PDF set includes 500 replicas.

The impact of the photon PDF from DIS
In order to understand the impact and the quality of the photon PDF just presented, we have
√
computed Z → µ+ µ− production in proton-proton collision at s = 14 TeV with |η l | ≤ 2.5 and
plT ≥ 20 GeV using HORACE 7 , which is a Monte Carlo event generator for Drell-Yan processes including the exact 1-loop electroweak radiative corrections O(α). HORACE also provides the possibility to

complement the O(α) with photon initiated (photon-induced) processes at Born and NLO levels.
The Born photon-induced contribution must be included at the order at which we are working. We
have also included the NLO corrections, which however have a very small effect.
Figure 4 shows the Z invariant mass and the lepton plT distributions, for 100 replicas and using
the 68% c.l. uncertainty band. There is a moderate relative difference between O(α) and O(α) +
photon-induced processes due to the photon PDF, in the region of the mll and plT peaks, which
rapidly increases when going away from the respective peaks. The increase of the central value is
expected, in fact, for example at the Born level we are adding the γγ → µ+ µ− processes to the
usual q q̄ → µ+ µ− , however also the uncertainties grow when going far from the peak region. These
large uncertainties reflect the uncertainty in the photon PDF, which is insufficiently constrained
by DIS data.
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Figure 4: Z invariant mass and lepton plT distribution computed using HORACE at s = 14 TeV, with |η l | ≤ 2.5 and
plT ≥ 20 GeV. Results to O(α) with and without photon-induced contributions are compared.

Outlook
Our results show that the photon PDF is only poorly constrained by DIS data, especially at smallx. Corrections to Z production due to photon-induced processes in the presence of such a large
unconstrained PDF off the peak become rapidly larger than the data allow. This suggests that
these and similar data should be used to determine the photon PDF itself. This determination will
be presented elsewhere.
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We use gauge/gravity duality to study the production of ρ, Ω, J/Ψ and φ mesons, in the limit
of high center of mass energy at fixed momentum transfer, corresponding to the limit of low
Bjorken x, where the process is dominated by the exchange of the pomeron. At strong coupling the pomeron is described as the graviton Regge trajectory, in AdS space, with a hard
wall to mimic confinement effects. This is an extension of our previous work on deep inelastic
scattering and deeply virtual Compton scattering. We compare our AdS/CFT calculations to
experimental data collected at HERA, both for differential and exclusive cross sections.

1

Introduction

Vector meson production (VMP) is one of the diffractive processes studied in electron-proton
collisions at HERA. It is conceptually similar to deeply virtual Compton scattering (DVCS), but
instead of an outgoing photon a vector meson is produced. The vector mesons have the same
J P C values as the photon (i.e. 1−− ), so the process is kinematically similar. The key difference
comes from the vector mesons’ structure functions. In the limit of high center of mass energy at
fixed momentum transfer, corresponding to the limit of low Bjorken x, this process is dominated
by the exchange of the pomeron Regge trajectory between the photon and the proton. Here we
will study processes where the final state is a ρ, φ, J/ψ or Ω, and apply gauge/gravity duality
methods. This is a continuation of our work presented at Moriond on DIS1,2,3 and DVCS4 . Due to
the briefness of this note, very few details will be given, and we direct the interested reader to the
aforementioned references, as well as the paper that this work is based on18 . A number of authors
5,6,7,8,9,10,11 have studied vector meson production using the weak coupling analysis providing a
decent fit to the data. More recently, the analysis in 12 uses AdS wave functions within a dipole
approximation to fit ρ production. A new key aspect of our gauge/gravity duality description
of VMP, in comparison with DIS and DVCS, will be to use a very simple holographic model
for the vector mesons which gives the holographic wave function of the mesons as a function of
their mass. These wave functions are normalisable modes of the AdS U (1) gauge field dual to
the electromagnetic current operator jfa = ψ̄f γ a ψf . The meson wave functions are determined in
terms of the scale zf , but we fix this by the observed meson mass. The parameters we have in our
model are the scale of the proton state, z∗ , the intercept j0 of the BPST13 Pomeron, and g02 which
is determined by the coupling of the pomeron to the external states (and is therefore different
a

speaker

for each vector final state). A fit to the data assuming the conformal propagator hence depends
on three parameters and we find already a good fit. A fourth parameter can be introduced to
represent confinement in the propagator, a hard-wall cut off at large z0 > zf . We also make fits
including this adjustment and find a better overall χ2 fit.
To compute the total cross section for vector meson production we need first to compute the
following hadronic tensor
Z
λ
Wa (kj ) = i d4 y eik1 ·y hk3 , λ; k4 | ja (y) |k2 i ,
(1)
where λ is the polarization of the outgoing vector meson. Contracting with the polarization of
the incoming photon, the amplitude for the transition between a photon of polarization λ and a
vector meson of polarization λ0 is given by
0

0

W λλ (kj ) = (nλ )a Wa λ (kj ) .

(2)

We will average over the incoming polarizations and sum over the final ones. The differential
cross-section is then given by
3
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1 1 X
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The different polarizations of the amplitude above can be shown to be represented by
0

WT T = (nλ )a Wa λ (kj ) = (λ · λ0 ) Qm W1 ,
λ0

WLL = (nλ )a Wa (kj ) = −Qm W0 ,

(λ, λ0 = 1, 2)

(4)
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Z
Wn = 2is

dl⊥ e

iq⊥ ·l⊥

Z

dz dz̄
Ψn (z) Φ(z̄) B(S, L) .
z 3 z̄ 3

(6)

B(S, L) above is the propagator for Pomeron exchange in AdS, the Regge trajectory of the
graviton. In this paper we are interested
in the limit of large ’t Hooft coupling λ  1, but with
√
sufficiently high energies such that λ/ ln S  1. In this limit all fields in the graviton Regge
trajectory contribute to the amplitude 14 , and we have

B(S, L) =

g02



1 + i cot

 πρ 
2

−

0

1−ρ

(α S)

L2

e ρ ln(α0 S)
L
,
3/2
0
sinh
L
(ρ ln(α S))

where
z z̄s
α0 S = √ ,
λ

2
ρ = 2 − j0 = √ ,
λ

cosh L =

2
z 2 + z̄ 2 + l⊥
.
2z z̄

Ψn (z) and Φ(z̄) are functions of the external states, in this case
!
!
r
√
Cπ 2 2
2 2
Ψn (z) = −
z Kn (Qz)
z Jn (mz) , Φ(z) = z 3 δ(z − z∗ ) ,
6
ξJ1 (ξ)

(7)

(8)

(9)

The first of these is a product of the incoming photon and the outgoing vector meson wave
functions. They were found by solving the Maxwell equation, in the gauge Dµ Aµ = 0, given
by D2 Aµ = 0. The photon corresponds to the non-normalizable mode, and the vector meson to
the normalizable. To fix the asymptotic normalization of the mode we must impose a large z
(IR) boundary condition on the solution. We simply include a “fermion hard-wall” at the scale
zf ∼ m−1
f for each fermion flavour and impose Neumann boundary conditions on the field at the

wall. The value of zf is phenomenologically fixed by the measured vector meson mass and the
model contains no free parameters in the mesonic sector.
In equation (7) we use the Pomeron propagator in the conformal model. In the hardwall
model, following 3 , we use the approximation (with τ = log(α0 S))
(0)

where

χhw (τ, l⊥ , z, z̄) = C(τ, z, z̄) D(τ, l⊥ ) χhw (τ, l⊥ , z, z̄) ,

(10)


2 /4ρτ ] 
exp[−m1 l⊥ − (m0 − m1 )2 l⊥
D(τ, l⊥ ) = min 1,
,
exp[−m1 z0 − (m0 − m1 )2 z02 /4ρτ ]

(11)

is an exponential cutoff at large l⊥ , known to be present asymptotically and determined by the
first glueball masses m0 and m1 , and
(0)

χhw (τ, l⊥ , z, z̄) = χc (τ, l⊥ , z, z̄) + F(τ, z, z̄) χc (τ, l⊥ , z, z02 /z̄) .

(12)

The function
√
2
F(τ, z, z̄) = 1 − 4 πτ eη erf c(η) ,

η=

− log(z z̄/z02 ) + 4τ
√
,
4τ

(13)

is set by the boundary conditions at the wall and represents the relative importance of the two
terms and therefore confinement.
2

Results

Using the above equations, we perform a fit to the data collected at HERA by the H1 collaboration
15,16 , except for the Ω meson, where only ZEUS data is available17 . In Table 1 we see a summary
of all our fits. We show fits to the full cross-section and the differential cross-sections for each
process. N labels the number of available data points.

Table 1: Output data for our fits.
We list the χ2 per degree of freedom in the fit and the best fit values of the parameters.
Firstly, the fits to the full cross-sections provide very good χ2 < 1 in all cases. Note the Ω

production fit is only to 6 data points. The best fit for the intercept j0 = 2 − ρ is in the range
0.64 < ρ < 0.76 across the fits, which seems fairly stable, and consistent with the intercepts
found in DIS 3 and DVCS 4 . The fits are less good than for the full cross-section data but still
have χ2 < 2 in each case. To claim such a good fit for the J/Ψ meson we do need to include the
hard-wall parameter z0 and this is the only place in our fits where it makes a significant impact.
For this process the momentum transfer energies t go as low as 0.05 GeV2 , which is already below
the hard-wall cut off scale set by 1/z0 . We therefore might need to improve the hard-wall model
in order to obtain a better fit for this meson. We also note that these fits are not quite as good
as the equivalent ones to DIS and DVCS data using the AdS methods, presumably reflecting the
additional complication of fitting the mesonic wave functions holographically. In conclusion we
find that the strong coupling AdS/CFT inspired model of low x vector meson production gives
a very good fit to the data, providing further evidence for the strength of gauge gravity duality
methods. Full details can be found in 18 .
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Diffraction at HERA
Richard Polifka a
Charles University in Prague and University of Toronto
on behalf of H1 and ZEUS Collaborations
The latest results from the H1 and ZEUS experiments at HERA on the measurements of
diffractive production are presented. Precision measurements of reduced diffractive cross
sections are described, first measurements of longitudinal diffractive structure function and jet
cross sections with a tagged leading proton are shown and the results are discussed in terms
of diffractive parton densities and Regge factorisation.

1

Inclusive Diffraction

In the epb high-energy collisions at HERA in the low x region of the deep-inelastic scattering (DIS),
approximately 10% of all events are of type ep → eXY , where the final state consists of two systems
MX and MY . The MX system, which contains the products of the interaction with the photon
emitted by the electron, is clearly separated from the system MY , which contains the outgoing proton
or its low mass excitations, by a region without any energy flow (Large Rapidity Gap). These events
are called diffractive. According to the Regge phenomenology, the event topology is explained in
terms of exchange of an colourless object which carries quantum numbers of the vacuum, a P omeron.
Extensive measurements of inclusive DIS have been performed at HERA using two experimental
methods of detecting diffraction - the Large Rapidity Gap (LRG) method 1 and the tagging of the
outgoing proton (F P S and V F P S for the H1 experiment, LP S for the ZEUS experiment) 2,3 .
The diffractive kinematics is defined apart from the standard DIS variables Q2 (the photon virtuality) and xbj (the fraction of the momentum of the parton, which undergoes the interaction with the
photon, to the momentum of the incoming proton) with the xIP , β and t variables. The xIP = 1−Ep0 /Ep
stands for the longitudinal proton momentum energy loss, β(= xbj /xIP ), similarly to the Xbj , is defined as the momentum fraction of the interacting parton with respect to the Pomeron and t stands
for the squared energy transfer at the proton vertex.
The inclusive cross section measurements are presented in form of the diffractive reduced cross
section defined as
y2
D(4)
D(4)
σrD(4) = F2
−
F
.
(1)
2(1 − y + y 2 /2) L
D(4)

D(4)

The F2
is the diffractive structure function in Q2 , β, xIP and t, the FL
is the longitudinal
D(4)
diffractive structure function. The contribution of the FL
is assumed to be negligible in the low
and medium y regions of the phase space. For the comparison between the two experimental methods
the integration over t is performed, since the LRG method is incapable of the t measurement.
Fig. 1 presents the comparison of the two different experimental methods of the diffractive reduced
cross section measurements within H1. The data show a good agreement and are consistent over a
wide kinematical range.
a

The work was supported by the grant SVV-2010-261 309.
The lepton-proton scattering involves electrons as well as positrons, will be referred as electron-proton scattering in
the following text
b

xIPσD(3)
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Figure 1: Compilation of diffractive reduced cross section measurements performed with the F P S, V F P S and the LRG
methods. The LRG data are corrected for proton dissociation by multiplication by a constant factor of 0.81.

The comparison of the H1 F P S and ZEUS LP S measurements is presented on the left side of Fig.
2 and the results are in agreement within 15% arising from the overall normalisation uncertainties. In
order to gain in statistical and systematic precision of the measured data sets, a combination of H1
and ZEUS data was performed in the kinematical range of |t| directly measurable by both detectors:
0.09 < |t| < 0.55 GeV24 . The Fig. 2 middle shows data sets used for the combination, on the right
side of Fig. 2, the result of the combination compared with the individual measurements for bin of
xIP = 0.05 are presented. The improvement in the reduction of the total error is visible.

Figure 2: Comparison of the H1 F P S and the ZEUS LP S measurements of reduced diffractive cross sections measured
in the kinematical range of |t| < 1.0 Gev2 (left), in the restricted range of 0.09 < |t| < 0.55 Gev2 as used for the
H1-ZEUS combination (middle) and the comparison of the combined data points with the individual measurements for
bin of xIP = 0.05.

The measurement of the longitudinal diffractive structure function FLD directly investigates the
gluonic part of the exchanged object (Pomeron) and has to be perfomed in the kinematical domain
of high y (see Eq. 1)5 . Due to the relation Q2 = xIP βys in order to obtain different values of y for
the fixed Q2 ,xIP and β the central mass energy of the collision has to be changed. Special runs with
medium (Ep = 575 GeV ) and low (Ep = 460 GeV ) proton beam energies have been dedicated to the

FL and FLD measurements. Inclusive diffractive DIS reduced cross sections have been measured and
the Rosenbluth plot 5 has been constructed in order to obtain the FLD (See Fig. 3).
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Figure 3: The σr for runs with different proton energies compared to the H1 2006 Fit B (grey), the Rosenbluth plots
with the FLD as the slope of the linear fit (middle), FLD as a function of β. - UPDATE

2

Jets in Diffraction

It has been proved6 , that the diffractive cross section can be factorised into a hard process (due to
the presence of the photon virtuality or high transverse momentum of the interacting parton, denoted
as dσ̂ ei ) calculable within the pQCD framework and the diffractive parton distribution function fiD
(DPDF) which has to be provided by the experiment:
0

dσ ep→e XY (Q2 , |t|, MY , β, xIP ) =

X

fiD (Q2 , |t|, MY , β, xIP ) ⊗ dσ̂ ei (Q2 , β),

(2)

i

here the sum runs over all partons. Regge factorization (also called proton vertex factorization)
is usually assumed in addition, where the dependence on the variables characterizing the proton
vertex (xIP and t) factorizes from the hard interaction depending on β and Q2 : fiD (Q2 , |t|, β, xIP ) =
fIP/p (xIP , t) · fi (β, Q2 ), where the fIP/p stands for the Pomeron flux and fi is the probability of finding
a parton i in the Pomeron. The quark densities within the Pomeron are well constrained by the
inclusive diffractive DIS measurements (2 ), whereas a better constraint on the gluon density in the
Pomeron is provided by measurement of jets in the final state. In addition, dijet measurements allow
tests of perturbative QCD calculations, various models for modelling diffractive processes and serve
as a tool for studying the parton evolution.
The measurements of central di-jet production with a proton measured in the FPS7 and VFPS8
spectrometers have been performed for the first time at HERA. The cross sections are corrected to
the level of stable hadrons with a matrix (FPS) and bin by bin (VFPS) unfolding. They are compared to pNLO DGLAP QCD calculations, DPDF-based RAPGAP Monte Carlo, two-gluon Pomeron
RAPGAP Monte Carlo and soft colour interaction (SCI) model as implemented in the LEPTO Monte
Carlo. The left side of Figure 4 presents the comparison of the VFPS (data to NLO). The direct
comparison of the FPS and LRG methods and the extension of the phase space for the FPS method
is presented on the right side of Fig. 4. All methods agree well within errors, the LRG measurement
is corrected for proton dissociation by a constant factor of 1.2.
A unique measurement of diffractive forward jets has been performed in order to search for the
physics beyond DGLAP evolution equations 7 . The phase space defined by hard jet production collinear
with the outgoing proton with transverse momentum squared of the same order as the photon virtuality
suppress strongly the DGLAP evolution in favour to other models. The diffractive jet production with
tagged elastic outgoing proton allows a clear signal of forward jets to be reconstructed. Within the

two central jets
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Figure 4: The single differential cross section measured in xIP with the VFPS method (left) and FPS and LRG method
(right) as a fuction of log(xIP ) (left). The VFPS data are compared to the hadron level corrected NLO-DGLAP predictions, the LRG dataset was corrected for proton dissociation with a constant factor of 1.2.
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phase space accessible by the H1 detector the DGLAP evolution gives a good description of the
production of one central and one forward jet as shown in Fig. 5.
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Figure 5: The sinlge differential cross section for the production of one central + one forward jet shown as a function of
zIP (left) and |∆φ∗ | (middle) compared to the NLO QCD DGLAP predictions based on DPDFs H1 2007 Jets and H1
2006 Fit B. Comparison of the cross section measured as a function of zIP with several MC models is on the right.

Further new measurements of diffraction at HERA include the production of exclusive vector
mesons - J/Ψ by H1 9 and Υ by ZEUS 10 and provide an interplay between soft and hard physics.
They were not discussed due to lack of space.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

C. Adloff et al. [H1 Collaboration], Z. Phys. C 76 (1997) 613 [hep-ex/9708016].
A. Aktas et al. [H1 Collaboration], Eur. Phys. J. C 71 (2011) 1578 [arXiv:1010.1476].
ZEUS Collaboration, M. Derrick et al, Z. Phys. C 73, 253 (1997).
F. D. Aaron et al. [H1 and ZEUS Collaborations], Eur. Phys. J. C 72 (2012) 2175
[arXiv:1207.4864 [hep-ex]].
F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C 72 (2012) 1836 [arXiv:1107.3420 [hep-ex]].
J. Collins,Phys. Rev. D 57 (1998) 3051; [Erratum-ibid. D 61 (2000) 019902]; [hep-ph/9709499].
F. D. Aaron et al. [H1 Collaboration], Eur. Phys. J. C 72 (2012) 1970 [arXiv:1111.0584].
H1prelim-11-013, available from http://www-h1.desy.de/h1/publications/htmlsplit/H1prelim11-013.long.html
C. Alexa et al. [H1 Collaboration], arXiv:1304.5162 [hep-ex].
S. Chekanov et al [ZEUS Collaboration], et al. Phys. Lett. B 680 (2009) 4-12

New Model for Hadroproduction tested with DIS at HERA
A. A. Bylinkin
on behalf of the H1 Collaboration
Institute for Theoretical and Experimental Physics, ITEP, Moscow
Shapes of particle spectra observed in pp and γγ collisions are quite different as shown recently.
This difference could be explained by a newly introduced phenomenological approach. Deep
inelastic scattering at HERA is the unique possibility to study the change in hadroproduction
dynamics predicted by this model. Therefore, charged particle production is measured in deep
√
inelastic ep scattering at s = 225 GeV with the H1 detector at HERA. The kinematic range
of the analysis covers low photon virtualities, 5 < Q2 < 10 GeV2 , and medium to high values
of inelasticity y, 0.35 < y < 0.8. The analysis is performed in the virtual γp centre-of-mass
system. The charged particle production cross sections are investigated double-differentially
as a function of pseudorapidity η ∗ and transverse momentum p∗T in the range 0 < η ∗ < 3.5
and p∗T < 10 GeV.

1

Introduction

Inclusive charged particle distributions have been studied for a long time to understand the
physics of hadron production at high energies. A large amount of experimental data on charge
particle production spectra in baryon-baryon, γ-baryon and γγ collisions has been accumulated
during last forty years. However, the underlying dynamics of hadron production in high energy
particle interactions is still not fully understood. A detailed comparative analysis of charged
particle spectra measured in different types of collisions could shed light on the hadroproduction mechanisms. Recently, a new unified phenomenological approach to describe the particle
production spectra shape was proposed 1 . It was suggested to approximate the charged particle spectra as a function of the particles transverse momentum by a sum of an exponential
(Boltzmann-like) and a power-law statistical distributions:
dσ
A
= Ae exp (−ET kin /Te ) +
,
p2
pT dpT
(1 + T 2T·N )N

(1)

q

where ET kin = p2T + M 2 −M with M equal to the produced hadron mass. The free parameters
Ae , A, Te , T, N are determined by fits to the data. The detailed arguments for this particular
choice are given in 1 and are summarized in section 2. For the charged hadron spectra the mass
of the hadrons is assumed to be equal to the pion mass.
The relative contribution of these terms is characterized by ratio R of the power-law term
alone to the sum of both contributions integrated over p2T :
R=

AN T 2
AN T 2 + Ae (2M Te + 2Te2 )(N − 1)

(2)

It was found that the exponential contribution dominates the charged particle spectra in
baryon-baryon collisions while it is completely absent in γγ interactions 1 . Moreover, the expo-

nential contribution is characteristic for charged pion production and is much less pronounced
in kaon or proton (antiproton) production spectra 3,4 .
2

Phenomenological model

The hadroproduction process in baryon-baryon high energy interactions could be decomposed
into at least two distinct parts. These parts are characterized by two different sources of produced
hadrons. The first one is associated with the baryon valence quarks and a quark-gluon cloud
coupled to the valence quarks. Those partons preexist long time before the interaction and
could be considered as being a thermalized statistical ensemble. When a coherence of these
partonic systems is destroyed via strong interaction between the two colliding baryons these
partons hadronize into particles released from the collision. The hadrons from this source are
distributed presumably according to the Boltzmann-like exponential statistical distribution in
transverse plane w.r.t. the interaction axis. The second source of hadrons is directly related to
the virtual partons exchanged between two colliding partonic systems. In QCD this mechanism
is described by the BFKL Pomeron exchange. The radiated partons from this Pomeron have
presumably a power-law spectrum typical for perturbative QCD. Figure 1 shows schematically
these two mechanisms of particle production in high energy (a) baryonic and (b) γγ collisions.
Obviously, there are no thermalized partons preexisted long time before the γγ interactions.
This simplified model explains the observed absence of the Boltzmann-like term in the spectra
of hadrons produced in γγ collisions 1 . This explanation is qualitative, however.

Figure 1: Two different sources of hadroproduction in high energy (a) baryonic and (b) γγ collisions: red arrows
- particles produced by the preexisted partons, green - particles produced via the Pomeron exchange.

This simple model is naive, though it allows for making a number of predictions which can
be checked experimentally 4 .
3

DIS at HERA

At HERA DIS processes are mediated by photon exchange. In the proposed hadroproduction
model it is natural to expect that in γp interaction hadron production in the photon hemisphere
of event produced at HERA shows similarity with that observed in γγ collisions. At the same
time hadron production in the proton hemisphere of DIS events at HERA should resemble to
what is measured in pp collisions. Therefore a change in the hadron production dynamics is
expected at central rapidities of produced particles in γp centre-of-mass system.
Due to the strong asymmetry in the beam energies of electron (27.6 GeV) and proton
(920 GeV) beams at HERA the previous inclusive hadron production measurements 5 had only
limited access to the central rapidity region in the γp frame and, thus, the change in hadron
production dynamics could be hardly observed 1 . However, it is likely to observe a transition
in the hadron production dynamics in the rapidity region around central rapidity values where
one could observe a smooth transition between two different types of the spectra shapes: one is
characteristic to the photon and another to baryon regimes described above. The experimental
challenge for such a measurement at HERA is the acceptance limitation for track measurements
close to zero rapidity values in the γp centre-of-mass system. Figure 2 shows, that the maximal
reach in the rapidity space towards the proton hemisphere at HERA could be obtained using a

set of the data collected with reduced proton beam energy. At the same time one should keep a
selection of the ep events with high energy of the photon exchanged in these interactions. Thus,
high values of inelasticity 0.35 < y < 0.8 have to be chosen.

Figure 2: Charge particle rapidity distributions at HERA for (a) reduced (Ep = 460GeV ) and (b) nominal
(Ep = 920GeV ) beam energies. Green area shows a typical coverage in rapidity space of the central tracking
detectors at HERA experiments.

In 2007 the HERA ep-collider was operated at nominal electron beam energy (Ee = 27.5 GeV)
and reduced proton beam energy (Ep = 460 GeV) during three months in which an integrated
luminosity of 12.45 pb−1 has been collected. These data are used in the present analysis of the
charged particle spectra shapes in the virtual γp rest frame as a function of rapidity.
4

Results and Discussions

The measured differential cross sections for central and forward fragmentation (photon direction)
regions are shown in figure 3 together with the fit (1) respectively. A clear increase of the
exponential contribution is observed at central rapidities.

Figure 3: Charged particle double differential cross section together with the fits of the function (1) for central
and forward regions respectively. The red line shows the exponential term and the blue one the power-law.

In figure 4 the relative contribution of the power-law type distribution to the charged particle
production spectra is shown as function of charged particle rapidity (η ∗ ) in the γp centre-ofmass system. This contribution is calculated according to equation (2) from fits of the function
(1) to the H1 data. One could observe that the particles produced in the photon fragmentation region at high rapidity values are described by the power-law statistical distribution only.
However, the data require a significant exponential (Boltzmann-like) contribution for particles
produced centrally in the rapidity space. Moreover, the closer particles are produced towards
the proton hemisphere the larger the exponential statistical contribution is required to be in
order to describe the inclusive charged particle spectrum. Note, that in the pp interaction at
about the same collision energy as here for γp at HERA the data require only about 30% of the

Figure 4: Power-law term contribution of (1) in charged particle spectra as function of pseudorapidity (η∗).

power-law type contribution to the charged particle spectrum measured at central rapidities,
while the residual 70% of the particle spectrum is described by the exponential contribution 1 .
Thus, the H1 data support the hypothesis of the simple phenomenological model discussed that
the particle production dynamics changes when approaching the proton hemisphere.
5

Conclusion

The first measurement of charged particle production spectra in ep collisions at reduced proton
beam energy Ep = 460 GeV with the H1 detector in the γp centre-of-mass frame was performed.
The kinematic range of the analysis covers low photon virtualities, 5 < Q2 < 10 GeV2 , and from
medium to high values of inelasticity y, 0.35 < y < 0.8. The differential cross sections of charged
particle production are measured in the pseudorapidity region 0 < η ∗ < 3.5 in seven bins. The
shape of the measured transverse momentum distributions changes with η ∗ .
In order to investigate the change in hadroproduction dynamics with η ∗ the data are approximated by the recently introduced approach (1). This parameterization provides a much better
description of the experimental data than those used traditionally 6 . Moreover, the observed
change in the particle production dynamics when particle rapidity values approach the proton
hemisphere in the rapidity space of DIS events, is rather well explained by this qualitative model.
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One-loop multi-leg calculations in gauge theories: the Golem library

M. S. ZIDI
Laboratoire d’Annecy-le-Vieux de Physique Théorique (LAPTh),
9 Chemin de Bellevue, B.P 110, 74941 Annecy-le-Vieux, France

I present a program designed for the numerical evaluation of one-loop multi-leg scattering
amplitudes. This program, called Golem95, is written in FORTRAN-95, and it contains all
the form factors involved in one-loop calculations of amplitudes with up to six external legs,
for arbitrary internal masses (complex masses are supported). This library is based on the
traditional algebraic reduction (Golem reduction) of the form factors into a certain redundant
set of basis integrals; this reduction formalism is able to avoid the problem of the Gram
determinant spurious singularity. Golem95 can be used to calculate one-loop amplitudes in
the framework of an algebraic reduction approach, as well as in the framework of inspiredunitarity reconstruction of the amplitudes (GoSam) [1 ].

1

Introduction

Higher order corrections in gauge theories play a crucial role in studying physics within the
standard model and beyond at TeV colliders, like Tevatron, LHC and ILC. Therefore, it is of
extreme importance to provide a tool for next-to-leading order (NLO) computation which is
fast, stable, efficient in a highly automated way.
In the last few years, an important progress in the automation of multi-leg one-loop scattering
amplitude calculations have been made. Various programs and libraries have been developed
for this task, many of them are publicly available.
The library of one-loop integrals is one of the main ingredient of any NLO automatic program.
In this article, I present the Golem95 library, which is a program written in FORTRAN-95, designed for one-loop calculations of amplitudes with up to six external legs, for arbitrary internal
masses (complex masses are supported). This library is based on the traditional algebraic reduction (Golem reduction) of the form factors into a certain redundant set of basis integrals; this
reduction formalism is able to avoid the problem of the Gram determinant spurious singularity
(det(G)). In addition, Golem95 can be used to calculate one-loop amplitudes in the framework
of inspired-unitarity reduction method, and it can be used as library of master integrals.

2

Golem algebraic reduction

The Golem reduction formalism [2 , 3 ] is designed to express any one-loop N-point Feynman
diagram, up to six external legs, as a linear combination in term of a set of redundant basic
integrals and given coefficients without facing any inverse of Gram determinants. A general
N-point tensor integral of rank r in dimension n = 4 − 2  is defined as
Z

n;µ1 ,...,µr
IN
(a1 , ..., ar ; S)

=

qaµ11 · · · qaµrr
dn q
2
2
i π n/2 ΠN
i∈S (qi − mi + i δ)

(1)

where qi = q + ri , q is the loop momentum, ri is a combination of external momenta and mi is
the mass of the internal line ”i”, S is an ordered set containing the labels of the propagators.
2.1

Form factors

The tensor integral presented above can be expressed as a linear combination of such Lorentz
tensors and scalar quantities ”AN,r , B N,r , C N,r ” called form factors, i.e. it can be written in
the following form
n;µ1 ,...,µr
IN
(a1 , ..., ar ; S) =

{µ ···µ }

[∆•j1• · · · ∆•jr• ]{a11···,arr } AN,r
j1 ···jr (S)

X
j1 ···jr ∈S

{µ ···µ }

X

+

j1 ···jr−2 ∈S

{µ ···µ }

[g •• g •• ∆•j1• · · · ∆•jr−4• ]{a11···arr} CjN,r
(S)
1 ···,jr−4

X

+

(S)
[g •• ∆•j1• · · · ∆•jr−2• ]{a11···,arr } BjN,r
1 ···jr−2
(2)

j1 ···jr−4 ∈S

the shift invariant vector ∆µij is defined as difference of the two propagator momenta qi and qj .
AN,r is the coefficient of the Lorentz structure containing only these vectors. B N,r and C N,r are
the coefficients of the Lorentz tensors containing one and two metric tensor, respectively. The
{µ ···µ }
square brackets [· · ·]{a11···,arr } are interpreted as the distribution of the r Lorentz indices µi , and
the momentum labels ai in all distinguishable ways to the vectors ∆µjai i and the metric tensors.
As an example, the scalar, the tensor of rank one and the tensorial of rank two N-point integrals
can be written, respectively, in the following form
n,µ1
IN
(a1 ; S) =

n
IN
(S) = AN,0 (S)

X

∆µl a11 AN,1
l (S)

l∈S
n,µ1 µ2
IN
(a1 , a2 ; S)

=

X

∆µl11a1

∆µl22a2

AN,2
l1 l2 (S)

+g

µ1 µ2

B

N,2

(S)

(3)

l1 ,l2 ∈S

After Feynman parameterization, one can prove that any of these form factors can be expressed
in term of integrals without Feynman parameters in the numerator called scalar integrals, and
integrals with Feynman parameters in the numerator called tensorial integrals. These integrals
can be reduced to some set of basic integrals using the traditional algebraic approach.
2.2

Reduction by subtraction

n (S) is obtained from Eq. (1), by replacing the numerator by 1;
The scalar one-loop integral IN
this integral can be split into an IR and a finite part by making the ansatz
n
IN
(S)

=

X
i∈S

Z

bi (S)

dn q
(qi2 − m2i )
+
i π n/2 Πj∈S (qj2 − m2j + i δ)

= Idiv (S) + If in (S)

Z

dn q 1 − i∈S bi (S)(qi2 − m2i )
i π n/2 Πj∈S (qj2 − m2j + i δ)
P

(4)

the bi are fixed in such way that this integral is reduced to an IR divergent integral in n-dimension
with one less propagator Idiv , and a finite integral in n + 2-dimension with the same number of

propagators If in . By repeating this procedure several times, ultimately any Feynman diagram
is expressed in term of integrals up to 4-point a .
2.3

Basis integrals

Using Golem reduction formalism, the one-loop integrals and consequently the form factors are
reduced to a set of redundant basic integrals. This set of integrals does not form a basis in the
mathematical sense, but it contains the end point of our reduction. This reduction formalism
plays a crucial rule on the numerical stability of Golem95 in some region of phase space where
the Gram determinant becomes arbitrary small; thanks to the choice of basic integrals which
avoid these spurious Gram singularities.
It turns out that, the set of basic integrals that allows us to express any one-loop amplitude
up to 6-external legs without producing any spurious Gram determinant singularities consists
of the following scalar and tensorial integrals:
.
{I2n (li ; S), I3n (li ; S), I3n+2 (li ; S), I4n+2 (li ; S), I4n+4 (li ; S)}
li stands for Feynman parameters. This basis contains: the 4-point functions in n + 2, which
are IR and UV finite, the 4-point functions in n + 4 dimensions which are UV divergent, the
3-point functions in n + 2 dimensions, the 3-point functions in n dimension where all possible
IR divergences are isolated, and various two point functions.
3

Avoiding spurious Gram singularities

A further reductions of the tensorial elements of Golem basis to a scalar integral leads to expressions containing inverses det(G) b . The philosophy of Golem95 to avoid such spurious singularities
is the following:
we provide for each basic integral, an analytical formula and a one-dimensional integral representation. The former representation is obtained by performing all the integrations analytically;
and the later one is obtained by performing the first integrations analytically and keeping the
last one, which will be performed numerically after modifying the integrand such that the inverse
of Gram determinant is avoided.
Lets focus on the 4-point basic integrals. We notice that before modifying the integrand of the
one-dimensional integral representation, we encounter terms have the following form:
Z

ln(1 − F (y, x± ) + m−1
i=1
dy
F (y, x± )m
P

F (y,x± )m−i
m−i

,

m = 1, 2, 3, 4

(5)

x± are the two solutions of a given quadratic equation, where the associated discriminant is
proportional to the Gram determinant associated to the triangle (obtained by pinching a given
propagator of the box) and F (y, 0) = 0. Since the box Gram determinant det(G) ∝ x+ x− , the
function F vanishes if det(G) vanishes. This means that the term given in Eq.(5) is not any
more numerically stable in this configuration. To deal with this problem, we write Eq.(5) in the
following form
−

Z

dy

∞
X
F (y, x± )n
n=0

n+m

(6)

This Taylor expansions provide a numerical stable results for x± → 0, hence for det(G) → 0.
To summarize, the strategy of Golem95 to avoid Gram determinant spurious singularities is:
- a) if det(G) is large, the basic integrals are evaluated analytically, which provide a fast and
a

For N = 5 and N ≥ 6, the N-point finite parts If in are absent at one-loop order.
For example, the redundant integral I4n+2 can be expressed in term of the master integrals as the following:
P4
...................................... I4n+2 (S) = det(S)/ det(G) [I4n (S) − i=1 bi I3n (S \ {i})] ∝ 1/ det(G)
b
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Figure 1: I4n+2 versus det(G), Comparison of the numerical and the analytical modes

efficient numerical evaluation in large phase space region
- b) if det(G) is small, we switch to the numerical mode by integrating the one-dimensional
representation of each basic integral numerically
In Figure 1, a comparison between the numerical and the analytical modes of evaluating the
redundant basic integral I46 (S). The two plots in the right hand side, represent the real (up) and
the imaginary (down) parts of a normalized I46 in the analytical mode, versus det(G). These
plots show fluctuations of the function in the region det(G) → 0, which means that the result is
not any more stable. However, in the numerical mode (plots in the left hand side represent the
same function evaluation numerically) the function is smooth near and for det(G) = 0, i.e. it is
numerically stable.
4

Conclusion

I have presented the library Golem95 for the numerical evaluation of tensor integrals up to 6point functions, valid for arbitrary internal masses. The library is based on Golem reduction
method to reduce the form factor to a certain set of basic integrals; this reduction formalism
is able to avoid the problems occurring by spurious Gram singularities. The basic integrals are
implemented in both analytical and one-dimensional integral forms; if the Gram determinant
is large the program uses the former form, otherwise it switches to the numerical integration
of the later form. Golem95 can be used as a library of master integrals as the scalar integrals
are related directly to form factors without Feynman parameters labels. It can be used also to
calculate one-loop amplitudes in the framework of inspired-unitarity reduction (GoSam).
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MORIOND QCD 2013 EXPERIMENTAL SUMMARY

Dmitri Denisov
Fermilab, Batavia, IL 60510 USA
The article presents experimental highlights of Moriond 2013 QCD conference. This was
fantastic conference and the first Moriond QCD since the discovery of the Higgs boson. Many
new results about its properties have been presented at the conference with “Higgs-like” particle
becoming “a Higgs” as it properties match expected for the Higgs boson pretty well. There were
many new results presented in all experimental areas including QCD, electroweak, studies of the
top, bottom and charm quarks, searches for physics beyond Standard Model as well as studies of
the heavy ion collisions. 56 experimental talks have been presented at the conference and it is
impossible to cover each result in the summary, so highlights are limited to what I was able to
present in my summary talk1 presented on March 16 2013. The proceedings of the conference
cover in depth all talks presented and I urge you to get familiar with all of them. Theoretical
Summary of the conference was given by Michelangelo Mangano, so theory talks are not
covered in the article below.

1 Introduction
2013 Moriond QCD conference had many important experimental results presented.
Many of them contribute to our understanding of the particle physics deeply from the extremely
precise measurements of the fundamental constants to hints of new physics effects and
phenomena. The results presented in most cases were obtained by large experimental
collaborations and I would like to congratulate all of them with providing great advances for the
experimental particle physics. All speakers did an excellent job with presentations in some cases
presenting results which have been approved just a few hours before the talk. All of the above
made 2013 Moriond QCD conference very exciting with talks eagerly awaited and many
interesting and productive discussions during the conference.

The article is divided by the main topics which coincide with general themes of the
conference established by the conference organizers: QCD, heavy ion physics, new physics
searches, heavy flavor studies, studies of the top quark and at the end I’ll summarize most recent
results on a Higgs boson. As with all conferences by the time the proceedings are published
many experimental results are superseded and/or improved. My summary will follow closely
actual results and plots presented at the conference, so for the updates readers should go to the
experimental collaborations Web sites, arXiv, and the refereed journals.

2 QCD
Parton scattering with production of jets is the most copious process at hadron colliders
such as LHC and Tevatron. Fig. 12 presents general diagram of the scattering process
highlighting parameters which could be extracted from the studies of jets. These studies include
precision parton distribution functions determination critical for calculations of all cross sections
at hadron colliders, measurement of the strong coupling constant as well as measurements of vast
array of QCD processes to verify and improve QCD theoretical calculations and search for
effects beyond those predicted by the Standard Model.

Figure 1. Diagram of a process with the production of a pair of jets and QCD parameters which could be extracted
from studies of such process.

Tevatron experiments presented 100’s of new measurements from di-jet production to
studies of vector bosons production in association with jets. Over many orders of magnitude and
up to energies of ~ 1 TeV QCD describes all measured distributions well. Jets studies at the LHC
are now probing considerably larger phase space region in both Q2 and values of x as
demonstrated on Fig. 23. Presented at the conference di-jet cross sections by CMS are shown on
Fig. 33. The span of the cross section measurements covers 10 orders of magnitude and is in

excellent agreement with modern QCD predictions in the wide range of jets rapidity and
transverse momentum.

Figure 2. Range in Q2 and x accessible for studies at different accelerators demonstrates unique capabilities of the
LHC to study high Q2 and low x processes.

These measurements is a clear indication that in the currently available for experiments
kinematical range strong interactions between partons are well described by QCD. Higher
energies, including 14 TeV LHC data coming in a few years, will be critical to find if any
deviations from the QCD predictions exist at higher energies and accordingly smaller probed
distances.

Figure 3. Inclusive di-jet cross section measurements at √s 7 TeV by the CMS experiment at the LHC.

Interesting result presented at the conference was extraction of the strong coupling
constant from the ratio of 3-jets to 2-jets cross sections2. In such ratio many uncertainties, for
example coming from the choice of PDFs, are greatly reduced in comparison with inclusive jet’s
studies. The results of this measurement provide value of αs = 0.1191(+0.0048/-0.0071) where
main uncertainty is due to factorization and renormalization scales. Same measurement provides
first test of strong coupling constant running above ~0.2 TeV: new result from D0 indicates that
αs runs as expected all the way to 0.4 TeV as presented on Fig. 4a2. CMS, using higher energy
LHC beams and similar method based on ratio of 3-jets to 2-jets cross sections improved
Tevatron result as presented on Fig. 4b3 demonstrating running of the strong coupling constant
all the way to 1.0 TeV or ~2 . 10-16 cm. This result has fundamental importance as it provides test
of QCD up to the smallest distances studied as of today.

Figure 4. Results on the running of the strong coupling constant at the Tevatron (left, 4a) and at the LHC (right, 4b).

Expected increase in the LHC energy and relatively minor effect on high energy jets from
multiple pp interactions will provide test of the running of the strong coupling constant at much
smaller distances with LHC 14 TeV data.
Another area where many new results have been presented is studies of direct photons. In
addition to testing QCD, probing gluon content of the proton, and understanding background to
Higgs studies in two photons decay mode, these results provide unique information about
fragmentation as well as test collinear and kT factorization approaches and soft gluon logarithmic
resummation techniques. Fig. 54 presents ATLAS results covering direct photon production
between 0.1 and 1.0 TeV. Overall there is a good agreement with predictions. Expectation is that
these direct photon results will improve gluon PDFs substantially decreasing theoretical error on
the Higgs boson production and decay to a pair of photons by as much as 20%. Direct di-photon
effective mass spectra are also well described by the theory, except for the masses below ~50
GeV where fragmentation process becomes important.

Figure 5. Direct photon production with the ATLAS experiment.

Among process under active experimental scrutiny is W/Z+jets production at the
Tevatron and LHC. This process is critical not only for tests of QCD predictions, but as a
background to top quark and Higgs boson studies (similar final states) as well as for
improvements in PDFs. Large number of kinematic distributions have been obtained providing
wealth of information for improvements in theoretical description of these processes. On Fig. 6a
ATLAS experiment result5 for studies of Z boson associated production with up to 7+ jets is
presented.

Figure 6. ATLAS studies of Z+jets production (left, 6a) and CMS studies of W+2 b-jets (right, 6b).

Results obtained demonstrate overall agreement with QCD calculations while in some
kinematical regions modeling improvements are needed. CMS presented important measurement
of W boson production in association with a pair of b-quark jets5. Both absolute value of the
cross section and shape of the kinematic distributions are in a good agreement with predictions
which is important for Higgs boson searches in the decay mode to a pair of b-quarks where
associated production of W boson with heavy quark jets is among main backgrounds.

Figure 7. Cross sections of di-boson production as measured by CMS (left) and ATLAS (right).

Di-boson production (W/Zγ, WW, WZ and ZZ) is rare while clean process for tests of
electroweak theory and perturbative QCD at TeV scale. These processes are also backgrounds to
many channels of searches for physics beyond Standard Model as well as studies of a Higgs
boson. Figure 76 presents studies of di-boson processes by ATLAS and CMS at the LHC. All
cross section measurements as well as kinematic distributions (anomalous triple gauge boson
couplings could greatly enhance high energy tails of the distributions) are in good agreement
with theory predictions indicating that higher energy data are needed for detection of potential
signs of new physics.

3 Heavy Ions
Studies of heavy ion collisions at the LHC and RHIC provide critical information to
understand behavior of the quark-gluon plasma as well as properties of strongly interacting
multiple partons. There is wealth of experimental information obtained recently. LHC provides
world highest energy collisions between protons and Pb ions as well as PbPb collisions with up
to √s of 2.76 TeV per nucleon. RHIC collides different types of ions with energies in the √s
range between 7 GeV and 200 GeV per nucleon. With vast array of data not only properties of
the quark-gluon plasma are studied, but the whole evolution of quark-gluon plasma is now

understood much better from the initial state conditions (including fluctuations), “perfect” fluid
approach, and opaque properties of the plasma where hadronic processes are strongly quenched.
LHC heavy ion collisions provide access to new phase space due to substantially higher
energy . Energy density at the LHC reaches ~10 GeV/fm3, volume ~4800 fm3, lifetime 10 fm/c
and temperature ~300 MeV. ALICE, ATLAS and CMS presented interesting new results in
heavy ion collisions. Below some highlights of these studies are presented. By comparing
production of different particles in pp and PbPb collisions important information about
quenching of particles produced in quark-gluon plasma is obtained. On Fig. 88 results of CMS
experiment on RAA, or nuclear modification factor, vs type of the secondary particle and its
transverse momentum, pt, are presented. RAA compares production of secondary particles in
heavy ion collisions with similar final state in pp collisions.
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Figure 8. Nuclear modification factor measured for different types of particles by
CMS collaboration at √sNN 2.76 TeV.

As clear from Fig. 8 particles which are not affected by strong interaction have RAA close
to 1.0 as they propagate through excited nuclear matter of quark-gluon plasma mainly without
interactions. But for hadrons RAA is well below 1.0 due to their interaction in the nuclear matter
after production. These data are useful for the development of models of quark-gluon plasma.
Angular correlations between particles produced in heavy ion collisions are among key
properties to understand quark-gluon plasma. Near side “ridge” have been observed by CMS9 in

high multiplicity collisions in pPb collisions at √sNN of 5.02 TeV as illustrated in Fig. 9. This
effect is similar to the effect observed in pp high multiplicity events and in heavy ion collisions.
CMS presented many interesting properties of this effect including dependence on charged
particles multiplicity and momentum selection.

Figure 9. Ridge at Δϕ ~0 observed by the CMS collaboration in pPb collisions at √sNN of 5.02 TeV.

New result10 was presented by the ALICE experiment at the LHC on angular correlations
in pPb collisions and is presented on Fig. 10. All pPb collisions were separated into classes,
depending on the charged particles multiplicity with events in 0-20% range been highest
multiplicity and in 60-100% range lowest multiplicity. No Δϕ ~ 0 ridge is observed in low
multiplicity events (similar to pp collisions). But if low multiplicity events distribution is
subtracted from high multiplicity “double ridge” structure appears as presented on Fig. 10. Many
double ridge properties are studied, while explanation of its origin is yet to come.

Figure 10. ALICE observation of the “double ridge” structure.

Many other exciting results from heavy ion experiments have been presented adding
invaluable data to understand dense and hot quark-gluon plasma state of the nuclear matter.

4 Searches for New Physics
There are good experimental and theoretical reasons to believe that Standard Model is not
complete description of the Nature, so searches for physics effects and new particles beyond
those known today is among key priorities for high energy physics. Most natural place to look
for new physics is at the energy frontier accelerator where particles with highest masses could be
produced. Large number of new physics searches has been presented by the ATLAS and CMS
experiments many using full 2012 LHC data set collected at the center of mass energy of 8 TeV.
One of the most attractive new physics models is Supersymmetry (SUSY) which predicts
super-symmetric particle for each particle of the Standard Model. While some properties of these
particles are predicted, mass scale is not well defined, so searches in the largest accessible phase
space are required. ATLAS and CMS experiments both presented many new results at the
conference on SUSY searches. Searches are usually divided into strongly produced 1st and 2nd
generation scalar quarks and gluinos, 3rd generation scalar quarks (key ingredient in natural
SUSY) as well as electroweak production of gauginos and sleptons.
Fig. 11a presents ATLAS result11 in searches for inclusive squarks and gluinos produced
via strong interaction. No excess events are observed in the performed searches and very
stringent limits on the masses of SUSY particles have been set: up to ~1.6 TeV for gluino and ~3
TeV for squarks. On the Fig. 11b12 experimental limits on the masses of stop quark by the
ATLAS experiment are presented with exclusion now reaching masses in the 600-700 GeV
range. Strict limits on SUSY were presented by the CMS collaboration as well11,12.

Figure 11. Squark and gluino mass exclusion plot from ATLAS experiment (left plot, 11a).
Newest results on stop quarks mass exclusion (right plot, 11b).

An interesting discussion during the conference was devoted to the question “Is SUSY
dead?” as searches over ~30 years with ever increasing sensitivity and mass range produced no
indication of it existence. In addition to the direct searches there are many indirect searches of
SUSY which for now produce “no observation” and in many cases provide strict limits including
at high masses. On Fig. 1213 constrains from direct searches and indirect searches are combined
providing (blue points) remaining allowed areas of phase space for CMSSM SUSY particles. It
is clearly becoming rather restricted! Conclusions of the discussion about SUSY viability could
be summarized as follows:
1. Phase space for SUSY is strongly constrained by direct and indirect searches.
2. Due to ~125 GeV Higgs mass, SUSY particles masses are “multi-TeV” and not yet
probed directly.
3. Input from searches, not only at accelerators, but, for example, cold dark matter
searches, are important to take into account.
4. It is important to continue searches of both direct and indirect manifestations of
SUSY particles, especially with LHC energy of 14 TeV.

Figure 12. Combination of direct and indirect SUSY (CMSSM version) searches.
With expected by 2017 cold dark matter Xenon experiment sensitivity practically all remaining
allowed phase space of CMSSM could be excluded.

In addition to “model specific” searches many generic “bump hunting” searches are
progressing actively at the LHC. Among those which brought fundamental discoveries in the
past (like discovery of the b-quark) are searches for peaks in effective mass spectra of a pair of
objects such as leptons, photons or jets. On Fig. 1314 results of resonance searches in di-electron
mass spectra are presented. Excellent energy resolution of LHC detectors and well understood
backgrounds provide an opportunity to set limits on such particles as Z’ all the way to ~ 3 TeV
as no excess events in comparison with Standard Model predictions are observed.

The observed di-lepton mass spectra (or similar quantities when lepton and missing
transverse energy are studied) are used to set stringent limits on many different models including
extra dimensions, excited leptons, heavy W’ bosons and others.

Figure 13. Search for heavy resonances in di-electron spectra by ATLAS and CMS experiments.

Searches for resonances decaying into a pair of jets provide access to the highest masses
studied. With available statistics masses up to ~1/2 of the LHC center of mass energy are
investigated. On Fig. 1415 ATLAS and CMS results on searches for di-jets resonances are
presented which demonstrate very good agreement with the Standard Model predictions up to the
highest masses probed.

Figure 14. Search for the di-jet resonances by the CMS and ATLAS experiments.

Limits on the mass of the objects decaying to a pair of jets, such as excited quarks, are set
at ~ 4 TeV. These searches demonstrate in turn excellent predictions of QCD up to the highest
masses studied.

Summary16 of the LHC experiments searches for new physics are presented on Fig. 15
(ATLAS) and 16 (CMS). With wide array of different searches and masses of objects probed
reaching ~10 TeV no hints of beyond Standard Model physics have been seen with 8 TeV LHC
data. As major factor in improving reach for new physics (using established methods) is increase
in collision energy we will most probably have to wait for 14 TeV LHC data in about 2015 to
substantially improve direct searches for new physics at the energy frontier.
There were interesting results on low energy searches for new physics presented
at the conference17,18,19. They include such important studies as searches for low mass dark
matter candidates and rare decays which are enhanced by physics beyond Standard Model. None
of these searches indicate excess of events predicted beyond known backgrounds and produce
stringent limitations on the theoretical models of new physics.

Figure 15. Summary of ATLAS searches for physics beyond Standard Model as of
Hadron Collider Physics 2012 conference.

Figure 16. Summary of CMS searches for physics beyond Standard Model as of
International Conference on High Energy Physics 2012 conference.

5 Heavy Flavor Physics
Studies of particles with heavy c or b-quarks attract a lot of experimental and theoretical
attention. Special experiments, like LHCb at the LHC or Belle upgrade at KEK, are designed
specifically to study such particles. In depth investigation of the heavy quarks with relatively
long life time is important for both our understanding of the Standard Model and for searches for
hints of new physics due to quantum effects in flavor loops. Long life time of the c and b-quarks

provides an experimental opportunity to identify particles with heavy quarks via secondary decay
vertices in high precision silicon detectors. Triggering on events with production and decays of
heavy quarks at hadron colliders is usually done via displaced vertex triggers or via soft leptons,
mainly muons, which accompany production and/or decay of the particles with c and b-quarks.
Quantum effects in the flavor loops in the presence of new physics, such as SUSY, will
affect rates of rare decays. One of the most searched processes is decay of Bs meson to a pair of
muons. Any deviation from the Standard Model prediction of ~3.10-9 for the branching fraction
will indicate presence of new particles in the quantum loops. Search for this rare decay was
progressing for many years with limits decreasing by many orders of magnitude thanks to
analyses at both the Tevatron and recently the LHC. LHCb reported first evidence for this rare
decay as indicated on the Fig. 17a20 where mass bump in the effective mass spectrum of pairs of
oppositely charged muons is observed.

Figure 17. LHCb plot demonstrating evidence for Bs to µµ decay (left, 17a). Compilation of results from different
experiments on searches for Bs to µµ decay (right, 17b).

The value of branching fraction observed of 3.2 (+1.4/-1.2) .10-9 (statistical errors which
dominate quoted here only) is in a good agreement with the Standard Model predictions further
restricting models of the physics beyond Standard Model. Figure 17b21 presents results of the Bs
to µµ decay search by various experiments: all of them are in agreement between each other and
with LHCb evidence for this rare process. With more data analyzed by the LHC experiments 5
sigma discovery of this rare decay is expected with full 2012 LHC data set.
Among puzzles in heavy flavor physics is origin of X(3872) particle. All collider
experiments see this particle in J/ψππ decay mode, while understanding of its nature is still
lacking. In this situation more experimental data are critical and such results are coming from

different experiments. CMS experiment presented interesting result studying ratio of X(3872)
production (times branching fraction) to ψ(2S) vs transverse momentum of the particles22. No
significant dependence in the 10-50 GeV range has been observed. LHCb experiment23 presented
studies of spin and parity of X(3872) using angular distributions of the decay products and with
high significance determined state as 1++ which rules out, for example, conventional charmonium
state ηc2(2-+). Remaining interpretations of X(3872) involve exotics (non-qq) states.
Belle collaboration reported discovery of new resonances, called Zb, in the decays of
Y(5S) to lower energy Y states and a pion24. Representative plot of effective mass spectra
obtained is presented on Fig. 18a. Belle also provided in depth studies of decay fractions of the
new resonances indicating that B(*)B* is the dominant mode of Zb decays (Fig. 18b).
Fig. 18b indicates that this new state is consistent with B*B* molecule providing further
information for the development of heavy quark spectroscopy models.

Figure 18. Observation of Zb(10610) and Zb(10650) resonances (left, 18a) by the Belle experiment.
Decay fractions for the Zb resonances (right, 18b).

On studies of mesons with b-quarks LHCb collaboration presented extremely precise
results on measurements of Bs mixing which is second order weak process sensitive to
contributions to beyond Standard Model physics. Using ~34 thousand signal candidate events (1
fb-1 of luminosity) mixing frequency was measured with unprecedented precision Δms =
17.768+-0.023(stat)+-0.006(stat). This measurement is in agreement with theoretical predictions
and has accuracy much better than theoretical calculations. Further improvements in the
theoretical predictions are welcome while Standard Model stays strong in the heavy flavor sector
for now.
While CP violation was observed in the decays of K and B-mesons, no such effect has
been observed in the decays of charm mesons and it is expected to be very small in the Standard
Model. Recently measurements of CP violation in decays of charm mesons attracted a lot of
attention as combined ~4.6σ significance was reported from three experiments: LHCb, CDF and
Belle. What is remarkable is the scale of CP violation, about 1%, which is well above Standard

Model expectations. Experimental status before Moriond QCD conference is presented on Fig.
19a25. As a measure of CP violation the relative difference between number of D0 mesons and
anti-D0 mesons decaying to pions or kaons is used. In the directly produced charm decays pion
charge is used as a flavor tag, while in the charm from semileptonic B decays muon charge tags
flavor. LHCb results25, presented on a data set of 1 fb-1, demonstrate that asymmetry in
semileptonic decays is actually positive (while within errors in agreement with zero expected),
while in prompt production the updated result moved closer to the “no-CP” region (see Fig. 19b).
Results of all experiments are in a reasonable agreement between each other and when
combined are within ~2σ compatible with no CP violation in charm decays. While excitement is
diminished in this case only analysis of more data will clarify if the original deviation from the
Standard Model was a fluctuation or it is a hint of physics beyond Standard Model.

Figure 19. Results on CP violation in charm decays before Moriond QCD conference (left, 19a) and with new
results presented by the LHCb experiment (right, 19b).

But puzzles are still remaining in the heavy flavor sector. LHCb experiment reported26
observation of isospin asymmetry in decays of neutral and positive B-mesons well below zero
with significance of ~4.4σ, see Fig. 20. While no such asymmetry observed in K*0/K*+ decays, in
K0s/K+ decays asymmetry up to ~50% is observed. There are no natural theoretical explanations
for such effect and as this result was obtained on ~30% of the data available most prudent is to
wait for the update of this measurement with full 2012 data set.

Figure 20. Isospin asymmetry as measured by the LHCb experiment using 1 fb-1 of data.

6 The Top Quark
There was tremendous progress in our understanding of the heaviest known elementary
particle, the top quark, since it discovery which was first reported at Moriond QCD conference in
1995. Precision measurements of the top quark properties are important: to obtain fundamental
constants of the Standard Model and as a way to search for physics beyond Standard Model
which naturally could demonstrate itself in the properties of the heaviest known particle.
Mass of the top quark is among fundamental parameters and experiments from both LHC
and Tevatron presented new measurements in different top quark decay channels. Fig. 2127 is a
summary of the Tevatron top mass measurements updated in March 2013 for Moriond QCD
conference.

Figure 21. Top quark mass measurements at the Tevatron.

The combined value of the top quark mass is 173.20+-0.87 GeV. The uncertainty reached
is 0.5% or twice better in comparison with Tevatron Run II projections. While LHC experiments
did not update top mass combination for 2013 winter conferences, summer 2012 result of
173.3+-0.5(stat)+-1.3(syst) GeV is in good agreement with Tevatron measurement and getting
similar precision limited now by the systematic uncertainties. It is important to mention that
different channels and different methods of measurement of the top quark mass all give
consistent results. Still theoretically consistent description of “what mass” is experimentally
measured is required for mass measurements with accuracy below ~1 GeV.
CMS experiment at the LHC presented most accurate result on the difference between
masses of top quark and top anti-quark28. It is -277+-196(stat)+-122(syst) MeV. Within errors
the difference is consistent with zero as prescribed by CPT invariance.
Among new measurements in the top quark sector are wide array of top quark pair
production cross section measurements including total cross sections and various differential
distributions including with the center of mass energy of 8 TeV. On Fig. 2229 recent 8 TeV
results of differential cross sections measurements from the CMS experiment are presented.
These measurements are important to test QCD predictions for the heaviest quark, to find limits
of QCD applicability, as well as to search for physics beyond Standard Model as it could
demonstrate itself through subtle variations in kinematic distributions. For now, as it is seen from
Fig. 22 and other top quark cross sections measurements, all results are in good agreement with
the Standard Model predictions.

Figure 22. Top quark differential distributions at 8 TeV center of mass energy LHC.

In addition to the pair production of the top quarks via strong interaction, electroweak
production of the top quarks at the LHC has sizable cross sections. Both ATLAS and CMS are
now measured t-channel single top quark production with high precision (Fig. 2329) and
extracted direct limits on the value of CKM matrix element Vtb. All results for the single top
quark production are in agreement with the Standard Model predictions and stringent limits on
model-independent value of Vtb matrix element are set: Vtb value differs from 1.0 by less than
~10%.

Figure 23. Single top quark production cross sections in t-channel at 8 TeV LHC. Standard Model
prediction is 89 pb with ~3% uncertainty.

An interesting puzzling effect in the top quark pair production at the Tevatron continues
to attract attention of both experimentalists and theorists. Anomalous forward-backward
asymmetry was observed by both CDF and D0 experiments: more top quarks follow the
direction of the proton, then expected in the Standard Model. Both Tevatron experiments observe
~2σ effect and both see deviation in the same direction. No similar effect has been seen at the
LHC by ATLAS and CMS, while top pair production mechanisms at the LHC are quite different.
CDF experiment presented updated results on the full Tevatron data set on AlFB (asymmetry
calculated using leptons from decays of W bosons coming from the decays of top quarks) in
lepton+jets decay channel as presented on Fig. 2430.

Figure 24. AlFB measurements by the CDF experiment in lepton+jets channel.

After corrections for acceptance AlFB is 9.4+-2.4(stat)+2.2/-1.7(syst)% compared to the
theoretical prediction of 3.6% (including electroweak corrections) or ~2σ away. In order to
address this puzzle results on the full Tevatron data set from the D0 experiment as well as higher
accuracy results from the LHC are needed.

7 Higgs Boson
Discovery of a Higgs boson, particle responsible for electroweak symmetry breaking, last
summer is among most important discoveries in the particle physics. Now with new particle
observed main efforts are concentrated on studies of its properties, such as measurement of its
mass, as well as verifying that this particle has indeed parameters predicted by the Standard
Model, including spin and parity. Large number of new and updated results, from both Tevatron
and LHC experiments, have been presented at the conference.
Tevatron experiments presented update of the Higgs boson searches on the full Tevatron
2 TeV data set of 10 fb-1. Both Tevatron experiments, CDF and D0, see excess of events at ~2σ
level. When all search channels from both experiments, including decays to bb, WW, γγ and ττ,
significance of the excess at a mass of 125 GeV is 3.1σ31. Fig. 25a presents combined
background p-value (or probability of background to fluctuate to or above number of events
observed in data) demonstrating very low probability that signal observed at the Tevatron could
be explained by the background fluctuation. As presented on Fig. 25b excess of events above
background is observed in all studied Higgs decay channels, including decay into a pair of
fermions. All Tevatron results are in agreement with the Standard Model Higgs boson production
and decay adding important information to our understanding of the Higgs boson produced in
conditions different than at the LHC.

Figure 25. Background p-value for combined Tevatron Higgs boson searches result (left, 25a). Best fit Higgs
boson production cross sections normalized to the Standard Model predictions for the Higgs decay channels
studied at the Tevatron (right, 25b).

LHC experiments presented wealth of new experimental results about Higgs boson at the
winter conferences 2013 in most cases using full 2013 8 TeV data set where studies now, with
very high significance of Higgs observation already achieved, concentrate on precision
measurements of its properties. We will start from discussing studies of the Higgs boson decay
modes. For the decay to a pair of b-quarks32, most probable decay mode of the Higgs boson with
a mass of ~125 GeV, CMS reported 2.2σ observed excess with 2.1σ expected, providing a strong

indication of the Higgs boson decaying to a pair of quarks. ATLAS expected sensitivity in this
decay channel is 1.9 times above the Standard Model with observed limit 1.8 times above
predictions not yet providing significant sensitivity for studies in this channel. With full 2013
data set, improvements in the analysis methods and potentially combining LHC and Tevatron
experiments increases in sensitivity are expected with currently available data sets.
Decays of the Higgs boson to the heaviest lepton, τ-lepton, are searched by both ATLAS
and CMS experiments. Using close to the full available data set observed(expected) significances
of excess are32: ATLAS 1.1σ (1.7σ), CMS 2.9σ (2.9σ). CMS reached Standard Model
sensitivity and for all practical purposes established evidence for the Higgs boson decay to a pair
of τ-leptons. Both ATLAS and CMS results are compatible with Standard Model Higgs boson
decays to τ-leptons.
One of the most stringent tests if a Higgs boson discovered is indeed particle as predicted
by the Standard Model is the ratio of production cross section times branching fraction to the
Standard Model predicted values. Such ratio is called µ. Both ATLAS and CMS measured µ
values for a large number of different Higgs production and decay processes as presented on Fig.
2633,34.

Figure 26. µ values for different Higgs boson production and decay modes by ATLAS and CMS experiments.
Combined µ value for ATLAS 1.30+-0.20 and for CMS is 0.88+-0.21 (before update presented on Fig. 27).

Both ATLAS and CMS results are compatible with Standard Model, while some tension
for Higgs to γγ decay existed before the conference as both experiments saw somewhat enhanced
values of µ. My un-official combination of ATLAS and CMS measurements provides µ value of
1.1+-0.15 in good agreement with the Standard Model. CMS experiment updated their boson
decay modes results during the conference35 and updated CMS plot for bosonic decay channels is
presented on Fig. 27. Excess originally observed in this channel has disappeared with more data
and improved analyses and results are in a good agreement with the Standard Model predictions.

Figure 27. Updated µ values from CMS experiment on full 2013 data set.

The only parameter of the Higgs boson in the Standard Model (all other properties are
predicted) is its mass. As a result precision measurements of the Higgs boson mass are very
important, if not the most important measurements after a Higgs boson discovery. Both ATLAS
and CMS presented full 2013 data set results on the mass of the Higgs boson. Decay channels
used for the mass measurements are decays to γγ and ZZ where energy and angles of the decay
products (photons and leptons) could be measured with high precision. In fact designs of both
ATLAS and CMS detectors were optimized to detect Higgs boson and measure its mass with
high precision and these efforts are now paying off well. Fig. 2835 presents CMS results of
measurements of the Higgs boson mass. Both channels provide consistent results with average
mass of 125.8+-0.4(stat)+-0.4(syst) GeV34.

	
  

Figure 28. CMS experiment Higgs boson mass measurements in γγ (left) and ZZ (right) decay channels.

Fig. 2933 presents ATLAS results of the Higgs boson mass measurement. Small tension
between these two results exists: γγ channel best fit mass is somewhat above mass measured in
ZZ channel. These two results are compatible at 2-8% level which provides an opportunity for
the ATLAS experiment to combine these two results and obtain Higgs boson mass value of
125.5+-0.2(stat)+0.5-0.6(syst) GeV in a good agreement with CMS mass measurement. It is too
early to say where the difference between Higgs masses measured in two different channels by
the ATLAS experiment is coming from. Using existing data set with improvements in the
detector calibration might reduce the tension (or enhance it?). It could be that with more data (to
be collected in 2015 and beyond) this difference will go down, while there is a chance there is
yet un-known physics which affects measured values in these two channels. In any scenario it is
critical to continue to improve Higgs boson mass measurement by both ATLAS and CMS
experiments.

Figure 29. ATLAS experiment Higgs boson mass measurements in γγ and ZZ channels.

Back of an envelope combination of ATLAS and CMS Higgs boson mass results
provides mass of 125.6+-0.3GeV. The accuracy of this result, 0.24%, is already impressive – less
than a year after the Higgs boson discovery. For both experiments mass accuracy is limited by
systematic uncertainties, so improvements in mass measurement methods are needed to improve
precision.
Measuring spin and parity of the newly discovered particle is critical to assure that signal
observed is indeed coming from the Standard Model Higgs boson (0+). Both ATLAS and CMS
presented extensive results on this topic. Separation between different states is mainly coming
from low background, high angular resolution ZZ Higgs decay mode with Z’s decaying to
leptons. Fig. 3034,36 presents some of the observed results. There is already very good separation
between Standard Model prediction and exotic states, such as 0-, excluding this state with over
3σ significance. There are strong exclusion limits set by ATLAS and CMS for other spin-parity
states.

Figure 30. CMS (left) and ATLAS (right) exclusion plots for a particle with spin parity 0- vs
Standard Model Higgs boson prediction of 0+.

Another fundamental property of the Higgs boson is couplings to other particles which
are expected to be proportional to the mass of a particle. The approach here is to measure
couplings, normalized to their Standard Model values, Κi, using both production and decay rates.
As different couplings might be involved in the production and decays of the Higgs boson, there
are correlations between limits on different couplings. Fig. 3133,34 presents results on the
couplings obtained by the ATLAS and CMS experiments. Sub-script “F” means fermion
couplings and “V” means vector boson couplings.

Figure 31. Higgs boson couplings measurements by CMS(left) and ATLAS(right) experiments.

All couplings results obtained so far are in good agreement with the expected in the
Standard Model, while uncertainties are on a larger size: ~30% for KF and ~20% for KV.

Measurements of couplings will continue to improve as more data will be accumulated at the
LHC and analysis methods will improve.
With all Higgs boson studied properties matching well Standard Model predictions the
particle discovered in July 2012 looks more and more as the Standard Model Higgs boson.
Ultimate test is the verification of the self-consistency of the Standard Model using relation
between masses of the Higgs boson, the top quark and the W boson and other electroweak
parameters. Gfitter collaboration37 presented at the conference such self-consistency check with
top quark and W boson masses from the Tevatron and Higgs boson mass as measured at the
LHC. The plot of such a comparison is presented on Fig. 32.
The goodness of the fit is ~8% demonstrating impressive self-consistency of the Standard
Model and supporting the hypothesis that the newly observed particle is indeed the Higgs boson
of the Standard Model. Improvements in the measurements of the top quark, W boson and the
Higgs boson masses are critical for continuing improvements of our understanding of the
Standard Model applicability.

Figure 32. Standard Model self-consistency check in the top quark mass vs W boson mass plane.

8 Future LHC Running
Many of the key topics of modern particle physics depend heavily on data produced by
the LHC. In the talk38 status and plans of the LHC accelerator complex for the next run, to be
started in early 2015, are summarized as presented on Fig. 33. With excellent LHC performance
during Run I in 2010-2013 there is high confidence that next running period plans will be
realized. The center of mass energy of the collider will be in the range 13-14 TeV with ~150

days per year of delivering pp luminosity to the experiments. With planned 25ns bunch spacing
in 2015 integrated luminosity per year will be in 25-45 fb-1 range (for ATLAS and CMS
experiments) with number of pile-up interactions of ~25-50. There are different options how to
optimize delivered luminosity while keeping number of pile-up interactions reasonably low. The
final strategy is expected to be developed in close cooperation between machine experts and
LHC experiments.

Figure 33. LHC parameters for the next run planned to start in early 2015.

10 Concluding Remarks
With 56 excellent experimental talks presented at the conference it is impossible to do justice
to all of them in the relatively brief summary. I recommend to all readers to study all of the
submitted contributions presented in these proceedings. Main experimental highlights of the
conference (see talk39 of Michelangelo Mangano for the conference Theoretical Summary) based
on the new results presented at Moriond QCD 2013 include
a) New results from the LHCb experiment do not confirm anomalously large CP violation
in the charm sector;
b) Unexplained double-ridge structure seen by ALICE experiment in charged particles
correlations in pPb collisions;
c) No new hints of beyond Standard Model effects in direct or indirect searches;
d) All measured Higgs boson properties match Standard Model Higgs boson very well;
e) Mass of the Higgs boson is 125.6+-0.3 GeV.
Standard Model stands stronger than ever indicating its fundamental character and importance
of even deeper studies of one of the most successful theories of Nature.

I would like to thank all speakers of the conference for presenting excellent talks and the
experimental collaborations for the large number of new, exciting, and sometime puzzling
results. It was great pleasure to work closely with Michelangelo Mangano on the conference
summary talks. I thank the Moriond QCD 2013 organizers for the excellent organization of the
conference and for the invitation to give experimental summary talk which was challenging
while exciting experience.
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Introduction

The 2013 edition of Moriond QCD offered a complete and exciting overview of the latest progress
in a broad variety of topics in elementary particle physics. While the highlight of the meeting
was the release of the latest data from the LHC, particularly the update on Higgs studies,
excellent contributions on both theoretical and experimental recent results gave a clear sense of
vitality, progress, and expectation for further exciting developments to come. The experimental
search for and the theoretical speculations about possible phenomena beyond the Standard
Model (BSM), remain the driving theme of most studies, but great efforts are fortunately still
dedicated to the pursuit of precision, and to a deeper understanding of dynamical issues.
I will loosely group the various contributions in five areas: low-Q2 dynamics of strong interactions, heavy ion (HI) collisions, precision physics in hadronic collisions, status of BSM and
flavour physics and status of electroweak (EW) symmetry breaking (EWSB). The experimental
contributions have been reviewed in the excellent Summary talk by Dmitri Denisov 1 . Rather
than a summary of the theory talks, I will present a theoretical perspective on the whole set of
results, including reference to several experimental talks, to underline issues of theoretical relevance: there is no doubt that the multitude of results made available by the experiments, their
precision and diversity, remain the key drivers of today’s theoretical progress, and the interplay
between theory and experiment represents the most valuable asset of our scientific community.
The following summary shows an unavoidable unbalance between different topics, reflecting
the bias due to my personal expertise, understanding, and taste. For the sake of space, I shall
refer to the proceedings for a complete bibliography relative to the individual contributions.

2

Low-Q2 dynamics

After many decades since the acceptance of QCD as the fundamental theory of hadronic interactions, the study of its behaviour in the domain of strong coupling remains as vital as ever. This
is confirmed by the diversity of the theoretical and experimental results shown at this meeting. The former covered approaches to the problem of confinement 2 , studies of vector meson
production from gauge/gravity duality 3 , phenomenological models of hadroproduction in DIS 4 ,
the use of lattice QCD to calculate the large-energy behaviour of total hadronic cross sections 5 ,
lattice studies of semileptonic B → D(∗,∗∗) decays, and predictions for the rare decays τ → ντ ηP
(P = π, K) 8 . The latter reviewed data on multiparticle production at the B factories 6 , diffractive phenomena at HERA 7 , low-energy cross sections for e+ e− →hadrons 16 and a broad range
of studies of production 9 , spectroscopy and decay form factors of heavy hadrons 10,11,12,13,14 .
The latest analyses of low energy hadronic cross sections in e+ e− collisions in BaBar and
KLOE 16 greatly improved the accuracy of the theoretical predictions for the anomalous magnetic
moment of the muon, (g − 2)µ , confirming a discrepancy with the experimental data at a level
in excess of 3σ.
Recent measurements of open heavy quark production 9 confirm the good agreement with
theory. In the case of quarkonium 9 , on the other hand, the situation is still rather opaque.
Non-relativistic QCD (NRQCD) gives overall a good description of production cross sections 15 .
However, this is the result of combining a large number of independent production channels,
mediated by different states in the NRQCD expansion over color and quark velocity in the
meson CM frame. Each production channel has at least one overall parameter, namely a nonperturbative matrix element, to be fitted on data. Since various channels have different pT
shapes, one can fit almost every pT distribution, and several equally good fits can be obtained.
Thus, even though by now most relevant channels have been evaluated to NLO in QCD 15 , the
situation is still rather unsatisfactory. In addition, no choice of parameters compatible with
the cross section measurements seems to allow a good description of the experimnetal data on
charmonium polarization 15 . Having followed the development of this field for several years, I
start being skeptical about the possibility to ever make solid theoretical predictions, at least for
charmonium!
Hadronic spectroscopy is still a fascinating laboratory to explore the manifestations of confinement and test the theoretical models of bound-state formation, as confirmed by the continued
interest by some among the deepest thinkers of our times 17,18 . The latest inputs in this field
are emerging from the study of hadrons containing heavy quark-antiquark pairs. LHCb 12 determined the quantum numbers of the X(3872), obtaining J P C = 1++ , consistent with both
the tetraquark (qcq̄c̄) and the molecular (D0 D∗0 ) interpretation, but not with being a charmonium D-wave. Belle 13 , on the other hand, reported the lack of evidence for charged or CP-odd
partners of the X(3872), states that are expected in the tetraquark case a . Further support of
the molecular interpretation of these exotic states came from the observation of BB ∗ and B ∗ B ∗
decays of the Zb+ (10610) and Zb+ (10650) states. Finally, new clues on the origin of the X(3872)
were reported in the CMS study of its prompt and non-prompt production rates 9 : on one side,
the prompt rate is almost an order of magnitude smaller than what predicted at leading order
(LO) in non-relativistic QCD; on the other, the fraction of X(3872) from B decays does not
show a pT dependence, contrary to the steep rise observed in typical charmonium states. The
interpretation of these results is still lacking, as is an overall coherent picture of the nature of
these states. I am fascinated by these puzzles, and look forward to the evolution of this challenge
for QCD theory.
a
Following the meeting, however, evidence for a charged state at ∼ 3900 MeV was presented by BES 19 and
Belle 20 .
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Heavy ions

We have seen spectacular results: it’s mind boggling that we can create such complex phenomena
and explore their underlying dynamics 21 ! The study of soft probes (e.g. inclusive multiplicities,
flow) is complemented by the observation of a rich spectrum of hard probes (jets, photons and Z
bosons, heavy quarks). These two classes of phenomena, once complementary, are now integrated
in a single overall picture, which more and more relies on a common first-principle understanding
of the underlying dynamics. Soft-probe observables are now used to examine in greater detail
hard-probe processes (see e.g. the study of elliptic flow in heavy-quark final states). The
simplicity and elegance of the phenomenology emerging from the measurements of hard probes
is accompanied both by successful agreement with theoretical predictions, and by challenging
puzzles. The field is thus widely open to major progress, coming from higher-precision studies
and from measurements of new classes of observables, which will become available with higher
luminosity.
The early dramatic evidence of jet quenching, observed in the first HI run of the LHC,
is now accompanied by detailed quantitative studies of several new observables 23,24,25 and by
continued theoretical scrutiny26 . The measurement of prompt photons and Z 0 bosons up to
pT ∼ 200 GeV shows rates that scale linearly with the number of participants, confirming a
lack of interaction of these EW probes with the plasma. The unbalance in momentum of the
recoiling jet, on the other hand, fully confirms the observation of quenching in inclusive jets. The
fragmentation functions of these jets are being studied 24 , as a function of event centrality, and
show the expected softening 26 . The comparison of these observables across different samples
(γ/Z+jet, jets) will allow studies of quark vs gluon quenching. In parallel, the measurement
of charm and bottom production, as a function of pT , shows the first weak evidence of the
anticipated hierarchy in the nuclear modification factor, namely a reduced level of quenching for
heavy quarks 27 . On the other hand, jets including a b quark appear to be quenched like light
jets 25 .
A new element emerging from the LHC data is the similarity between phenomena occurring
in AA collisions 28 and features of large-multiplicity final states in pp and pA (e.g. the “ridge”):
this is suggestive of a new picture of the underlying structure of the proton at very small x 29 .
The modeling of the “soft” component of inclusive pp collisions is usually based on the picture
of multiple collisions of parton pairs. Various degrees of correlations are required to fit the data
(e.g. colour correlations, impact-parameter correlations of the partonic densities), and can be
modeled with suitable parameters in the standard Pythia, Herwig or Sherpa MC generators.
To which extent is this phenomenological modeling sufficient to capture the complexity of the
highest-multiplicity final states? Is there some deeper multi-body dynamics (like the colour-glass
model) that underlies these phenomena, both in pp and in pA/AA, and which would allow a
more physics-driven parameterization of the event generators? A rich programme of exploration
is now made possible by the variety of available data, with different beam types, from RHIC
and LHC.
The behaviour of quarkonium in the QGP remains an exciting and prone-to-surprises playground. The LHC data 24,25,27 show a reduced amount of charmonium suppression, relative to
RHIC 30 . This observation was anticipated as a possible manifestation of regeneration, namely
the recombination of charm and anticharm quarks produced in the collision of different nucleon
pairs. The recombination rate grows like the square of the average charm multiplicity, and is
indeed expected to become numerically relevant at the LHC energy. Large cold-nuclear effects
observed in dA at RHIC 30 , however, could undermine this interpretation. Further tests of the
kinematical dependence of charmonium suppression, and the study of charmonium production
in pA at the LHC, will thus be needed to confirm regeneration.
Finally, we were reminded 31 of the versatility of HI collisions. For example, the highintensity EM fields that are generated during the approach of such high-Z objects create a
unique environment for the study of hard γγ and γg collisions.
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Precision QCD in hadronic collisions

Hadron colliders have delivered precision measurements for a long time. Most notably the
mass of the W and of the top, and various properties of charm and beauty hadrons (mixing,
spectroscopy, decays). The interpretation and use of cross-sections, on the other hand, has
typically suffered from large theoretical and experimental systematics (with notable exceptions,
like the production rates and asymmetry of W bosons at the Tevatron, which have given valuable
input for the extraction of the quark densities).
Great progress has taken place over the last few years, and is now delivering its fruits, with
implications not only for the basic understanding of the proton structure and of QCD properties,
but also for our ability to explore possible BSM phenomena.
The improved determination of PDFs is made possible by powerful and flexible global fitting
tools 32 , which can now account for and include LHC data. Direct use of LHC data offers many
advantages: on one side they cover wide ranges of x at the large values of Q that are of interest
for most applications. On the other, the statistical and systematic accuracy is often at the
percent level. Furthermore, the data taken at different CM enegies provide further opportunities
to control systematic errors and improve the precision 33 . The overall experimental precision
achieved with measurements of gauge bosons 34,35 , of jets 33,36 and of photons 37 starts challenging
the theoretical accuracy. The report 38 of the first partial results (for the gg initial state channel)
for the next-to-next-to-leading order (NNLO) jet cross section is therefore particularly timely!
The scale variation is reduced to a few percent, in presence of a rate increase of about 20%
relative to the NLO result. The completion of this calculation will strengthen the program of
extraction of PDF densities from the LHC data, and improve the already remarkable precision
obtained in the extraction of αs from jet data 33,36 . At this level of precision, however, it is
necessary to understand the impact of the complete shower evolution of (N)NLO, parton-level
results on the resulting predictions for jet cross sections. Current indications 39,33 are that these
effects are significant, and lead to differences with respect to the parton-level results that are
as large as the scale or PDF systematics. A clarification of the origin of these effects will be
necessary to fully benefit from the intrinsic accuracy of the jet cross section result that are
becoming available.
At the LHC, large cross sections and the kinematical access to extended domains of phase
space enable very sensitive tests of the theoretical modeling of complex final states. Recent
progress in this area reported at this meeting includes: new tools for the automatic calculation
of NLO corrections to multibody final states 40,41 ; estimates of the NNLO corrections to processes
with very large NLO K factors 42 ; new tools aiming at an improved next-to-leading-logarithmic
accuracy in the description of the shower, with application to W +jet production 43 ; new tools to
exploit event shapes in hadronic collisions, reducing the impact of large pile-up 44 ; the inclusion
of multiple jet emission and resummation of Sudakov effects in the production of BSM particles,
enabling a more realistic description of their final states 45,41 . Overall, there is an excellent
agreement between theoretical predictions and data for a large variety of complex final states
such as multijet topologies 33,36 , associated production of W/Z plus jets and heavy quarks 34 ,
vector boson pairs 46 . Some residual issue is still left in the case of associated production of W
and heavy quarks, although the early large discrepancy observed by CDF is now significantly
reduced in the latest Tevatron and LHC measurements 34 .
The overall success of theoretical calculations in describing the fine details of complex
hadronic final states encourages their use to design new strategies and propose new observables, possibly sensitive to new physics. We saw, for example, interesting new ideas, based on
the use of jet masses instead of the usual HT , to separate the QCD background from BSM
multijet final states 47 .
Last but not least, the large statistics of top quarks accumulated at the Tevatron and at the
LHC are finally promoting the studies of top quarks 48,49,50,51 to the level of “high-precision”
physics, with increasing sensitivity to the possible presence of BSM effects 52 . The most notable

examples in the area of precision are the latest CDF/D0 combination of the top quark mass at
the Tevatron 53 , 173.20±0.87 GeV, and the precise cross section measurements at the LHC 50 . In
the area of BSM, the foward-backward asymmetry reported by CDF and D0 remains a puzzle,
which even the latest interesting measurements 48 do not seem to shed further light on.
The relevance of the new knowledge on mtop , in view of the new knowledge of the Higgs
mass, was illustrated by the latest global fits of EW parameters 54 . If, on one side, the agreement
between direct measurements of the top and W masses and the result of EW fits is remarkable, it
is clear nevertheless that further improvements in precision would be extremely interesting. The
knowledge of the Higgs mass, in fact, has greatly tightened the correlation between top and W
masses, and a slight tension is observed, at the level of 1-2σ. An outstanding theoretical challenge
is now the proper understanding of the systematics in the interpretation of the measured top
mass. New studies by CMS 49 start addressing part of this issue, by monitoring the dependence
of the measured top mass on the event kinematics. This probes the accuracy of the Monte Carlo
event generators to model the fine details of top production and decay, including the impact of
non-perturbative and hadronization effects.
5

BSM searches, and flavour physics

The search for BSM phenomena is driven by two considerations. On one side, there is clear
and incontrovertible evidence for physics beyond the SM (dark matter, the baryon asymmetry
of the universe, the origin of neutrino masses). On the other, the existence of a Higgs boson
with features fully consistent with those anticipated by the SM gives more concreteness to the
puzzle of the hierarchy, namely the naturalness of the EW scale and its stability with respect
to the Planck scale. It is natural to expect that the solution to the latter problem will also
include ingredients for the solution of the former ones, and most theoretical BSM theories that
have been proposed do precisely this. Searches for their evidence have been ongoing for decades,
and the access at the LHC to a new energy scale has offered new opportunities for discovery.
At this meeting, we saw many new results, ranging from the direct searches of new particles
(supersymmetric ones, new gauge interactions, new heavy quarks, Kaluza-Klein excitations,
etc), to indirect evidence of new phenomena at large Q2 (quark substructure, anomalous gauge
couplings, anomalous properties of the top quark, etc), to indirect evidence at low Q2 (rare
decays or CP violation in flavour physics, anomalous magnetic moment of the muon, etc). No
conclusive evidence, unfortunately, has matured as yet.
The study of the flavour sector of the SM, as an indirect probe for new phenomena, is strongly
motivated theoretically 55,56,57 , and accounts for a large fraction of the experimental programme
at the flavour factories 58 , at the Tevatron 59 and at the LHC 60,61,62 . Intriguing anomalies are
present. For example recent data on e+ e− annihilation to hadrons 16 confirm the O(3σ) data
vs theory discrepancy for (g − 2)µ . The decays B → D(∗) τ ν and B → τ ν, potentially sensitive
to new physics such as charged Higgses, show some anomaly, but the overall picture is not fully
consistent with a BSM interpretation either. The 4σ isospin asymmetry in K (∗) µ+ µ− decays
of charged and neutral B mesons is puzzling 60,62 , but no firm conclusion can be drawn, due to
highly uncertain SM predictions. Earlier evidence for CP violation in D decays has weakened 11 ,
but it still large enough to challenge the (rather uncertain) SM predictions. Several observables
are nevertheless available 56 to further test the origin of this effect, should it be confirmed.
Lack of direct evidence of new particle production at the Tevatron63 and at the LHC64,65 is
starting to question the viability of several BSM models. In particular, the parameter space of
highly constrained models, such as the constrained minimal supersymmetric SM (CMSSM), is
being strongly reduced. It would be a mistake, however, to draw general conclusions on these
theoretical frameworks. In a theory such as supersymmetry, the existence of a large number of
a-priori free parameters to describe its symmetry breaking pattern makes it impossible to make
general statements. One is forced to simplify the task of the searches by selecting benchmark

classes of models, parameterized by a reduced set of parameters. As the room left to these simpler
classes of models gets reduced, the experimental searches start shifting to new benchmarks,
whose manifestation can be more subtle and hard to detect. There is still a large room of
exploration, and even more will be opened once the LHC restarts, at the higher energy. The
whole picture was best summarized at the meeting by this statement 64 : “Physics beyond the SM
did not show up yet. There is no need for preliminary conclusions. Lets continue our work and
look were we havent looked so far”. At a time when all theoretical wisdom on what lies beyond
the SM seems to be challenged by the data, this sounds like a healthy pragmatic attitude.
The status of the CMSSM was reviewed 66 . In this framework, 125 GeV is a rather large
value for the Higgs, and demands a heavy stop quark (in the TeV range), with a large mixing
among the scalar partners of the left- and right-handed top quark, and a large overall mass scale
for the squarks of the first two generations. Furthermore, the direct constraints on the gluino
mass, setting it well above the TeV, imply large neutralino masses, and a limited range allowed
for it to be the dark matter particle. Global fits, including direct limits as well as low-energy
phenomenology (flavour physics) and dark matter, call for multi-TeV squarks and gluons, and
for neutralino dark matter in the few-hundred to TeV range, accessible nevertheless to ton-scale
detectors.
While the CMSSM is therefore still alive, I think it is fair to state that is has almost
exhausted its value as a reference benchmark for direct searches. Less constrained (or otherwise
constrained) supersymmetric models can easily loosen the constraints from DM and from the
Higgs. There is therefore a strong motivation in exploring possible supersymmetric signals from
models other than the CMSSM, as is being done with great investment of efforts and ingenuity
by the LHC experiments.
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Status of EWSB

The key questions raised at the time of the meeting concerned the real nature of the ∼ 126 GeV
resonance: is it a Higgs boson? is it the Higgs boson? A Higgs boson can be defined as a scalar
field, whose expectation value breaks spontaneously the SU (2) × U (1) symmetry. In the SM,
the Higgs boson is furthermore constrained to be an elementary field (i.e. not composite), to be
the member of a single SU (2)W doublet, and thus to be the only responsible for the masses of
gauge bosons and of quarks and leptons. The highlight of the experimental contributions on the
Higgs 67 was the proof that its decay distributions largely favour its scalar nature, relative to
other possibilities (e.g. pseudoscalar, or tensor). It has been remarked 41 that, when modeling
the lowest-dimension effective coupling of a spin-2 state, the coupling to the quarks and gluon
currents must be kept equal, to avoid a unitarity-violating and unphysical growth of the crosssection at large pT .
While this is very valuable information, I would not consider it as a breakpoint in our
assessment of the nature of the ∼ 126 GeV resonance. After all, the data still do not prove
that this is an elementary scalar, and we do know already of many CP-even scalars, among the
hadronic states, which however have nothing to do with a Higgs boson. So the “scalar-ness” of
the new particle is only a piece in the whole picture. In my view the strongest evidence that
this particle is a Higgs boson comes from its couplings to gauge bosons, which follow precisely
the pattern dictated by EWSB. A generic gauge-invariant coupling, would not reproduce the
experimental observation of the hierarchy of couplings, namely g(Hγγ)  g(HW W ) ∼ g(HZZ)
and g(HZγ)  g(HW W ). For example, a gauge invariant coupling like the following (see e.g.
68,69 for a more exhaustive discussion):
LH

a
= kW HWµν
Waµν + kB HBµν B µν
+
= 2kW HWµν
W −µν + (kB + kW ) HFµν F µν
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!
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HFµν Z µν

(1)

would require kB ∼ kW at the percent level, in order to agree with the observation B(γγ) ∼
10−2 B(W W ∗ ). As a result, we would have:
kW
+
LH = 2kW HWµν
W −µν +
HFµν Z µν + . . .
(2)
cW sW
and B(Zγ) = O[B(W W ∗ )], in clear contradiction with the existing limits 70 on B(Zγ). In my
view, this is the strongest experimental evidence we have that this particle is related to EWSB,
and it is therefore legitimate to assume it is a Higgs boson. Alternative interpretations must
explain the observed hierarchy of Higgs couplings to gauge boson pairs and, in those specific
frameworks, explain what else if not this particle breaks EW symmetry, and how EW precision
tests are satisfied. I am not aware of any compelling such alternative framework, and certainly
none was shown at this meeting.
As the precision of the measurements improves, initial deviations of the measured branching
ratios from their SM values become weaker. The residual differences of the results of ATLAS and
CMS from the SM are no bigger than the differences between the results of the two experiments,
and are thus diluted after a naive combination of the two sets of data. This is true, for example,
of the combined ratios µ = (σ × BR)exp /(σ × BR)SM , for which ATLAS reported a value of
µ = 1.30 ± 0.18, and CMS µ = 0.88 ± 0.21. While we should all be patient and wait for an
official combination by the experiments, I think it is safe to assume that the final average will
be consistent with µ = 1 within the overall uncertainty. And the same will likely be true of the
rates into individual final states, as well as of the mass.
Given the large overall uncertainties, nevertheless, there is clearly room for deviations to
be detected with the future studies and larger statistics. Theoretical work is therefore ongoing,
to set up the appropriate formalism to parameterize and interpret possible anomalies. Many
examples of this work were discussed during the meeting: tools for trustworthy generation of
Higgs look-alikes 41 ; parameterizations of non-SM couplings, used in fits of the current data 71 ,
and in handy analytical formulae for rates induced by non-SM couplings 72 ; discrimination
between composite and elementary Higgs 73 ; analysis of J P C 74 ; implications for 2-Higgs-doublet
models 75 ; flavour implications of extended Higgs sectors 76 .
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Concluding remarks

The observation of a Higgs boson opens a new era for particle physics. Its apparent consistency
with the SM Higgs boson is, on one side, a remarkable confirmation of an apparently naive
theoretical setup, formulated over 40 years ago, to explain the consistency of EW symmetry
with the gauge boson and fermion masses. On the other, the complete lack of evidence for new
physics makes more concrete and urgent the understanding of the naturalness of the EW scale,
whose stability relies, in the context of the SM, on an incredible amount of fine tuning. Very
precise measurements of the Higgs properties, and a continued search for signals of BSM physics,
will drive our field for many years to come. Both directions will demand an increased precision
in both the experimental analyses and in the theoretical tools used for their interpretation. The
broad spectrum of progress on both fronts, illustrated by many contributions to this meeting,
are an encouraging indication that the community is determined, ready and capable to tackle
such a gigantic challenge!
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