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E. Augé, J. Dumarchez and J. Trân Thanh Vân

Table of Contents
1. Higgs
Higgs boson results from the ATLAS experiment at LHC
New Higgs boson results from CMS
Higgs with Hadronic Signatures
Full top quark mass dependence in Higgs boson pair production at NLO
Search for√associated production of Higgs bosons and top quarks in multilepton final
states at s = 13 TeV at CMS
Effective Field Theory for Higgs properties parametrisation: the transverse
momentum spectrum case
Scalar Dark Matter candidate in Multi-Higgs Models

R. Nikolaidou
M. Xiao
B. Murray
S. Jones
N. Chanon

3
7
11
15
19

A. Ilnicka

23

D. Sokolowska

29

C. Hays
A. Ruiz Martinez
G. Pásztor
X. Cid Vidal
U. Marconi
V. De Leo

35
39
43
47
51
57

G. Xu
D. Madigozhin

61
65

A. Popov
M. Galanti
J. Fu
C. Lü
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1.
Higgs

Higgs boson results from the ATLAS experiment at LHC

R. NICOLAIDOU on behalf of ATLAS collaboration
CEA Saclay, IRFU/DPhP, 91191 Gif Sur Yvette, France

This report highlights some of the latest results on the Higgs boson studies with the ATLAS
√
experiment at the LHC, using proton-proton collision data at centre-of-mass energy of s =
13 TeV collected during 2015 and 2016.

1

Introduction

The discovery of the Higgs boson by ATLAS and CMS collaborations 1,2 at the LHC at CERN
in 2012, opened a new era in particle physics. Since then, the experiments have confirmed that
the properties (spin, parity, couplings) of the new particle are consistent with those predicted
for the Standard Model (SM) Higgs boson 3,4,5 , they have measured its mass to be mH =
125.09 ± 0.21(stat) ± 0.11(syst) GeV 6 and recently reported on a combination of its couplings
to other SM particles 7 . The second phase of the LHC, denoted as Run 2, at a centre-of-mass
√
energy of s = 13 T eV (compared to 7 and 8 T eV in Run 1) started in spring 2015 and will
continue till 2018. The higher cross-section of the Higgs boson production and the increasing
luminosity allow the experiments to study its properties in greater detail. At the LHC, the SM
production of the Higgs boson is dominated by the gluon fusion process gg → H (ggF), followed
by the vector-boson fusion process qq → qqH (VBF). Associated production with a W or a Z
boson or with a pair of top quarks have also sizeable contributions.
Thanks to the outstanding performance of the LHC, in 2016 alone, more data were collected
than the three previous years of operation together. The data collected in 2015 and 2016 by the
ATLAS experiment 8 after application of various quality requirements which reject events when
there is any relevant detector component not operating correctly, correspond to an integrated
luminosity of 36.5 f b−1 . This report is organized as follows. In Section 2 recent results from
Run 2 on the two high resolution channels (H → γγ and H → ZZ ∗ → 4l, l = e, µ) are presented.
The other two sections, 3 and 4 are devoted to two newly published results, the study of the
rare decay of the Higgs boson into a pair of muons and the search for new phenomena in events
with a missing transverse momentum and a Higgs boson decaying into two photons.
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The Higgs boson decay into two photons (H → γγ), one of the discovery channels in Run 1,
is a particularly attractive way to study the properties of the Higgs boson. Despite the small
branching ratio, a reasonably large signal yield can be obtained thanks to the high photon
reconstruction and identification efficiency at ATLAS. Furthermore, due to the excellent photon
energy resolution of the ATLAS calorimeter, the signal manifests itself as a narrow peak in
the di-photon invariant mass spectrum on top of a smoothly falling background, and the Higgs
boson signal yield can be measured using an appropriate fit, as shown in Figure 1 on the left. A
recent result using 13.3 f b−1 of Run 2 data is published 9 . Fiducial and differential cross section
measurements are presented in a variety of phase space regions and as a function of several
kinematic variables. With no significant deviation from the Standard Model expectations, the
fiducial cross section is measured to be σf id = 43.2 ± 14.9 (stat.) ± 4.9 (syst.) f b for a Higgs
boson of mass 125.09 GeV decaying to two isolated photons with transverse momentum greater
than 35% and 25% of the di-photon invariant mass and each with absolute pseudorapidity |η| <
2.37, excluding the region 1.37 < |η| < 1.52. The Standard Model prediction for the same
fiducial region is 62.8+3.4
−4.4 f b.
The other important discovery channel in Run 1, the Higgs boson decay to 4-leptons (H →
ZZ ∗ → 4l, l = e, µ), has a simple topology of four isolated leptons and provides very good
sensitivity for the measurement of its properties due to its high signal-to-background ratio,
revealing a narrow resonance on top of a smooth background which comes mainly from the
diboson production and the Z + jets. In a recent Run 2 analysis 10 , the properties of the Higgs
boson decaying to four leptons are studied using 14.8 f b−1 of integrated luminosity. The results
include measurements of the fiducial cross sections, the different production mode cross sections
and a test of beyond the Standard Model interactions using an effective Lagrangian approach.
The 4-lepton invariant mass distribution used to extract the signal contribution, is shown in
Figure 1 (right). In all measurements no significant deviation from SM predictions are observed.
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Figure 1 – Left: the invariant mass of the di-photon pair from the H → γγ analysis 9 . Right: the 4-lepton
invariant mass spectrum from the H → ZZ ∗ → 4l analysis 10 .

A combination of these two decay modes (H → γγ and H → ZZ ∗ ) is published in 11 .
Results are derived for these two decay modes and five sets of production processes for a Higgs
boson rapidity |yH | <2.5 and for a Higgs boson mass of 125.09 GeV. The cross section of
pp → H + X in the full phase space is determined from fiducial cross section measurements to be
+4.4
+2.4
59.0+9.7
−9.2 (stat.)−3.5 (syst.) pb, to be compared with the Standard Model prediction of 55.5−3.4 pb.
This result is shown together with the Run 1 compared to the theory predictions in Figure 2.
No significant deviation from the Standard Model expectations is observed.
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Figure 2 – Total pp → H + X cross sections measured at different centre-of-mass energies compared to Standard
Model predictions at up to N3LO in QCD. The red triangles show the measurements from the H → γγ channel,
the green rectangles show the measurements from the H → ZZ ∗ → 4l channel, and the black dots show the
combinations of these two channels. The light (dark) blue band shows the uncertainty from missing higher-order
QCD corrections.

3

Higgs boson decays to a pair of muons

The decay of the Higgs boson into a pair of muons is a rare decay with a branching ratio
in the Standard Model of 2 × 10−4 . This channel is of particular interest as it is sensitive
to measure the Higgs couplings to the 2nd generation of fermions with a clean experimental
signature. Its dominant background is the irreducible Drell Yan process of the Z decays to
two muons. The analysis 12 strategy adopted classifies the events in orthogonal categories to
enhance the sensitivity to the signal produced via ggF or VBF. In order to distinguish the VBF
characteristics of the events, various discriminating variables are used in a boosted decision tree
(BDT) while for the ggF categories the variables used are based on the (η) of the muon and the
transverse momenta of the di-muon system, profiting from the different momentum resolution
in the central and the forward region of the ATLAS muon spectrometer. No significant excess
is observed above the background expectation and an upper limit is set on the signal strength.
The observed (expected) upper limit on the cross-section times the branching ratio is 3.0 (3.1)
times the Standard Model prediction at the 95% Confidence Level (CL) for a Higgs boson mass
of 125 GeV. When combined with the proton-proton collisions data from Run 1 the observed
(expected) upper limit is 2.8 (2.9) times the Standard Model prediction.
4

Search for new phenomena in events with a missing transverse momentum and
a Higgs boson decaying into two photons

An interesting analysis which uses the Higgs boson as portal to Dark Matter (DM) is presented
in this section. It is the search for new phenomena in events with missing transverse momentum
and a Higgs boson decaying into two photons 13 . Three benchmark models of collider production
of DM in association with a SM-like Higgs are considered. In the first model, a massive vector
mediator Z 0 emits a Higgs boson and subsequently decays to a pair of Dirac fermionic DM
candidates; the second model involves the Z 0 boson decaying to the Higgs boson (here denoted
as h) and an intermediate heavy pseudoscalar boson A0 , which then decays to a pair of Dirac
fermionic DM particles (χ); the third model referred to as the ‘Heavy scalar’ model introduces
a heavy scalar boson H produced primarily via gluon-gluon fusion (ggF) and decaying to H →
hχχ.
The whole dataset from 2015 and 2016 is used in this study. No significant excess over the
background expectation is observed. 95% CL limits are set on the production cross section times
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branching fraction of the SM Higgs boson decaying into two photons in association with missing
transverse momentum in the three different theoretical benchmark models. 1D upper limit is
shown in Figure 3 (left) for the ‘Heavy scalar‘ model. The limit is shown as a function of the
heavy scalar mass in the range between 260 and 350 GeV, resulting for a complete exclusion of
this mass region. The observed and expected limit contours at 95% CL on the signal strength
(σ observed /σ theory ) are shown in Figure 3 (right) for two of the models considered in this study, in
which σ observed is the observed limit on the model cross section at a given point of the parameter
space, σ theory is the predicted cross section of the model at the same point.
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Figure 3 – Left figure: Observed and expected 95% CL exclusion upper limits on the heavy scalar boson H
production cross section times the branching ratio BR(H → hχχ, h → γγ) with a scalar DM candidate mass of
60 GeV as a function of the heavy scalar boson mass in the range 260 GeV < mH < 350 GeV. The theoretical
prediction for the model (dark-blue line) is also shown. Right figure: The ratios of the observed and expected 95%
CL upper limits on cross section to the predicted signal cross sections for the Z 0 − 2HDM model in the (mA0 ,
mZ 0 ) plane. The one standard deviation expected exclusion curves are also shown as red dashed and dotted lines.
The regions below the lines are excluded. The grey dashed line corresponds to the boundary of the region above
which the Z 0 boson becomes off-shell 13 .

5

Summary

After the impressive start of the Run 2 phase of LHC, studies of the Higgs boson with the
data collected by the ATLAS experiment are already matching or exceeding those of Run 1. In
this report some recent results from Run 2 on the two high resolution channels H → γγ and
H → ZZ ∗ → 4l are presented together with the newly published results, the study of the rare
decay of the Higgs boson into a pair of muons and the search for new phenomena in events
with a missing transverse momentum and a Higgs boson decaying into two photons. All the
results are consistent with what is expected from the SM. The final publications on Higgs boson
searches by the ATLAS experiment with the whole 2015 and 2016 accumulated statistics are in
preparation.
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New Higgs boson results from CMS
M. XIAO on behalf of the CMS Collaboration
Department of Physics and Astronomy, Johns Hopkins University,
Baltimore, MD, USA
This document summarizes the latest Higgs boson results from CMS experiment, based on the
full 2016 Run2 data delivered by LHC and collected by the CMS experiment, at the center of
√
mass of s = 13 TeV. The Higgs properties are measured in two high resolution final states:
the four lepton and the diphoton. The Higgs boson pair production processes are analyzed to
probe the Higgs couplings, as well as searching for a resonance in several channels.

1

Introduction

The Higgs boson was discovered by the ATLAS and CMS 1 experiments in 2012 2,3 . Since
then, a wide range of measurements were performed to understand the properities of the Higgs
boson, including its mass, width, spin-parity, and signal strength modifiers. No clear evidence of
deviation from the Standard Model (SM) was observed. In 2016, an integrated luminosity of 36.9
f b−1 data was recorded by the CMS experiment at the center of mass of 13 TeV. Compared to
Run1, this provides a Higgs production with larger cross-section in an almost doubled integrated
luminosity. It not only gives a great opportunity to examine the Higgs properties in better
precisions, but also to probe some rare processes like Higgs boson pair production.
2

The Higgs property measurements in 4` final state

The H → ZZ → 4` is one the two discovery channels in Run1. With the large amount of the
data collected in 2016, the analysis is able to divide the selected events as shown in Figure 1(a)
into mutually exclusive categories that are sensitive to different production mechanisms. Seven
categories dedicated to ggH, VBF, VH, and ttH modes are built based on the kinematic information, as well as the discriminants from Matrix Element (ME) calculation. Figure 1(b) shows
the measured signal strength modifier (µ) per production mode. The measurement used two
variables in the likelihood fit: the invariant mass of the four leptons (m4l ) and Dkin
bkg , a ME based
discriminant sensitive to the signal and the background separation. The overall µ is measured
to be 1.05+0.19
−0.17 . The signal production cross section in the fiducial volumn defined by the re+0.27
quirements on lepton kinematics and event topology is measured to be 2.9+0.48
−0.44 (stat)−0.22 (sys)
fb, as shown in Figure 1(c). This is consistent with the SM prediction 2.72 ± 0.14 fb. Fiducial
cross-sections are also measured in bins of jet multiplicity, jet pT and Higgs boson pT . No evident
deviations were observed.
The H → ZZ → 4` channel has the advantange of a full reconstructable final state, with
an excellent resolution from the four leptons. Thus the mass of the H boson can be measured
with high precision. The mass is determined with 3 variables: m4l , Dkin
bkg , and m4l error. A
kinematic fit is performed using a mass constraint on the intermediate Z resonance, where the
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Figure 1 – (a) The invariant mass distribution, (b) the measured signal strength modifiers in each production
mode and (c) the measured fiducial cross-section in the H → ZZ → 4` analysis 4 .

leading di-lepton pair’s transverse momentum are re-fitted to match the Z boson lineshape from
the simulation. 8% gain in the mass precision is achieved. The measured mass is 125.26 ±
0.20(stat) ± 0.08(sys) GeV, which is the most precise H mass measurement so far, exceeding the
results from ATLAS and CMS combination in Run1. In addition, the width of Higgs boson is
constraint to be less than 1.1 GeV at 95%, using the m4l distribution from the peak region. The
interference between the H boson and the background processes is taken into account.
It has been established that the H boson are consistent with J P C = 0++ . Assuming the H
boson couples to two gauge bosons which further couple to leptons and quarks, three general
tensor structures are allowed by Lorentz symmetry. The only sizable tree-level contribution
predicted by the SM is the a1 scalar terms. The 4` final state is used to measure the anomalous
coupling terms a3 , a2 , Λ1 and ΛZγ
1 , which correspond to the contributions from CP-odd, higherorder CP-even, q 2 expansion in CP-even term for ZZ and Zγ, respectively. Effective cross-section
ratios (e.g. fai ) of the anomalous couplings are measured for the benefit that they are bounded
between 0 and 1.
Three types of observables are used in the signal fit, built on the ME calculation of the H
boson decay or production kinematics: one to separate the signal from background processes, a
second to separate the processes with anomalous couplings and a third to isolate the interference
contribution. Events are categorized to probe the ggH, VBF, and VH productions. A summary
of the results is presented in Table 1. The usage of the production information improved the expected constraints by nearly one order of magnitude compared to Run1. No significant deviation
from the SM is observed in data.
Table 1: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges in square brackets)
intervals on anomalous coupling parameters in HVV interactions under the assumption that all the coupling ratios
5
are real (φVV
ai = 0 or π) .

Parameter
fa3 cos(φa3 )
fa2 cos(φa2 )
fΛ1 cos(φΛ1 )
Zγ
fΛ1
cos(φZγ
Λ1 )

3

Observed
+0.19
0.30−0.21
[−0.45, 0.66]
+0.19
0.04−0.04 [−0.69, −0.64] ∪ [−0.04, 0.64]
0.00+0.06
−0.33 [−0.92, 0.15]
0.16+0.36
−0.25 [−0.43, 0.80]

Expected
[−0.32, 0.32]
[−0.08, 0.29]
[−0.79, 0.15]
[−0.49, 0.80]

0.000+0.017
−0.017
0.000+0.015
−0.014
0.000+0.014
−0.014
0.000+0.020
−0.024

The Higgs property measurements in γγ final state

Despite its small branching ratio of about 0.2%, the H → γγ decay channel provides a clean
final-state topology that allows the diphoton invariant mass to be reconstructed with high pre-

cision. The measurement of the H → γγ differential production cross sections as a function of
kinematic observables allows one to investigate possible deviations from the SM predictions for
the dynamics of the production, decay and additional hadronic activity.
The signal is extracted by fitting for a signal peak on top of the falling spectrum of the
diphoton mass (mγγ ) distribution. The selected events are categorized using a mγγ resolution
estimator, which was decorrelated from the mγγ and allows for a smooth background description. Cross sections are measured within a fiducial phase space by requirements on the photons
kinematics, isolation, and event topology. The integrated fiducial cross section is measured to be
84 ± 11(stat) ± 7(sys) fb, consistent with the SM predition 75 ± 4 fb within uncertainties. Differential cross sections are measured as a function of the diphoton system transverse momentum,
and the number of additional hadronic jets in the event, shown in Figure 2. A good agreement
is observed with the theoretical predictions.
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Figure 2 – Measured H → γγ differential cross-section (black points) for (a) pT,gg, (b) Njets. The measurements
are compared to the theoretical predictions, for the gluon-gluon fusion process: MADGRAPH aMC@NLO (in
orange) and POWHEG (in green). The sum of the contributions from VBF, VH and ttH processes, labeled as
HX, is generated using MADGRAPH aMC@NLO shown in blue 6 .

4

Pair production of Higgs bosons

At the LHC, Higgs boson pairs (hh) are predominantly produced through gluon fusion via two
diagrams that destructively interfere, makes the cross section for hh production at 13 TeV
hh
very small, σN
N LO = 33.53 fb. Beyond the standard model (BSM) physics effects can appear
either via anomalous couplings of the Higgs boson or via new particles that can be directly
produced or enter in the quantum loop at production. The resonant production is predicted
by many extensions of the SM. In the non resonant case, the BSM physics is modelled with an
effective Lagrangian by extending the SM Lagrangian with dimension-6 operators. The Higgs
boson coupling to the top quark, yt and the trilinear coupling λHHH are modified, and three
additional couplings c2 , c2g , and cg are assumed to be zero in the following searches.
4.1

hh→ 2τ 2b final state

In the search for Higgs boson pair production in the hh → (bb)(τ τ ) final state, at least one
τ leptons is required to decay hadronically while the other can decay to leptons. Events are
categorized according to the number of b-tagged jets. To gain sensitivity in the high mass
region, a boosted category is built for the events containing an ak8 jet. The Higgs pair invariant
mass and MT 2 are used as the observable for the search of a resonant and the non-resonance,
respectively.
No significant excess of events was observed. For the resonant production mode, limits are
set as a function of the resonance mass under the hypothesis that its intrinsic width is negligible
compared to the experimental resolution. In the non-resonant production mode, the deviations

SM
from the SM couplings are parametrized by kλ = λHHH /λSM
HHH and kt = yt /yt . The signal
kinematics only depend on the ratio of the two couplings, thus 95% CL upper limits are set as
a function of kλ /kt . The observed (expected) limit corresponds to 28 (25) times the prediction
of the standard model. The excluded limits are shown in Figure 3(a) and Figure 3(b).
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Figure 3 – Observed and expected 95% CL upper limits on cross section times branching fraction for HH → 2τ 2b
(a) and for HH → 2b2V → bb`ν`ν (c) as a function of kλ /kt 8 , and as a function of mX in HH → 2τ 2b (b)
and HH → 2b2V → bb`ν`ν (d) 7 under the hypothesis that its intrinsic width is negligible with respect to the
experimental resolution.

4.2

HH→ 2b2V final state

The analysis looks for Higgs pair production, in hh → (bb)(VV) → (bb)(`ν`ν). Deep neural
network (DNN) discriminants, based on the Keras library, are used to improve the signal-tobackground separation. A single training with multiple parameters provides a smooth interpolation to cases not seen during the training phase. Separate DNN trainings are performed
for resonant and non-resonant searches, used as the final observable to extract the signal. The
results are in good agreement with the SM prediction. The upper limit of the production cross
section times branching ratio is given for the resonant and non-resonant searches, as shown in
Figure 3(c) and Figure 3(d). 79 (89) times the SM cross section is observed (expected) to be
excluded from the non-resonant search.
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Higgs with Hadronic Signatures
W.J. Murray, on Behalf of the ATLAS and CMS collaborations
Department of Physics, Warwick University, CV4 7AL, UK
& Rutherford Appleton Lab., Didcot, OX11 0QX, UK

The decay of the Higgs boson to b quarks should be the dominant decay mode, but it has not
yet been conclusively established. The LHC run 1 results are recalled and the current status
of the LHC Run 2 studies is reviewed. The analysis is approaching decisive sensitivity.

1

Introduction

The ATLAS and CMS combined Higgs coupling results1 from LHC Run 1 included H → bb
searches in association with vector bosons and top quarks. When Standard Model production
is assumed then Br(H → bb) is µ = 0.70+0.29
−0.27 , where µ is measured over expected. If both
production and decay rates are fitted, then Br(H → bb)/Br(H → ZZ) has µ = 0.20+0.20
−0.12 .
This report discusses the results on H → bb from Run 2, which are currently a fragmentary
picture but give indications of the direction. Cross-sections rise as the beam energy goes from
8 TeV to 13 TeV, especially in ttH where the (expected) number of Higgs events analysed
exceeds Run 1. The analyses have large backgrounds, so machine learning techniques such as
Boosted Decision Trees (BDTs)2 are used to identify events with enhanced signal to background.
VBF production is studied by CMS4 and ATLAS5 , and is discussed in section 2. VH production from ATLAS is in section 3 and ttH from both experiments7,8 is in section 4. CMS tH 3
is omitted for space reasons. Finally section 5 contains some conclusions.
2

VBF Higgs production

The highest-rate Higgs production process used for H → bb is vector boson fusion, with a crosssection of 3.8 pb. ATLAS and CMS have released results using different approaches. CMS,
following Run 1, and with 2.3 fb−1 , used a dedicated trigger selecting the topology of a central
pair of b-jets and two forward jets, known as tag jets. ATLAS instead, from 12.6 fb−1 , use the
much rarer topology where an additional photon is produced. This simplifies the trigger and
raises the signal to background but with a large price in rate.
The CMS trigger requires 3 jets at L1, and four at the HLT. Two categories are selected,
either requiring a jet identified as a b-jet and a mass over 460 GeV for the tag pair, or two b jets

Events / 5.0 GeV

and only 200 GeV mass in the tag pair. The signal efficiency is 6%. ATLAS used the photon as
an L1 trigger, and then require a 700 GeV tag jet pair mass at HLT with no b-tag requirement.
Both ATLAS and CMS rely on BDTs to enrich in signal purity. They use different variables,
but are sensitive to the same six areas: the dynamics of the VBF system, the b-jet content of
the event, the quark or gluon nature of the tag jets, the suppression of jet activity between the
tag jets, the H production angles and the overall momentum of the system of four jets. The
modelling in the ATLAS case is corrected using side-bands. The resulting BDT output is used
to define several signal regions.
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Figure 1 – The most sensitive regions of the CMS (left) and ATLAS (right) VBF H → bb searches.

The BDT selections are designed not to bias the mass of the Higgs dijet, allowing the signal rate to be extracted from a fit to a smooth background and a signal peak, which reduces
dependence upon the background simulation. In the CMS case the background shape is constrained using the lower purity regions. Figure 1 shows the most sensitive regions. The resulting
+2.8
estimates of the signal strength are µ = −3.7+2.4
−2.5 for CMS and µ = −3.9−2.7 for ATLAS.
3

Vector-boson associated

The total cross-sections for ZH and WH are 0.88 pb and 1.37 pb respectively, but only nonhadronic vector boson decays are used. Furthermore, the V bb background in an inclusive analysis
is very large, but a boosted topology provides the sensitivity. ATLAS have released results6 using
13.2 fb−1 which are briefly reported here.
The analysis uses selections for 0, 1 or 2 leptons, (muons or electrons), targeting Z → νν,
W → lν and Z → ll respectively. In each case two b-jets are required from the Higgs, with
possible extra jets. The backgrounds and triggers vary considerably: two leptons provides the
cleanest, but low rate, channel; one lepton has the highest rate but large top backgrounds and
the zero lepton channel has the best overall sensitivity.
The trigger comes from either the charged leptons or Emiss
, and is most problematic in
T
the zero lepton channel, where an online threshold of 90 GeV was used in 2016. All channels
apply a pT threshold of 150 GeV to the Higgs candidate, with the exception of the di-lepton,
where an additional signal region of lower pT events is used. A BDT is used to produce signalenriched regions, but the mass is included, implying that the background modelling is critical.
Figure 2 shows the impact on µ of various systematic errors; dominated by flavour tagging and
the normalisation of Z plus heavy flavour background.
The resulting signal strength is µ = 0.21 ± 0.36(stat) ± 0.36(sys). A test using the same

Figure 2 – The VH analysis. Left is the leading constraints on nuisance parameters of the fit, and right the
combined BDTs of all the VH channels.

methodology, but searching for V Z, yields µ = 0.91 ± 0.17(stat) ± 0.30(sys), giving confidence
in the modelling.
4

Top-pair associated

Both CMS and ATLAS have released ttH analyses7,8 based on about 13 fb−1 of data. The
ttH channel cross-section rose by a factor 3.8 from 8 TeV to 0.51 pb. The leptonic top decay
provides an excellent tag and trigger, but the complex final state means that tt, and especially
ttbb, modelling issues dominate the analysis.

Figure 3 – The distribution of events in jet categories in ATLAS before (left) and after (right) the fit.

Figure 3 shows the distribution of numbers of events in bins of the number of jets and the
number of b-tagged jets in ATLAS before and after the fit. Significant mismodelling can be seen
- much larger that the signal size. CMS and ATLAS both used PowHeg v. 2 to simulate ttbb,
but CMS used a custom tune based on 8 TeV data and get a better pre-fit agreement.
The fits are to BDT or Matrix Element Method (MEM) distributions. Uncertainties on
background shapes are taken from scale variations, PDFs etc., but both ATLAS and CMS add
additional uncertainty to the rate of top pairs with additional heavy-flavour quarks. The fit to
the data constrains the modelling so that finally there is good agreement across the distribution
and much reduced uncertainties. This is essential if the analysis is to be sensitive.
Figure 4 shows the most signal-enriched regions of the CMS analysis, in one and two lepton
modes. The impact of the fit in reducing the uncertainties can again be seen.
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5

Summary and Conclusions

Table 1: The measurements of the H → bb rate from LHC run 2 in units of the standard model expectation.

Production mode
Expt.
ttH
ATLAS
ttH
CMS
VH
ATLAS
VBF
CMS
VBF+γ
ATLAS
Naive average

Luminosity
13.2 fb−1
12.9 fb−1
13.2 fb−1
2.3 fb−1
12.6 fb−1
n.a.

Rate
2.1 +1.0
−0.9
−0.19 ± 0.80
0.21 ± 0.51
−3.7+2.4
−2.5
−3.9+2.8
−2.7
0.2±0.4

The measured rates of H → bb in the various analyses discussed here are presented in table 1,
together with an average which symmetrises the error bars and combines all the estimates as
uncorrelated. The run 2 data do not yet show clear evidence for the H → bb process, but the
precision is interesting. Future measurements will have much larger samples, which will not only
improve the statistical precision but also allow better control of the systematics and in many
cases the identification of higher purity regions. The current, murky, situation will improve
dramatically.
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Full top quark mass dependence in Higgs boson pair production at NLO
S. P. Jones
Max Planck Institute for Physics
Föhringer Ring 6, 80805 München, Germany
We discuss the combination of the NLO QCD matrix element for di-Higgs production, including the full top quark mass dependence, with a parton shower. Results are generated in both
the POWHEG-BOX and MadGraph5 aMC@NLO Monte-Carlo frameworks and showered with Pythia.
This project demonstrates the use of the 2-loop di-Higgs amplitude which is currently known
only numerically. In order to produce a fast and stable code for the evaluation of the virtual
matrix element a grid was constructed based on precomputed phase-space points.

1

Introduction

The Higgs sector is one of the current frontiers at the LHC and is now transitioning from a discovery to a precision channel. Higgs boson pair production in particular is an important process
for our understanding of the Higgs sector as it allows us to directly constrain the Higgs boson
self coupling. In the Standard Model (SM) the Higgs boson self interactions, after electroweak
symmetry breaking, are predicted in terms of the Higgs boson mass and vacuum expectation
value which are known precisely, thus the SM makes very clear predictions for the value of the
di-Higgs boson cross section and distributions. Furthermore, many beyond SM (BSM) models predict deviations of the self coupling and/or of the di-Higgs cross section from the SM
expectation either through resonant or non-resonant effects 1 .
Experimentally it is a challenging process to measure due to the low total cross section,
√
NLO
σ
= 32.91+13.6%
s = 14 TeV, and difficult to control backgrounds. Theoretically it is
−12.6% fb at
also challenging to compute in part due to the fact that it is a loop induced process with several
mass scales and at least 4 external legs. The leading order (LO) 1-loop result has been known
for a long time 2,3 . Beyond LO the Higgs Effective Theory (HEFT) has been used to estimate
higher order corrections. In the HEFT, computations are performed in the limit mt → ∞ which
induces effective gluon-Higgs vertices. This produces a tree level LO and reduces the number
of scales appearing in the calculation. In the HEFT the next-to-leading order (NLO) 1-loop
results are known and have been reweighted by the Born result in the SM (“Born improved”)
which includes the effect of the top quark mass at LO 4,5 . The ratio of the NLO to LO cross
section is approximately 2. The next-to-next-to-leading order (NNLO) 2-loop results are also
known 6,7,8,9 and have recently been computed also differentially 10 . The NNLO cross section
is approximately 20% larger than at NLO. Threshold resummation has also been applied to
the HEFT results at NLO+NNLL 11 and NNLO+NNLL 12 . Additionally, the top quark mass
4
13,9 . One can also compute the
expansion is known up to 1/m12
t at NLO and 1/mt at NNLO
real radiation in the SM but use the NLO HEFT virtual matrix element rescaled event-by-event
by the Born result in the SM, which is known as “Full Theory (FT) Approx” 14,15 .
In the SM the NLO (2-loop) result including the full top quark mass is known numeri√
cally 16,17 . For s = 14 TeV the SM cross section is 14% below the BI HEFT result and 4%

below the “FT Approx” result. Results for NLO+NLL resummation for the transverse momentum of the Higgs boson pair including the full top quark mass are also known 18 .
The work presented here is focused on applying a parton shower to the NLO result including
the full top quark mass dependence 19 . The two goals of the project are to produce a fast and
stable method of evaluating our numerically computed amplitude that can be interfaced to a
general Monte-Carlo program and to assess the impact of a parton shower on various di-Higgs
production distributions. It also lays the groundwork for making the numerical results of the
fixed order calculation publicly available in an easy to use manner, currently this work is ongoing.
2

Setup

The 2-loop gg → HH amplitude was evaluated using the Feynman diagram approach, the
integrals appearing were reduced to master integrals (where feasible) using Reduze 2 20 and
evaluated numerically using SecDec 21,22 , see earlier publications for more details 16,17,23,24 . The
net result is that although great efficiency gains were achieved compared to existing methods
for the numerical evaluation of the amplitude, the evaluation of a single phase-space point is
still time consuming in comparison to analytic results for other processes, taking a median of 2
Graphics Processing Unit (GPU) a hours. Therefore, on current day computing hardware it is
not possible to obtain results by directly interfacing the numerical amplitude code to a general
purpose Monte-Carlo program.
However, the virtual matrix element depends on only 2 Mandelstam invariants ŝ, t̂ (for fixed
mt and mh ), it is therefore possible to build a 2D grid of phase-space points and interpolate.
This allows the application of a parton shower using existing Monte-Carlo frameworks which
can request points from the grid without having to re-evaluate the amplitude. For the current
publication 3741 events have been used to initially construct the grid.
The grid has been interfaced to both the POWHEG-BOX 25,26,27 and MadGraph5 aMC@NLO 28,29
frameworks. For the POWHEG-BOX implementation the 1-loop real radiation matrix elements were
evaluated using GoSam 30 . To validate the grid we first produced a NLO HEFT grid using the
same set of phase-space points as used for the SM. The simplicity of the HEFT result allows
us to implement it also analytically in the Monte-Carlo frameworks and switch between the
analytic and grid result. We checked that the invariant mass mhh and transverse momentum phT
distributions are reproduced accurately by the grid, which is sufficient to validate it. To further
check the implementation of the SM result, the POWHEG-BOX was used to produce distributions
at fixed order and compared to the original NLO results which do not rely on the grid.
3

Results

√
We present results for hadronic centre of mass energy s = 14 TeV with mh = 125 GeV and
mt = 173 GeV using the PDF4LHC15 nlo pdfas 31 Parton Distribution Function (PDF) set. We
renormalize the top quark mass in the on-shell scheme and the QCD coupling in the MS fiveflavour scheme with the top quark loops in the gluon self-energy subtracted at zero momentum.
−3 GeV. The
No cuts are applied except for a technical cut in the real radiation of phh
T > 10
1
scale variation bands shown are the result of a 7-point scale variation around the central
scale µ0 = mhh /2 with µR,F = cR,F µ0 where cR , cF ∈ 0.5, 1, 2 omitting the extreme variations
(cR , cF ) = (2, 0.5) and (cR , cF ) = (0.5, 2). PDF uncertainties, which never exceed 6%, and αs
uncertainties are not displayed. All results shown are produced using Pythia 8.2 32,33 .
We find that observables which are inclusive in the additional radiation, such as mhh , are
largely unaffected by the shower, as expected. In Figure 1 (left panel) we show the transverse
momentum of a random Higgs boson, phT , the features of the various approximations at fixed
order remain broadly similar after the shower, in particular the central value of “FT Approx”
a
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Figure 1 – The transverse momentum distribution of a randomly selected Higgs boson phT (left) and the transverse
momentum distribution of the Higgs boson pair phh
T (right).
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Figure 2 – The Higgs boson pair radial separation ∆Rhh = (η1 − η2 )2 + (Φ1 − Φ2 )2 for the fixed order calculation and showered result (left) and for the POWHEG-BOX and MadGraph5 aMC@NLO matching schemes (right).

lies outside the SM scale variation for phT & 280 GeV and the “BI HEFT” greatly overestimates
the high phT tail. The transverse momentum of the Higgs boson pair, phh
T , shown in Figure 1
(right panel), is non-zero only in the presence of at least one additional jet, the fixed order NLO
result is therefore only LO accurate for this observable. For phh
T the shower has a large impact,
nevertheless the difference between the SM and BI HEFT results is large in comparison to the
effect of the shower.
In Figure 2 we show the radial separation of the Higgs boson pair. At LO ∆Rhh ≥ π, this
means that the right half of each of the plots shown is NLO accurate, accordingly, for this region
of the plot the difference between the fixed order and showered result is small (left panel) and
different matching schemes produce similar results (right panel). The left half of each ∆Rhh plot
is only LO accurate, here the shower has a large impact (left panel) and the different matching
schemes differ somewhat (right panel).
4

Conclusions

We have presented distributions for Higgs pair production at NLO plus parton shower in QCD
including the full top quark mass dependence. The numerically computed virtual matrix element
is interfaced to the Monte-Carlo programs POWHEG-BOX and MadGraph5 aMC@NLO via a 2D grid
in the Mandelstam invariants ŝ and t̂, which provides a fast method of estimating the amplitude
from a set of precomputed phase-space points via interpolation.
The impact of the parton shower on the transverse momentum distribution of a random
hh and on
Higgs boson, phT , is limited, whilst the impact on the LO accurate observables phh
T , ∆Φ
part of the ∆Rhh distribution is large. Currently the analysis does not include hadronisation,
multiple interactions in the parton shower or the decay of the Higgs which could be investigated

in a subsequent phenomenological study.
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SEARCH FOR ASSOCIATED PRODUCTION OF HIGGS BOSONS AND TOP
√
QUARKS IN MULTILEPTON FINAL STATES AT s = 13 TeV AT CMS
N. CHANON on behalf of the CMS Collaboration
Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, CNRS/IN2P3,
Strasbourg, France
Searches for the production of a standard model (SM) Higgs boson in association with a top
quark pair (tt̄H) is presented, in the multilepton (e, µ, τ ) final states. The dataset analyzed
√
corresponds to an integrated luminosity of 35.9 fb−1 of proton–proton collisions at s = 13
+0.5
TeV by the CMS experiment in 2016. A best fit tt̄H yield of 1.5−0.5 times the SM prediction
is measured in e, µ final states, and 0.7+0.6
−0.5 times the SM prediction in final states with at
least one hadronic τ , with an observed (expected) significance of respectively 3.3σ (2.5σ) and
1.4σ (1.8σ).

1

Introduction

Since the discovery of a new boson with a mass of 125 GeV by the ATLAS and CMS Collaborations 1,2 , its properties have been measured extensively and found to be compatible with the SM
Higgs boson. The Top Yukawa coupling is still known with poor accuracy. It can be accessed
directly, at the tree level, by measuring the production of tt̄H, with a cross section of about 1%
of the total cross section for the Higgs boson production 3 . At the Run1 of the LHC, the tt̄H
production was measured with a significance of 4.4σ (2.0σ expected) by combining data of all
channels at ATLAS and CMS 4 .
This proceeding presents an analysis with an integrated luminosity of 35.9 fb−1 of proton–
√
proton collisions at s = 13 TeV by the CMS experiment 5 in 2016. Searches for the tt̄H
process in multilepton final states will be described, targeting the decays H → W W ∗ , ZZ ∗
(with subsequent fully leptonic or semi-leptonic decays), and τ τ , where at least one τ is decaying
hadronically. Among the two top quark decays, at least one of them must decay leptonically.
The multilepton final states have lower rate than H → bb̄ final state; however these channels
have low background, and the irreducible backgrounds are known with a higher precision on the
theory uncertainties.
The analysis is divided into two parts: final states targetting electrons and muons 6 , and
final states with at least one hadronic τ 7 .
2

Multilepton (e, µ) final states

The analysis is targeting the following categories: 2 same sign leptons (2`ss), 3 leptons (3`) or
4 leptons (4`), with no hadronic τ (dedicated analysis for τh is presented section in 3). At least
4 jets among which 1 b-tagged jet must be reconstructed in the 2`ss category. The two leptons
are requested to be of same sign to reduce Drell-Yan and tt̄Z contribution. At least 4 jets among
which 1 b-tagged jet must be reconstructed in the 3` and 4` category (for the latter, a mass
requirement is applied to remove H → 4` events, left to the dedicated H → ZZ ∗ → 4` analysis

8 ).

The lepton identification was optimized for this analysis, with a selection on the output of
a boosted decision tree (BDT) using shape, isolation and overlapping jet information, to reduce
the contribution of jets misidentified as leptons in the busy tt̄H environment. The categories
are further divided in sub-categories according to tightness of the b-tagging criterion and lepton
charge (taking advantage of the charge asymmetry of the tt̄W ± background at the LHC).
The irreducible background consists in tt̄ + W/Z/γ ∗ and is estimated from simulation, with
an uncertainty of about 10%. The reducible background, mainly made of tt̄+jets, with a jet
misidentified as lepton or a lepton with mis-measured charge, is measured from data, with an
uncertainty of about 30%. The background of jets mis-identified as leptons is computed from
a QCD control region with loosened lepton identification. The background arising from lepton
charge mis-assignment is measured from from a same-sign sample by measuring the amount of
peaking events (electron only, rate for muon charge mis-assignment is negligible).
In 2`ss and 3` categories, the signal extraction procedure relies on two BDTs. The first BDT,
trained on tt̄H against tt̄+jets, includes various kinematic variables, and a dedicated tagger for
hadronic top reconstruction in the 2`ss category. The second BDT, trained on tt̄H against
tt̄W/Z, includes also kinematic variables as input, as well as a dedicated tagger for jets arising
from Higgs semi-leptonic decay in 2`ss category (where jets tagged by the hadronic top tagger
are removed), and a likelihood ratio of tt̄H vs tt̄W +tt̄Z hypotheses computed with a Matrix
Element Method (MEM) in 3` category. A bidimensionnal distribution of the kinematic BDTs
is built, which is mapped into a 1D distribution, grouping bins with similar signal/background
ratio such that the expected background yield is similar in each bin. The 1D distribution for
2`ss category is shown in Fig. 1. A counting experiment is performed in the 4` category given
the low expected number of events overall. The signal and background contributions estimated
from data and simulation is fit to the data.
The result of the fit is shown in Fig. 1. The best fit signal strength is driven by the 2`ss
category (with highest yield), and found to be 1.5 ± 0.5. The observed (expected) significance
is found to be 3.3σ (2.5σ) with 2016 data, and the same result is found combining with the
ten times smaller dataset of 2015 data. The behaviour of the fit is checked by allowing the
tt̄W/Z contribution to float, and the observed significance found is 3σ. The main systematic
uncertainties in the fit are arising from the tight lepton selection and the contribution of jet
mis-identified as leptons.
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Figure 1 – Combination of the BDT classifier outputs in the bins used for signal extraction, for the same-sign
dilepton channel (left). Best fit signal strength for e, µ multilepton final states, by categories (right).

3

Analysis in multilepton final states with at least one hadronic τ

Categories involving hadronic τ final states are orthogonal to multilepton categories defined in
section 2. They are treated separately and are described in this section. Three categories are
defined: 1`+2τh and 2`ss+1τh , requiring at least 3 jets and among which 1 b-tagged jet, and
3`+1τh , requiring at least 2 jets with 1 b-tagged jet.
Hadronic τh reconstruction is performed with the CMS hadron+strip algorithm 9 . The
τh reconstruction is seeded by particle flow jets. Neutral pions are recovered using dynamic
η-φ strips, widened depending on pT in the case of bremstrahlung or nuclear interaction. A
decay mode finding procedure is applied, reconstructing various possible combinations of charged
hadrons and strips.
The τh identification is based on a MVA using isolation sum computed within
p
a cone ∆R = ∆η 2 + ∆φ2 < 0.3, optimised for the busy hadronic environment in tt̄H processes.
The background estimate is following a similar strategy as the previously described multilepton (e, µ) analysis. In the 1`+2τh category, the background of jets mis-identified as τh is
dominant and is measured from data, with a tt̄ sample in eµ + 1 jet final state.
The signal extraction procedure is using advanced techniques based on MEM and kinematic
BDT. In the 1`+2τh category, a single BDT is trained against the tt̄+jets background. The
2`ss+1τh category is using the MEM likelihood ratio of tt̄H against tt̄Z + tt̄ hypotheses. Two
sub-categories are defined: “no missing jet” if all reconstructed jets can be assigned to the matrix
element partons, and “missing jet” if one jet is escaping acceptance or is not reconstructed and
cannot be assigned to the matrix element (in which case the phase space is extended to integrate
over the missing jet). In the 3`+1τh category, the same 2D BDT procedure as described in
section 2 is applied.
The results are shown in Fig. 2. The sensitivity of the analysis is driven by the 2`ss+1τh
category. The combined best fit value measured is 0.7+0.6
−0.5 . The significance observed is 1.4σ
(1.8σ expected). In the absence of signal, the limit at 95% confidence level on the signal strength
is observed to be 2.0 (while 1.1 is expected). The main systematic uncertainties are the tight
lepton selection, τh identification and the background of jets mis-identified as τh .
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4

Conclusions

A comparison of the best fit signal strength for CMS analyses targeting tt̄H final states can be
found on Table 1. The final states with 4` 8 , multileptons 6 (described in section 2), and τh + X
7 (section 3) are updated with the full 2016 dataset.
Table 1: Measured best fit signal strength for tt̄H production at CMS.

LHC Run 1 (JHEP 08, 045, 2016)
CMS Run 2
γγ (HIG-16-040, 35.9 f b−1 )
4` (HIG-16-041, 35.9 f b−1 )
bb̄ (HIG-16-038, 12.9 f b−1 )
multileptons (HIG-17-004, 35.9 f b−1 )
τh +X (HIG-17-003, 35.9 f b−1 )

µ̂
2.3+0.7
−0.6
2.2+0.9
−0.8
0.0+1.2
−0.0
−0.2 ± 0.8
1.5 ± 0.5
0.7+0.6
−0.5

In the multilepton (e, µ) final states, the tt̄H signal is observed with 3.3σ significance
(2.5σ expected), and the signal strength is compatible with the standard model. The expected
significance with this single channel is already better than the LHC Run1 combination will all
channels. The τh + X analysis is performed for the first time at Run 2, with advanced signal
extraction techniques, although more data is needed for this channel to achieve comparable
sensitivity to the multilepton analysis. More insights on the tt̄H process will be possible at Run
2 where the luminosity might be three times higher than the dataset analyzed in this proceeding.
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After the Higgs boson discovery, LHC can be used as a precision machine to explore its properties. Indeed, in case new resonances will not be found, the only access to New Physics would
be via measuring small deviations from the SM predictions. A consistent approach is provided
by a bottom-up Effective Field Theory, with dimension six operators built of Standard Model
fields (SMEFT). We discuss how this approach works in case of the transverse momentum
spectrum of the Higgs particle. In our calculation we augmented the Standard Model with
three additional operators describing modifications of the top and bottom Yukawa couplings,
and a point-like Higgs coupling to gluons. Based on recently presented resummed transversemomentum spectra including these operators at NLL+NLO accuracy,which we recently presented in Ref 1 , in this note we show the extension of the calculation to NNLL+NNLO. We
find that such modifications, while affecting the total rate within the current uncertainties,
can lead to significant distortions of the spectrum. Additionally, through significant reduction
of the scale uncertainty we improve the sensitivity to the new operators.

1

Introduction

The 125 GeV scalar resonance observed in ATLAS and CMS at the LHC in 2012 2,3 closely
resembles the Higgs boson of the Standard Model (SM). It is however well known that the
SM cannot predict phenomena such as the baryon asymmetry of the Universe or dark matter.
Many beyond the SM (BSM) theories addressing these issues have been developed, which in
particular often modify the Higgs boson properties. It is possible that new resonances exist
beyond the reach of LHC, and New Physics will be manifested just by small deviations from the
SM predictions. Effective Field Theory (EFT), a consistent way to parametrise these deviations,
is an approach in which the unknown high-scale fields are integrated out and leave an infinite
ladder of dimension higher than 4 operators, with a well-defined hierarchy. The EFT can thus be
used to build a bottom-up approach in which the usual dimension-four operators of the SM are
augmented by leading (dimension-six) operatorsa . With the use of experimental data, the values
of the Wilson coefficients of these operators can then be fixed. For this, however, tools including
dimension-six operators need to be developed. Since the Higgs pT spectrum is an important
observable, which will be measured at the LHC, that can shed light on Higgs’ properties, the
aim is to develop a dedicated tool.
The inclusion of dimension-six and dimension-eight operators in the pT -spectrum has been
considered in Refs. 6,7,8,9 and 10,11 , respectively. Strategies for extracting information on the
a

The full set of dimension-six SMEFT operators has been presented in 4,5 .

Higgs-gluon coupling from the measurements were studied in Ref. 8 . Most of the above studies,
however, are limited to the high-pT region of the spectrum, and do not include small-pT resummation. In particular, in our study, we employ analytic resummation to deal with the low-pT
region. In this contribution we present the resummed pT -spectrum at NNLL+NNLO accuracy,
with the inclusion of a set of dimension-six parameters relevant for Higgs boson production.
2

Effective operators

We consider the effective Lagrangian
L = LSM +

X ci
Oi
Λ2

(1)

i

where the SM is supplemented by the inclusion of a set of dimension-six operators describing
new physics effects at a scale Λ well above the electroweak scale. In the spectra presented below
we included three additional operators:
O1 = |H|2 Gaµν Ga,µν ,

O2 = |H|2 Q̄L H c uR + h.c. ,

O3 = |H|2 Q̄L HdR + h.c.

These operators, in the case of single Higgs production, may be expanded as:
c1
αS
c2
mt
c3
mb
O1 →
cg hGaµν Ga,µν ,
O2 →
ct ht̄t ,
O3 →
cb hb̄b ,
2
2
2
Λ
πv
Λ
v
Λ
v

(2)

(3)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same tensor structure as in the heavy-top limit (HTL) of the SM. The operators O2
and O3 describe modifications of the top and bottom Yukawa couplings. In our convention,
based on the SILH basis 12,13 , we express the Wilson coefficients as factors in the canonically
normalized Lagrangian.
The coefficients ct , cb and cg can be probed in Higgs boson processes. In particular, ct (and
cb ) may be measured in the tt̄H (and bb̄H) production modes. The coefficient cb can also be
accessed through the decay H → bb̄.
3

Calculation Setup

The basis for the calculation presented here are the NLL+NLO spectra of ref. 1 . The calculation relies on the codes of Refs. 14,15 and 16,17 . To provide the state-of-the-art NNLL+NNLO
SMEFT calculations, we used the NNLL+NNLO SM predictions, and then scaled them with
the NLL+NLO calculations including the SMEFT operators:
 SM EF T
dσ

SM EF T


dpt N LL+N LO (pT )
dσ
dσ SM
(pT ) =  SM
·
(pT )
(4)
dpt N N LL+N N LO
dpt N N LL+N N LO
dσ
(p
)
T
dpt
N LL+N LO

It is important to note here, that the NNLL+NNLO results 18,19,20 are known only in the heavy
top limit, with just approximate inclusion of finite top mass effects. We used SM results obtained
with the numerical code HRes 21,22 , and we ensured the set up as close as possible to the one
used in the NLL+NLO calculations. b
To estimate the uncertainties due to the renormalization and factorization scales we performed the customary seven-point µR , µF variation, i. e. we consider independent
variations
q

within the range µ0 /2 ≤ µF , µR ≤ 2µ0 with 1/2 < µR /µF < 2, where µ0 =
then varied also the two resummation scales by a factor of two. c
b

p2T + m2H /2. We

See 1 for details.
Note that here only two resummation scales were used, corresponding to the top and interference ones (Qt
and Qint ) from previous study.
c

4

Results
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Figure 1 – Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations
and (b) mixed contribution of the dimension-six operator for 0 GeV≤ pT ≤ 400 GeV. The lower frame shows
the ratio with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the
uncertainty due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

In this section we present the pT spectra of the Higgs particle, including the modifications
coming from the effective operators. The values used for the Wilson coefficients correspond to
Figures 3 and 6 in 1 . d We note, that all presented spectra correspond to a total cross section
within 20% deviations from the SM prediction. As reference the NNLL+NNLO SM predictions
are shown in the Figures as solid black line, with the grey bands on the lower panel showing
the perturbative uncertainties. The light grey band correspond to the NLL+NLO uncertainty
relative to the central scale NLL+NLO calculations, while the darker band corresponds to the
NNLL+NNLO scale uncertainty relative to the NNLL+NNLO central scale calculation. This
presentation allows us to observe the decrease of the uncertainty while going one order higher.
It results in the decrease of uncertainty by about a factor of two in the low and intermediate pT
range (up to around 250 GeV). In the higher pT region, the uncertainties become more scattered
due to statistical fluctuations.
In Figure 1 (a) we present the spectrum with the individual contributions of the operators.
From the grey bands on the lower panel it can be noticed that at the NLL+NLO accuracy all
the curves are within the scale uncertainty, while in the NNLL+NNLO case the effects of higher
dimension operators exceed the uncertainties. As already noticed in 1 , the encouraging fact is
that the modifications of different operators manifest themselves mostly in different regions of
pT , i.e. cb in low and cg in high pT regions.
The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators.
We choose scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by
the excess on the tt̄H rate over the SM prediction reported in ATLAS and CMS 23,24 . As it was
noticed also in the NLL+NLO case most of the scenarios distort the shape of the spectra beyond
the scale uncertainty, but the further reduction of the scale uncertainty in the NNLL+NNLO
case allows also for a better discrimination between different scenarios. e
d
e

The procedure described above can be redone also for all the other operator combinations.
For more discussion on the SMEFT operators impact on the spectra refer to 1 .

5

Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery
of new resonances, it will be crucial to fully exploit the data to study possible (small) deviations
from the SM predictions. The formalism that can be used for this purpose is SMEFT, which
parametrises high-scale BSM effects through appropriate higher-dimensional operators. Bounds
on the corresponding Wilson coefficients of these operators can be set by comparing to the
experimental data.
In this note we have presented an extension of the recently published NLL+NLO calculations
of the Higgs pT spectra augmented with SMEFT operators 1 to NNLL+NNLO level of accuracy.
We start with state-of-the-art SM predictions and scale them by relative SMEFT/SM effects at
NLL+NLO (i.e. the ratios plotted in the lower panels of the Figures).
We found that variations of different SMEFT operators manifest themselves in different
regions of the Higgs pT spectrum: a modification of the bottom Yukawa coupling (O3 ) induces
effects almost exclusively at small pT , while a direct coupling of the Higgs boson to gluons (O1 )
changes the shape of the distribution in the high-pT tail and the top Yukawa coupling primary
affects the normalisation. We notice from the presented spectra that the shape of the transverse
momentum distribution depends on the mass of the particle that mediates the Higgs-gluon
coupling. The lower the mass of that particle, the softer is the resulting spectrum, and thus
the enhancement of bottom loop leads to the softest spectrum, while an enhancement of the
point-like coupling (corresponding to infinite mass particles in the loop) to the hardest one.
Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are
known only in the heavy top limit, with just approximate inclusion of top mass effects, and thus
the approach involving a scaling of the spectra was the only possible. With the full top mass
dependent results at NNLO it would be desirable to redo the analysis in the same spirit as the
one done in 1 in the NLL+NLO case. Moreover, in our study we omitted the chromomagnetic
operator, which can also have a relevant impact on the Higgs pT spectrum. This calculation is
planned for future work.
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SCALAR DARK MATTER CANDIDATE IN MULTI-HIGGS MODELS

D. SOKOLOWSKA
University of Warsaw, Faculty of Physics,
Pasteura 5, 02-093 Warsaw, Poland.
In many scalar Dark Matter (DM) models an imposed discrete symmetry will result in CP
conservation. We present an example of a DM candidate from the Three-Higgs Doublet Model
(3HDM) which have different CP-symmetry properties, leading to the new regions of DM relic
density opened up by CP-violation, and constrain the parameter space of the CP-violating
model using recent results from the LHC and DM direct and indirect detection experiments.

1

Introduction

In 2012 a discovery of a scalar boson with a mass of ≈ 125 GeV was reported by both ATLAS
and CMS experiments at the CERN Large Hadron Collider (LHC) 1 . Although the properties of
the observed boson are in agreement with these of the Higgs boson of the Standard Model (SM),
it may just be one member of an extended scalar sector. As of 2017, no signs of detection of
physics Beyond SM (BSM) have been reported, but it is well understood that the SM of particle
physics is not complete. A good motivation for BSM is the lack of a Dark Matter (DM) candidate
in the SM. Various DM candidates exist in the literature, the most well-studied being Weakly
Interacting Massive Particles (WIMPs) 2 . Any such WIMP candidate must be cosmologically
stable, usually due to the conservation of a discrete symmetry, and must freeze-out to result in
the observed relic density of ΩDM h2 = 0.1199 ± 0.0027 3 .
The SM has no WIMP, however, extending the scalar sector by a doublet, with a zero Vacuum Expectation Value (VEV) and an unbroken discrete Z2 symmetry, can provide a viable DM
candidate 4 . This possibility, known as the Inert Doublet Model (IDM), has been studied extensively for the last few years, and although its parameter space is limited by recent experimental
results, it remains a viable DM model 5 .
In recent papers 6 we studied DM in a model with 2 inert plus 1 active Higgs doublet (the
I(2+1)HDM), where CP symmetry was conserved. Here we discuss chosen scenarios for the CPviolating I(2+1)HDM 7 . We found that presence of complex parameters in the scalar potential
changes the annihilation scenarios of the DM candidate, opening new regions of parameter space
in agreement with all experimental constraints.

2

The scalar sector of 3HDM

A Z2 symmetry under which the three scalar doublets φ1,2,3 transform is defined as gZ2 =
diag (−1, −1, 1). A Z2 -symmetric 3HDM potential a is of the following form 8 :
V3HDM

= −µ21 (φ†1 φ1 ) − µ22 (φ†2 φ2 ) − µ23 (φ†3 φ3 ) + λ11 (φ†1 φ1 )2 + λ22 (φ†2 φ2 )2 + λ33 (φ†3 φ3 )2
+λ12 (φ†1 φ1 )(φ†2 φ2 ) + λ23 (φ†2 φ2 )(φ†3 φ3 ) + λ31 (φ†3 φ3 )(φ†1 φ1 )
+λ012 (φ†1 φ2 )(φ†2 φ1 ) + λ023 (φ†2 φ3 )(φ†3 φ2 ) + λ031 (φ†3 φ1 )(φ†1 φ3 ),
−µ212 (φ†1 φ2 ) + λ1 (φ†1 φ2 )2 + λ2 (φ†2 φ3 )2 + λ3 (φ†3 φ1 )2 + h.c.

where CP violation (CPV) is introduced explicitly through complex parameters of the potential:
µ212 , λ1,2,3 . Here, we study a simplified version of the I(2+1)HDM where the following equalities
were imposed µ21 = µ22 , λ3 = λ2 , λ31 = λ23 , λ031 = λ023 . We call it the “dark democracy” limit.
Now, there are only two parameters that remain complex b : µ212 = |µ212 |eiθ12 and λ2 = |λ2 |eiθ2 ;
θ12 and θ2 are the respective CPV phases.
The doublets are defined as
!
!
!
φ1 =

H1+
0
H1 +iA01
√
2

,

φ2 =

H2+
0
H2 +iA02
√
2

,

φ3 =

G+
0
v+h+iG
√
2

,

(1)

where φ1 and φ2 are the two Z2 -odd doublets (hence are inert) and φ3 is the active doublet,
which is even under the Z2 and plays the role of the SM-Higgs doublet. The symmetry of the
potential is therefore respected by the vacuum alignment. Once an even Z2 parity is assigned
to all SM particles, identical to the Z2 parity of the only doublet that couples to them, i.e.,
the active doublet φ3 9 (the Yukawa Lagrangian of the model is identical to the SM Yukawa
Lagrangian), the entire Lagrangian becomes Z2 -symmetric. The conservation of Z2 -symmetry
leads to the lightest particle from φ1,2 to be stable. Among the Z2 -odd particles there are four
neutral states, Si , and two charged states, Si± . Note that the scalar h contained in the doublet
φ3 in our model, has exactly the couplings of the SM-Higgs boson. The CPV is only introduced
in the inert sector which is forbidden from mixing with the active sector by the Z2 symmetry.
The neutral physical states are composed of all neutral base states from (1), so have a mixed
CP-charge. We take S1 to be the lightest neutral field from the inert doublets:
αH10 + αH20 − A01 + A02
√
,
2α2 + 2
βH10 − βH20 + A01 + A02
p
S3 =
,
2β 2 + 2
S1 =

−H10 − H20 − αA01 + αA02
√
,
2α2 + 2
−H10 + H20 + βA01 + βA02
p
S4 =
,
2β 2 + 2
S2 =

(2)

where α and β are the rotation angles 7 .
±
In the following analysis we take the masses of S1,2 , S1,2
, the two angles θ2 and θ12 and the
Higgs-DM coupling, gS1 S1 h , as the input parameters of the model.
In the analysis, various theoretical and experimental constraints are taken into account,
including: positivity constraints, S, T, U limits, relic density observations, DM direct and indirect
detection, the contribution of the new scalars to the W and Z widths, null searches for charged
scalars at LEP and LHC, invisible Higgs decays, Higgs total decay width and the h → γγ signal
strength 7 .
Following Z2 -respecting terms (φ†3 φ1 )(φ†2 φ3 ), (φ†1 φ2 )(φ†3 φ3 ), (φ†1 φ2 )(φ†1 φ1 ) and/or (φ†1 φ2 )(φ†2 φ2 ) can be removed
through reparametrization freedom and do not change the phenomenology of the model.
b
λ1 governs the self-coupling of inert particles and does not influence DM or LHC phenomenology studied
here.
a

3

DM in the I(2+1)HDM

The I(2+1)HDM studied here has many features of a Higgs-portal DM model. If DM mass
is small then the crucial DM annihilation channel is S1 S1 → h → f f¯, with the cross-section
depending on both mDM and the Higgs-DM coupling. In general, if mDM < mh /2, then a
relatively large coupling is needed for a valid ΩDM h2 . Processes with gauge bosons in the final
state also contribute to the total annihilation cross section. These contributions are suppressed
if mS1 < mW , however it is known that diagrams with off-shell gauge bosons may be important.
If the mass splitting between Si and the lightest Z2 -odd particle S1 is comparable to the
thermal bath temperature T in the early Universe, coannihilation effects play an important role
in scenarios with multiple particles that are close in mass. Processes such as S1 Si → h →
f f¯, S1 Si → Z ∗ → f f¯, S1 Sj± → W ±∗ → f f 0 with i = 2, 3, 4 and j = 1, 2 are included in
calculating the effective annihilation cross section. If all inert particles are very close in mass
then all channels Si Sj → h → f f¯, Si Sj → V V contribute to the final DM relic density.
In the CP-conserving version of the I(2+1)HDM (within the “dark democracy” limit) 6 ,
couplings between inert scalars and gauge bosons are fixed, and given by the rotation angles
θa = θh = π/4. They do not depend on the mass splittings or the value of mS1 . In the
CP-violating case the situation is different, as the strength of gauge-inert interaction depends
on parameters α and β, which in turn depend on mSi . Higgs-inert scalar couplings are also
modified with respect to the CP-conserving case 7 . This leads to important differences in DM
phenomenology, especially in the region where coannihilation channels are important.
Below we discuss three scenarios for low and medium DM mass. In Scenario A, where there
are large mass splittings between S1 and all other inert particles ( mS1  mS2 , mS3 , mS4 , mS ± , mS ± ),
1
2
no coannihilation channels are present. In Scenario B, where mS1 ∼ mS3  mS2 , mS4 , mS ± , mS ± ,
1
2
S1 can coannihilate only with S3 . In Scenario C, where mS1 ∼ mS3 ∼ mS2 ∼ mS4  mS ± , mS ± ,
1
2
all other neutral inert particles can coannihilate.
Low DM mass region: mS1 < mh /2 In scenario A, there are no coannihilation channels
and S1 annihilates mostly through S1 S1 → h → bb̄, entering the resonance region with small
Higgs-DM coupling for masses close to mh /2. This benchmark resembles both the CP-conserving
I(2+1)HDM as well as the IDM. For scenario B the coannihilation channel S1 S3 → Z → f f¯
is open. In the absence of CP-violation this leas to a ΩDM h2 that is too small. With CPviolation there is an additional freedom to tune gS1 S1 h , which can cure this issue. In scenario
C all coannihilation diagrams could be important. The couplings gS1 S2 h , gS3 S4 h and gZS1 S3 are
suppressed, and the crucial contribution comes from S1 S4 → Z → q q̄. In the CP-conserving case,
this scenario is only viable in the resonance region, but in the CP-violating case the strength of
the coannihilation channels depends on the input parameters and can therefore vary.
Medium DM mass region: mh /2 < mS1 < mW± ,Z The crucial channel for all benchmarks is the annihilation of S1 S1 → W + W − and this vertex does not depend on parameters α
and β, but only the DM mass. This is why all studied scenarios, as well as the CP-conserving
scenarios, follow the similar behaviour, known from the IDM 7 . Coannihilation channels, like
S1 S4 → q q̄ or S3 S3 → W + W − give small contributions, leading to small deviations from the
behaviour of scenario A.
Experimental constraints DM direct detection experiments aim to measure the scattering of DM particle off nuclei. This interaction is mediated by the Higgs particle, and therefore
results of these experiments constrain mDM , and its coupling to h. In the low and medium mass
region the strongest constraints come from the LUX experiment 10 . We found that as long as
gS1 S1 h is small, is possible to obtain good solutions for 40 GeV . mS1 . 76 GeV 7 .
Recent indirect detection results from Fermi-LAT strongly constrain the DM candidate annihilating into bb̄ pair 11 . The CP-conserving scalar Higgs-portal type of DM with proper ΩDM h2
and mS1 . 53 GeV is ruled out. The same limit applies to scenario A, as the dominant annihilation channel is into bb̄ pair. For cases B and C annihilation channels are different and a good

relic density is obtained for smaller values of Higgs-DM coupling. This weakens the annihilation
into bb̄, leading to most of the parameter space to lie within the allowed region 7 .
The presence of additional light scalars can modify decays of the Higgs particle. Channel
h → S1 S1 contributes to the Higgs invisible decay ratio (BR(h → inv.)). All other inert particles
can contribute to the total decay width of h. These two limits, combined with measurements of
h → γγ signal strength 12 , constrain heavily parameter space, pointing towards gS1 S1 h → 0 in
the low DM mass region. In case of scenario B, LHC constraints are actually stronger than DM
detection experiments, excluding masses below 53 GeV if mS1 ∼ mS3 7 . It is especially important
considering the astrophysical uncertainties that may influence interpretation of results provided
by DM detection experiments.
4

Conclusion

The extended scalar sector of the 3HDM, and the inclusion of complex parameters in the scalar
potential, accommodates both the DM candidate and an unbounded amount of possible CPV.
We find that with the introduction of CP violation, the strength of the gauge-inert couplings
which were fixed in the CP conserving limit, become unconstrained, allowing us for more freedom
and giving the access to a previously excluded part of parameter space. In particular, it is
possible to have a light DM candidate, with very small DM-Higgs coupling, that is in agreement
with all experimental data, unlike in the IDM or CP-conserving I(2+1)HDM.
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ELECTROWEAK MEASUREMENTS AT THE FERMILAB TEVATRON
C. P. Hays
Department of Physics, Keble Road,
Oxford OX1 3RH, England

The Fermilab Tevatron produced proton-antiproton collisions at a center-of-mass energy of
√
s = 1.96 TeV between 2001 and 2011. Using an integrated luminosity of ≈ 10 fb−1 collected
by each of the two general-purpose experiments CDF and D0, many high-precision measurements were performed. I summarize the three electroweak measurements with the highest
precision: the W -boson mass, the top-quark mass, and the effective Z-boson vector couplings.

1

Introduction

√
The s = 1.96 TeV pp̄ collisions produced by the Fermilab Tevatron between 2001 and 2011
set records for the production of antiprotons and the number of pp̄ collisions, delivering more
than 10 fb−1 of luminosity per experiment. The CDF and D0 experiments ran with better
than 80% data-taking efficiency and successfully reconstructed higher-multiplicity events than
in their designs. The collected data led to many measurements that were the world’s first and
most precise. The suite of electroweak measurements of the W -boson mass, the top-quark mass,
and the effective Z-boson vector couplings are among these and are currently in the final stages
of measurement.
2

W -boson mass

The W boson mass mW is predicted at tree level given three precisely determined inputs: the
electromagnetic coupling constant, the effective weak coupling, and the Z boson mass. Loop
corrections to the W boson mass give O(1 GeV) corrections and historically provided sensitivity
to the top quark and the Higgs boson prior to their discovery. Further corrections could arise
from undiscovered supersymmetric particles, which would give an observable increase in mW if
the sparticle masses are sufficiently small (. 1 TeV) and are not degenerate. The more precise
the measurement, the higher the mass scale that can be probed.
Measurements of mW at the Fermilab Tevatron utilize its decays to an electron or muon
and a neutrino. The transverse momenta of the charged
lepton and the neutrino are separately
q
sensitive to mW , while the transverse mass mT =

2pνT p`T (1 − cos ∆φ) gives the best statistical

sensitivity to mW . The combined fit to these distributions relies on a high-precision lepton
momentum calibration (better than a part in 10,000), an accurate calibration of the detector
response to the initial-state radiation and the underlying event, and an accurate model of the
longitudinal and transverse momenta of the W boson.
The conditions of the Tevatron collisions are well suited to the mW measurement. The
average number of additional interactions per event is small (< 10) and the majority of the W
bosons are produced by valence quarks, whose momentum distributions are well constrained.
The most recent Tevatron measurements are 80.387 ± 0.019 GeV from CDF1 and 80.376 ±
0.023 GeV from D0.2 The CDF measurement utilizes a quarter of its available data set, while the
D0 measurement is based on half of the complete data set. The combination of the measurements
gives mW = 80.387 ± 0.016 GeV.3
The analyses of the complete data sets are progressing toward the final measurements. The
alignment of the CDF drift-chamber tracking detector, a crucial component of the CDF lepton
momentum calibration, has been updated using cosmic-ray tracks.4 The wire positions at the
tracker endplates have been aligned to a statistical precision of a micron, tightly constraining the
azimuthal dependence of any track-curvature biases. The wire-shape alignment has also been
updated to reduce polar-dependent biases. The final measurements could improve the Tevatron
mW precision to < 10 MeV but will require the PDF uncertainties to be reduced to O(5 MeV).
Such a reduction is possible if all the Tevatron measurements of the W boson production charge
asymmetry are incorporated in the constraints, and if the analyses are optimized to reduce PDF
uncertainties.

3

Top-quark mass

In contrast to the W -boson mass, the top-quark mass mt is not predicted by the SM and is
instead taken as an input for other precision tests. The uncertainty on the input mt affects
constraints on new physics from the W -boson mass and the Higgs-boson self-coupling λ, which
determines the stability of the vacuum in the SM. At a Higgs factory the top-quark mass could
be a relevant uncertainty in predicting the tt̄H cross section σttH . The relative uncertainty on
mt is magnified by the quadratic dependence of mW and σttH on mt , and the quartic dependence
of λ on mt . A shift of 1 GeV on mt leads to a shift of 6 MeV on mW .
The most precise measurements of the top quark at the Tevatron select tt̄ events and either
reconstruct each top-quark’s decay particles directly, or use statistical weighting techniques to
account for the lost information from undetected neutrinos in the final state. In the former
case, the hadronic decay of the W boson is reconstructed and the jet energies are constrained
using the known mW . The measurements rely on an effective tagging procedure for b quarks
to reduce the combinatorics of the final-state jets, and to suppress the W +jets background.
Also important is the detector response to b-quark jets relative to the light-quark jets that
are constrained in situ using mW . Theoretical issues include final-state QCD effects such as
colour reconnection, the parton shower, and hadronization. A longstanding open question is the
appropriate uncertainty on translating the measured Monte Carlo top-quark mass parameter to
a theoretically well-defined pole mass.
The D0 collaboration has finalized its combination of direct measurements with the result
mt = 174.95±0.75 GeV5 (Fig. 1). The result is dominated by the final state with one leptonically
decaying W boson6 and has leading uncertainties from the in situ jet calibration (0.41 GeV),
the signal modelling (0.35 GeV), and the statistical uncertainty (0.40 GeV). A preliminary
combination of all Tevatron measurements gives 174.30 ± 0.65 GeV,7 again dominated by the
lepton+jets final state. The precision on the combined measurement is better than 0.4%.

Figure 1 – Left: The individual and combined D0 measurements of the top quark.5 Right: The reconstructed
top-quark mass from final-state jets in events with one leptonically-decaying W boson.6

4

Z boson couplings

The Z-boson vector coupling to fermions has both weak and hypercharge contributions, with the
relative fraction encoded in the electroweak mixing angle θW . Loop corrections to the gaugeboson propagators include SM diagrams with an incoming Z boson and an outgoing photon
(and vice versa), affecting the effective vector coupling and therefore the effective mixing angle.
Beyond the SM, similar loops could modify the effective mixing angle, such as a loop where the
Z boson comes in and the dark-matter particle goes out.
The relative vector and axial effective couplings of the Z boson to fermions can be measured
through the following forward-backward asymmetry:
R1

dσ
0 d cos θ d cos θ
R1
dσ
0 d cos θ d cos θ

−
+

R0

dσ
−1 d cos θ d cos θ
R0
dσ
−1 d cos θ d cos θ

` g` gq gq
3gA
V V A
=
q 2 ,
`
`
2
2
) ]
[(gV ) + (gA ) ][(gVq )2 + (gA

(1)

f
where θ is the angle between the outgoing and incoming fermion directions, and gVf and gA
are the vector and axial couplings of fermion f to the Z boson, respectively. Loop effects can
√
√
f
be captured by the replacements gVf → ρeq (T3f − 2Qf κf sin2 θW ) and gA
→ ρeq T3f , where
T3f is the fermion isospin charge, Qf is the fermion electromagnetic charge, ρeq is a common
correction to the vector and axial couplings, and κf is the correction specific to the vector
coupling. This latter correction is absorbed into an effective mixing angle for fermion f , defined
f
2
as sin2 θef
f = κf sin θW .
At the Tevatron the forward-backward asymmetry Af b is measured in the experimentally
lept
pure and precise e+ e− and µ+ µ− channels. Results are quoted for sin2 θef
f by setting κq = 1.
The measurements determine the relative number of negatively-charged leptons in the forward
region as a function of mass, correcting for detector acceptances and resolutions. The results
are sensitive to the parton distribution functions, which affect the detector acceptance and the
effective coupling factor κq . Both experiments have performed these measurements with their
complete data sets.
The CDF measurement in the e+ e− channel 8 uses an event-by-event weighting factor based
on the expected cos θ dependence of the forward-backward asymmetry. The weighting improves
the statistical precision of the measurement, reducing the largest uncertainty. The PDF uncertainty is suppressed by profiling the NNPDF3.0 sets using the χ2 between the measurement and
prediction. The Af b distribution is unfolded for detector effects (Fig. 2) and a fit to the distrilept
bution gives sin2 θef
f = 0.23248 ± 0.00049 (stat) ± 0.00019 (sys). The systematic uncertainty

Figure 2 – Left: The measured Af b from CDF as a function of dielectron mass, unfolded for detector effects.8
Right: The raw Af b from D0 as a function of dimuon mass.9

is dominantly due to PDFs. Combining this measurement with the CDF measurement in the
lept
10
dimuon channel yields sin2 θef
f = 0.23221 ± 0.00046.
D0 has performed a preliminary measurement of Af b in the µ+ µ− channel, with the result
2 lept
sin θef f = 0.23002 ± 0.00059 (stat) ± 0.00027 (sys).9 When combined with the D0 measurement
lept
11
in the e+ e− channel, sin2 θef
f = 0.23117 ± 0.00047, the precision could exceed that of CDF.
A preliminary Tevatron combination has been performed, excluding the preliminary D0
measurement. The D0 measurement has been corrected to use the same PDFs and electroweak
lept
12
corrections as CDF. The combined measurement is sin2 θef
f = 0.23179 ± 0.00035. The result
lept
is consistent with the combined LEP and SLD measurement of sin2 θef
f = 0.23149 ± 0.00016.

5

Summary

The Tevatron is in the final stage of producing its legacy electroweak measureemnts. The W boson mass measurements with the complete data sets are active and targeting a precision of
O(10 MeV). Measurements of the top-quark mass have been performed with the full data set
and a combination is nearing completion. Finally, the Z-boson coupling measurements have
recently been updated to the full data set in all channels. This suite of precision measurements
presents a challenging target for the LHC.
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MEASUREMENT OF THE W -BOSON MASS AT ATLAS
Arantxa Ruiz Martı́nez on behalf of the ATLAS Collaboration
Department of Physics, Carleton University,
1125 Colonel By Drive, Ottawa, ON, K1S 5B6, Canada

√
A measurement of the W -boson mass is presented based on s = 7 TeV proton–proton
collision data acquired in 2011 with the ATLAS detector at the LHC, corresponding to 4.6 fb−1
of integrated luminosity. The W -boson mass is extracted from template fits to the charged
lepton transverse momentum and the W -boson transverse mass reconstructed distributions in
the electron and muon channels, resulting in a measured value of mW = 80370 ± 19 MeV.

1

Introduction

In the electroweak theory, the W -boson mass, mW , can be expressed in terms of various Standard
Model (SM) parameters:
!
2
m
πα
m2W 1 − W
(1 + ∆r),
(1)
=√
2
mZ
2Gµ
where mZ is the Z-boson mass, α is the fine-structure constant, Gµ is the Fermi constant, and
∆r incorporates the effects of higher-order corrections. In the SM, ∆r introduces an additional
dependence of mW on the gauge couplings and the masses of the heavy particles of the SM, being
particularly sensitive to the top-quark and Higgs-boson masses. In beyond the SM theories, ∆r
receives contributions from additional particles and interactions. These effects can be probed
by comparing the measured and predicted mW values.
Previous measurements of the W -boson mass were performed at the SPS 1,2 , Tevatron 3,4,5
and LEP 6,7,8,9 . The current Particle Data Group world average value 10 of mW = 80385±15 MeV
√
is dominated by the CDF and D0 measurements performed at the centre-of-mass energy s =
1.96 TeV. The SM prediction from the global electroweak fit 11 , taking the precisely measured
values of α, Gµ and mZ , and recent top-quark and Higgs-boson mass measurements, yields
mW = 80358 ± 8 MeV.
At the Tevatron, the W -boson production is charge symmetric and dominated by interactions
with at least one valence quark. At the LHC, the W + -boson production rate exceeds that of W −
bosons by about 40%. In addition, the sea-quark PDFs play a larger role at the LHC, where 25%
of the inclusive W -boson production rate is induced by at least one second-generation quark, s
or c, in contrast with 5% at the Tevatron.

2

Data Selection and Analysis Methodology

The present W -boson mass measurement 12 is performed with the proton–proton collision data
√
recorded by ATLAS 13 in 2011 at s = 7 TeV. The W -boson mass can be determined in Drell–
Yan production from W → `ν decays, where ` is an electron or muon. A signal sample with
107 W → `ν candidates and a calibration sample with 106 Z → `` candidates are collected,
corresponding to approximately 4.6 fb−1 of integrated luminosity.
Events are selected by requiring exactly one reconstructed electron or muon with transverse
momentum p`T > 30 GeV. The recoil in the transverse plane, uT , is reconstructed from the
vector sum of the transverse energy of all clusters reconstructed in the calorimeters, excluding
energy deposits associated with the decay leptons, and is required to be uT < 30 GeV. The
missing transverse momentum is required to be pmiss
> 30 GeV and the W -boson transverse
T
mass mT > 60 GeV. These event selection criteria are optimised to reduce the multijet background contribution, and to minimise modelling uncertainties from W bosons produced at high
transverse momentum.
The W -boson mass is extracted from the Jacobian edges of the final-state kinematic distributions, measured in the plane perpendicular to the beam direction. Sensitive observables include
p`T , pmiss
and mT . The p`T and pmiss
distributions are affected by the lepton energy calibration,
T
T
the latter also being affected by the calibration of the recoil. The mT distribution has larger
uncertainties due to the recoil, but smaller sensitivity to physics-modelling effects. Therefore,
the p`T and mT distributions are used for the mW extraction, while pmiss
distributions are used
T
to perform consistency tests, but not included in the combination due to their significantly lower
precision.
The expected final-state distributions, referred to as templates, are simulated for several
values of mW and include signal and background contributions. The templates are compared to
the observed distribution in data by means of a χ2 compatibility test. The χ2 as a function of
mW is interpolated with a second order polynomial, and the measured value is determined by
analytical minimisation of the χ2 function. The final mW value is obtained from the combination
of various measurements performed in the electron and muon channels, and in charge- and |η` |dependent categories which are driven by experimental constraints, summarized in Table 1. This
categorisation is defined to reduce the systematic uncertainties.
Table 1: Overview of the different categories used to perform the mW measurement.

Decay channel
Kinematic distributions
Charge categories
|η` | categories

3

W → eν
p`T , mT
W +, W −
[0, 0.6], [0.6, 1.2], [1.8, 2.4]

W → µν
p`T , mT
W +, W −
[0, 0.8], [0.8, 1.4], [1.4, 2.0], [2.0, 2.4]

Physics Modelling

Inclusive vector-boson production samples are produced using the Powheg MC generator interfaced to Pythia 8. The W - and Z-boson samples are reweighted to include the effects of
higher-order QCD and electroweak corrections, as well as the results of fits to measured distributions which improve the agreement of the simulated lepton kinematic distributions with the
observed data.
The correction procedure is based on the factorisation of the fully differential leptonic Drell–
Yan cross section into four terms:
#


"

−1 # "
7
X
dσ(m) dσ(y)
dσ(pT , y) dσ(y)
dσ
2
=
(1 + cos θ) +
Ai (pT , y)Pi (cos θ, φ) ,
dp1 dp2
dm
dy
dpT dy
dy
i=0

(2)

where p1 and p2 are the lepton and anti-lepton four-momenta; m, pT , and y are the invariant
mass, transverse momentum, and rapidity of the dilepton system; θ and φ are the polar angle
and azimuth of the lepton in any given rest frame of the dilepton system; Ai are numerical
coefficients, and Pi are spherical harmonics of order zero, one and two.
Previous W - and Z-boson production measurements are used to validate and constrain the
modelling of the fully differential leptonic Drell–Yan cross section. The PDF central values
and uncertainties and the modelling of the differential cross section as a function of boson
rapidity, are validated by comparing to the W - and Z-boson rapidity measurements 14 at 7 TeV.
The QCD parameters of the parton shower model were determined by fits to the Z-boson pT
measurement 15 at 7 TeV. The modelling of the Ai coefficients is validated by comparing the
theoretical predictions to the measurement of angular coefficients 16 in Z-boson events at 8 TeV.
The overall mW measurement is currently dominated by the modelling uncertainties.
4

Detector Calibration

The calibration procedures rely on the Z → `` event samples, where the background events contribute less than 0.2% to the distribution. Lepton momentum corrections are derived exploiting
the precisely measured value of the Z-boson mass, and the recoil response is calibrated using the
expected momentum balance with p``
T . Identification and reconstruction efficiency corrections
are determined from W - and Z-boson events using the tag-and-probe method. The dependence
of these corrections on p`T is important for the mW measurement, as it affects the shape of the
template distributions, i.e. the position and shape of the Jacobian edges.
For muons, corrections for momentum scale and resolution, and for reconstruction, isolation,
and trigger efficiencies are applied to the simulated events. Muon sagitta bias corrections are
applied to the data. The dominant source of uncertainty in the determination of the muon
efficiency corrections is the statistical uncertainty of the Z-boson data sample.
For electrons, corrections for energy resolution, and for reconstruction, identification, isolation and trigger efficiencies are applied to the simulation, while energy-scale corrections are
applied to the data. Electron efficiency corrections are determined using samples of W → eν,
Z → ee and J/ψ → ee events as a function of electron η and pT .
The calibration of the recoil, uT , affects the mT distribution which is used to extract mW .
It also affects the p`T and mT distributions through its impact on the pmiss
T , mT and uT selection cuts. The calibration procedure is performed in two steps. In a first step, the dominant
part of the uT resolution mismodelling is addressed by applying event activity corrections in
simulation, derived separately in the W - and Z-boson samples. In a second step, corrections for
residual differences in the recoil response and resolution are derived using Z events in data, and
transferred to the W sample.
5

Consistency Tests with Z -boson Events

The analysis strategy, physics modelling and detector response corrections are validated in Zboson events by performing measurements of the mZ with the same method used to determine
the mW , and comparing the results to the LEP combined value, mZ = 91187.5 MeV, which
is used as input for the lepton calibration. The pmiss
variable is defined in Z-boson events by
T
treating one of the two reconstructed decay leptons as a neutrino.
The Z-boson mass is obtained with template fits to the m`` ([80, 100] GeV), p`T ([30, 55] GeV),
and mT ([40, 120] GeV) distributions. The determination of mZ from the m`` distribution provides a closure test of the lepton calibration. The determination of mZ from the p`T distribution
provides a test of the physics modelling and efficiency corrections. The determination of mZ
from the mT distribution tests the recoil calibration. Finally, the combination of the extraction
of mZ from the m`` , p`T and mT distributions validates the measurement procedure.

6

Results

A total of 28 mW determinations are performed using the p`T and mT distributions, separately
for W + and W − bosons, in different bins of |η` | in the electron and muon channels, described in
Table 1. The smallest total uncertainty in mW is found for the fit ranges 32 < p`T < 45 GeV and
66 < mT < 99 GeV. The mW measurements in the various categories are combined accounting
for statistical and systematic uncertainties and their correlations leading to a value of:
mW = 80369.5 ± 6.8(stat.) ± 10.6(exp. syst.) ± 13.6(mod. syst.) MeV,

(3)

mW [GeV]

where the statistical uncertainty, the experimental systematic uncertainty and the physicsmodelling systematic uncertainty are shown. The result is consistent with the SM prediction, as
shown in Fig. 1, and competitive in precision with the leading measurement performed at CDF.
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Figure 1 – On the left, the W -boson mass measurement performed by ATLAS is compared to the SM prediction
and to the combined values measured at LEP and Tevatron 12 . On the right, the W -boson and top-quark masses
measured at ATLAS are compared to their indirect determinations from the global electroweak fit taking as input
the LHC measurement of the Higgs-boson mass 12 .
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ELECTROWEAK MEASUREMENTS WITH THE CMS EXPERIMENT
Gabriella Pásztor on behalf of the CMS Collaboration
MTA-ELTE Lendület CMS Particle and Nuclear Physics Group
ELTE Eötvös Loránd University, Budapest, Hungary
The CMS Collaboration pursues a rich program of electroweak measurements using the W
and Z particles. Its latest results are presented using the data collected at a centre-of-mass
energy of 8 TeV corresponding to an integrated luminosity of almost 20 fb−1 . The crosssections of electroweak ``jj and `νjj production and the properties of the additional jets in
the event are measured. The forward-backward asymmetry and angular coefficients in DrellYan `` production, as well as the transverse momentum distribution of the W and Z bosons
are studied and compared to theoretical calculations. The charge asymmetry in W production
is determined and used to constrain the parton distribution functions of light quarks.

1

Introduction

Electroweak (EW) measurements coupled with precise theoretical calculations provide a critical
test of the Standard Model (SM) and allow to constrain models predicting New Physics. The
EW gauge and Higgs sector can be described by four parameters: the fine-structure constant,
the Fermi coupling constant, the masses of the Z boson and the Higgs boson. Other parameters
like the weak mixing angle (θW ) and the mass of the W boson (mW ) are then predicted, making
the theory over-constrained.
The precise measurement of the weak mixing angle and the W mass requires and excellent
understanding of the experimental and theoretical uncertainties, including those coming from
the imperfect knowledge of parton distribution functions (pdf’s). Leading to that, a rich program
of W and Z boson measurements is executed and presented here: the determination of forwardbackward asymmetry and angular coefficients in Drell-Yan `` production, the charge asymmetry
in W production constraining the pdf’s of light quarks, as well as differential distributions of W
and Z production 1 , in particular the transverse momentum spectra that provide crucial tests of
both non-perturbative and perturbative effects due to quantum chromodynamics (QCD). Gauge
boson self-interactions are studied via the measurement of the electroweak production of Z + 2
jets and W + 2 jets and complement the di-boson measurements 2 at the LHC.
All results presented here are based on the data collected in 2012 by the CMS detector 3 at
a centre-of-mass energy of 8 TeV corresponding to an integrated luminosity of almost 20 fb−1 .
2

Electroweak production of ``jj and `νjj

The measurement of EW triple gaugle boson couplings (TGC’s) in vector boson fusion (VBF)
processes tests the SM description of gauge boson self-interactions. VBF signatures, featuring
two energetic jets (j) with large rapidity separation and large dijet invariant mass, are also
important for Higgs boson property measurements.
For EW ``jj and `νjj production (` denoting an electron or muon), large background comes
from Z/γ ∗ and W production accompanied by quark and gluon emission via strong couplings.

Large negative interference arises for VBF, radiative and multiperipheral EW ``jj diagrams.
The EW ``jj signal strength is measured in a fiducial region defined by requirements on the
dilepton mass m`` > 50 GeV, the jet transverse momentum pj,T > 25 GeV and pseudorapidity
|ηj | < 5, as well as the dijet mass mjj > 120 GeV and angular separation ∆Rjj > 0.5, as shown
in Figure 1(a). The cross-section 4 σ(EW ``jj) = 174 ± 15 (stat.) ± 40 (syst.) fb is then derived
using the SM prediction of σLO (EW ``jj) = 208 ± 18 fb.
A good agreement is found for the EW `νjj cross-section in the region defined by the
leading and subleading jet transverse momentum pj1,T > 60 GeV and pj2,T > 50 GeV, the jet
pseudorapidity |ηj | < 4.7 and the dijet mass mjj > 1000 GeV. The observed value 5 σ(EW `νjj)
= 0.42 ± 0.04 (stat.) ± 0.09 (syst.) ± 0.01 (lumi) pb is compared to the SM prediction of
σLO (EW `νjj) = 0.5 ± 0.02 (scale) ± 0.02 (pdf) pb. The EW signal is observed at the 4σ level.
The dominant uncertainties in both cases come from limited statistics, the interference
2 diagrams, the contribution from the DY background
between the EW and Drell-Yan αs2 αem
as well as from the jet energy scale calibration.
The ``jj data is also used to study the properties of the additional jets, in particular the
fraction of events which do not have reconstructed kinematics above a given threshold (also
called gap fraction). This provides a measurement of the efficiency of extra jet veto in VBF-like
topologies which seems to be reliably modelled by simulation, as shown in Figure 1.

Figure 1 – (a) Fitted signal strength for ``jj EW and DY production. Fraction of events which do not have (b)
a third jet and (c) the scalar sum of jet pT above a given threshold. 4

3

Forward-backward asymmetry in Drell-Yan lepton pair production

The lepton angular distribution in Drell-Yan production with respect to the incoming quark in
the dilepton restframe is given in the SM by P (cos θ) ∝ (1+cos2 θ)+0.5A0 (1−3 cos2 θ)+A4 cos θ.
The last term due to the presence of both vector and axial vector couplings gives a forwardbackward asymmetry AFB = (σF − σB )/(σF + σB ), where σF and σB are the forward (cos θ > 0)
and backward (cos θ < 0) total cross-sections. AFB depends on the dilepton mass, the initial
quark flavour and sin2 θW . Indeed studying AFB around m`` ∼ mZ gives a measurement of
sin2 θW . A discrepancy of AFB could signal new physics, such as the presence of new neutral
gauge bosons, quark-lepton compositeness, supersymmetric particles or extra spatial dimensions.
The measurement is made in the Collins-Soper (CS) frame to reduce uncertainty due to
the incoming quark transverse momenta. This measurement 6 – benefitting from the electrons
reconstructed in the hadronic forward calorimeter and the larger statistics – extends the phase
space to dilepton rapidities of |y`` | < 5 and invariant masses of 40 GeV < m`` < 2 TeV.
The measured distributions shown in Figure 2(a-b) are consistent with the SM. They show
the dilution of AFB at low rapidities as the quark direction is not always along the positive
direction defined by the boost of the `` system. The main systematic uncertainties arise from
the background contribution and the lepton energy scale especially for forward electrons.

Figure 2 – Forward-backward asymmetry as a function of the dilepton mass at (a) low and (b) high rapidity
values 6 . The measured A0 − A2 angular coefficient difference as a function of the dilepton transverse momentum.

4

Angular coefficients in Drell-Yan lepton pair production

The accurate modelling of QCD effects is crucial for precision EW measurements. To test the
description provided by various calculations, one can factorise the DY cross-section by decay
kinematics. The lepton (`− ) angular distribution in the boson (``) rest frame is given by
d2 σ
d cos θdφ

∝ (1 + cos2 θ) + 0.5A0 (1 − 3 cos2 θ) + A1 sin(2θ) cos φ + 0.5A2 sin2 (θ) cos(2φ)
+ A3 sin θ cos φ + A4 cos θ + A5 sin2 θ sin(2φ) + A6 sin(2θ) sin(φ) + A7 sin θ sin φ

The coefficients A1 , A2 , A3 are related to the Z boson polarisation and A3 , A4 to the V-A structure of lepton couplings. A4 is the EW parity violation term, the only non-vanishing coefficient
when the Z boson transverse momentum qT goes to zero. A5 , A6 , A7 are small and set to zero.
The coefficients are derived from template fits to the 2-dimensional (cos θ, |φ|) distributions
in bins of rapidity and qT . The results are compared to various theoretical calculations. As
an example Figure 2(c) shows A0 − A2 that violates the Lam-Tung relation (A0 = A2 ) as
anticipated in perturbative QCD calculations beyond leading order due to the presence of nonplanar processes. Within the large statistical uncertainties the models provide a reasonable
description of the data with a few known deficiencies 7 . Statistics is the dominant uncertainty at
high values of the boson pT while lepton efficiencies dominate at lower pT . At the lowest pT bins
muon momentum scale and resolution and template systematics give the largest contribution.
5

Charge asymmetry in W production

In pp collisions the dominant production modes for W bosons are ud¯ → W + and ūd → W − . Due
to the valuence quark content (uud) of the proton, more W + bosons are produced. The charge
asymmetry of W boson production can thus be used to constrain the u(x)/d(x) pdf ratio for
Bjorken x = 0.001 − 0.1. Including the CMS measurement 8 shown in Figure 3 in a HERAPDF
type fit improves the uncertainties by about 20%.
6

W and Z boson transverse momentum distribution

The transverse momentum (pVT ) distribution of weak bosons provides a crucial test of QCD with
the low pT region being sensitive to initial state radiation and non-perturbative effects, and the
high pT region being primarily affected by perturbative effects.
The data corresponding to 18.4 pb−1 integrated luminosity were collected in a special low
luminosity run with the number of collisions per bunch crossing (pile-up) being around four.
The low pile-up condition allows to have an improved resolution and lower background than the
previously published CMS results 9 , allowing an extended reach down to pT = 20 GeV and finer
binning at low values. The statistical uncertainty is below the systematic contribution for the Z
boson and comparable with it for the W boson. The results 10 agree with theoretical calculations

Figure 3 – (a) Charge asymmetry of W boson production as a function of the muon pseudorapidity, showing also
(b) the differences wrt. various pdf predictions. (c) Improvement for the u valence quark distribution when the
CMS W data is included. 8

within 20%. Cross-section ratios provide a partial cancellation of systematics, in particular for
theoretical pdf and scale uncertainties as demonstrated in Figure 4.

Figure 4 – (a) W boson transverse momentum distribution. (b) Z-to-W boson production cross-section ratio
showing also (c) the differences wrt. various theoretical predictions. 10

7 Conclusion
The results presented here provide important tests of the Standard Model, improve the understanding of the detector performance and the modelling of QCD corrections, as well as decrease
the uncertainties on the parton distribution functions. These are important to determine the
W boson mass with a precision similar to that coming from EW fits 11 . Statistical uncertainties
are still significant, thus the LHC Run 2 data will improve the attainable precision.
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A variety of vector boson measurements have been performed with Run 1 or Run 2 LHCb
data, including inclusive Z and W bosons cross-sections, Z and W bosons production with
jets (including heavy flavour), top and Higgs production and the Z boson forward-backward
asymmetry. Several of these results are presented.

1

Introduction

LHCb is one of the four largest detectors of the Large Hadron Collider (LHC) project at CERN
(Geneva, Switzerland). It is a single-arm forward spectrometer with a fully instrumented detector
with a unique coverage in terms of pseudo-rapidity: 2 < η < 5 [1]. While originally designed to
study the production and decay of b and c hadrons, LHCb has extended its physics programme
to also include other areas such as physics with electroweak (EW) gauge bosons.
The results presented in these proceedings correspond to proton-proton collision data taken
√
by LHCb during Run 1 and Run 2 of LHC, recorded at centre of mass energies of s = 8 TeV
(during the year 2012) and 13 TeV (during the year 2015). LHCb recorded 2 fb−1 of data in
2012 and 0.3 fb−1 of data in 2015.
2

Production cross section measurements

This section presents different production cross section measurements involving EW gauge bosons.
These include inclusive cross sections or production of Z and W bosons associated to jets. The
Z and W boson candidates are reconstructed in the corresponding electronic and muonic final
states. These measurements are useful to set contraints on proton PDFs and to probe hard QCD
in a unique kinematical range. The main reason for this is that EW gauge bosons are produced in
LHCb by collisions between low Bjorken-x and high-x partons, which allows accessing previously
unexplored regions in the x − Q2 plane.
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Figure 1 – Z boson production cross section measurement at s = 13 TeV [2]. Left, absolute cross sections and
comparison to theoretical predictions with different PDF sets. Right, differential cross section as a function of the
Z boson rapidity and theoretical predictions with different PDF sets.

2.1

Inclusive Z

The measurement of the Z boson inclusive production cross section has been performed by LHCb
√
at s = 13 TeV [2] using the µ+ µ− and e+ e− final states. Both the absolute and differential cross
sections (as a function of different variables) have been measured and compared to theoretical
predictions finding good agreement, as shown in Fig. 1. The agreement between the two leptons
is also good.
2.2

W → eνe

The cross section of W boson using the decay to an electron and a neutrino has been measured
√
by LHCb at s = 8 TeV [3]. The W boson yield is determined by means of a fit to the pT
of the electrons, which allows measuring both the absolute and differential cross sections. An
example of this can be found in Fig. 2 (left picture), which shows the differential cross section as
a function of the electron rapidity. In every case the measured cross sections have been compared
with theoretical predictions, providing a good general agreement.
2.3

Z and W + jets

LHCb has measured the production of Z and W bosons associated to jets using the data collected
√
at s = 8 TeV [4]. Jets are reconstructed using a particle flow algorithm [5] and clustered
using the anti-kT algorithm [6] with R = 0.5, while Z and W bosons are reconstructed using the
muonic final states. The production of W boson plus jets is discriminated from misidentified
background processes arising in QCD using a muon isolation variable, which is built as the ratio
between the pT of the jet containing the muon and the pT of the muon alone (with genuine
muons from the W boson peaking at 1).
The absolute and differential cross sections, as well as ratios of these and production
asymmetry have been measured in this analysis and compared to different theoretical predictions.
The agreement found is good in general. A graphical example can be found in Fig. 2 (right
picture).
2.4

W +bb, W +cc and tt

LHCb has measured the W + +bb, W + +cc, W − +bb, W − +cc and tt production cross sections
√
using a sample of pp collisions taken at s = 8 TeV with a high-pT isolated lepton (electron or
muon) and two heavy flavour (b or c) tagged jets in the final state [7]. The channel W +cc is
studied for the first time.
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In this analysis, jets are reconstructed as described in Sect. 2.3 and those coming from heavy
quarks tagged using the method from [8]. In order to extract the different signal components, a
simultaneous 4-D fit is performed to the µ+ , µ− , e+ and e− samples. The four variables used
in the fit are the dijet mass, a MVA-response to discriminate tt from W +bb and W +cc events
(referred to as uGB) and BDT(b|c), a variable that separates b and c jets, also described in [8],
used for both jets. As an example, Fig. 3 (left picture) shows the projections of this fit for the
µ+ sample.
This analysis measures the production of W + +bb, W + +cc, W − +bb, W − +cc and tt with
statistical significances of 7.1σ, 4.7σ, 5.6σ, 2.5σ and 4.9σ respectively. The cross sections obtained
in the LHCb fiducial region and the Next-to-Leading-Order (NLO) theory predictions can be
found in Fig. 3 (right picture).
This same dataset allows to perform the search for the SM Higgs boson decaying to a pair
of bb or cc quarks and produced in association with a W or Z boson in LHCb. Details can be
found in [9].
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3

Forward-backward asymmetry in Z→µ+ µ−

The EW mixing angle θW is a fundamental parameter of the Standard Model (SM) EW lagrangian.
eff , by measuring the forwardLHCb has determined the closely related effective angle [10], θW
∗
+
−
backward asymmetry (AFB ) in the decay Z/γ → µ µ . This asymmetry is measured in the
Collins-Soper frame [11] and an unfolding iterative Bayesian technique is applied to remove
detector effects [12].
eff , a χ2 comparison is made between A
In order to measure θW
FB predictions as a function of
2 eff
the di-muon mass for different input values of sin (θW ). Fig. 4 shows the χ2 obtained for different
eff ) hypotheses and compares the LHCb measurement to those from other experiments.
sin2 (θW
eff ) at the LHC to date.
The LHCb result is the most precise determination of sin2 (θW
4

Conclusions

Although it was initially designed to measure flavour physics, LHCb can now be considered a
general purpose detector in the forward direction. Several examples of this have been shown
through results involving EW gauge bosons. The Run 2 of the LHC will extend even more the
capabilities of LHCb beyond flavour physics.
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Measuring the leading hadronic contribution to the muon g-2 via µe scattering.
U.Marconi
INFN Sezione di Bologna, Via Irnerio 46 ,
40126 Bologna, Italy
The precision measurement of the anomalous magnetic moment g-2 of the muon, presently
exhibits a 3.5 σ deviation between theory and experiments. In the next few years the anomalous magnetic moment will be measured with higher precision at Fermilab and J-PARC. The
theoretical prediction from the other side is mainly limited by the uncertainty on the leading
hadronic correction aHLO
to the g-2. We have proposed a novel approach to determine aHLO
µ
µ
with space-like data, by means of precise measurement of the hadronic shift of the effective
electromagnetic coupling α exploiting the elastic scattering of 150 GeV muons (currently available at CERN North area) on atomic electrons of a low-Z target. The direct measurement of
aHLO
in the space-like region will provide an independent determination competitive with the
µ
time-like dispersive approach, and will consolidate the theoretical prediction of the muon g-2
in the Standard Model. It will allow therefore a firmer interpretation of the measurements of
the future muon g-2 experiments at Fermilab and J-PARC

1

Introduction

The discrepancy between the experimental value of the muon anomalous magnetic moment and
the Standard Model (SM) prediction, ∆aµ ∼ (28 ± 8) × 10−10 1,2 , is an intriguing indication
of possible physics beyond the SM. The error achieved by the BNL E821 experiment 3 , corresponding to 0.54 ppm, is dominated by the available statistics. New experiments at Fermilab
and J-PARC, aiming at measuring the muon g-2 to a precision of 1.6 × 10−10 (0.14 ppm), are
in preparation 4,5 . The current accuracy of the SM prediction, 5 × 10−10 , is limited by strong
interaction effects, which cannot be computed perturbatively at low energies. The leading-order
hadronic contribution to the muon g-2, aHLO
, can be computed using time-like data via a disµ
persion integral of the hadron production cross section in e+ e− annihilation at low-energy. Our
proposal is to determine aHLO
from a measurement of the effective electromagnetic coupling
µ
in the space-like region, where the vacuum polarization is a smooth function of the squared
momentum transfer. This method has been originally proposed 6 to be used with e+ e− Bhabha
scattering data. It has been then realized that the hadronic contribution to the running of α
can be effectively determined through the t-channel µe elastic scattering process, from which
aHLO
can be obtained directly 7 .
µ
2

Measuring the Hadronic Leading Contribution.

The master formula for the calculation of hadronic leading contribution aHLO
using space-like
µ
data is the following 6 :
Z
α 1
dx (1 − x) ∆αhad [t(x)] ,
(1)
aHLO
=
µ
π 0

where ∆αhad (t) is the hadronic contribution to the running of the fine-structure constant, evaluated at
x2 m2µ
t(x) =
< 0,
(2)
x−1

corresponding to a space-like (negative) squared four-momentum transfer.
The integrand in Eq. (1), because of the negative q 2 , is a smooth function and free of
resonances. Fig. 1 (left) shows the expected shifts ∆αhad and, for comparison, ∆αlep , as a
function of the variables integration variable x and the Mandelstam t. The range x ∈ (0, 1)
corresponds to t ∈ (−∞, 0), with x = 0 for t = 0. The expected function integrand of Eq. (1) is
plotted in Fig. 1 (right). The peak of the integrand occurs at xpeak ' 0.914 (corresponding to
tpeak ' −0.108 GeV2 ) with ∆αhad (tpeak ) ' 7.86 × 10−4 (see Fig. 1 (right)).
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We propose to measure the running of α(t) by using a muon beam of Eµ = 150 GeV colliding
on a fixed electron target. This technique is similar to the one used for the measurement of the
space-like pion form factor 8 . It is very appealing for the following reasons:
• It is a t-channel process, making the dependence on t of the differential cross section
proportional to |α(t)/α(0)|2 . It is understood that for a high precision measurement also
higher-order radiative corrections must be included 9,10 .
• Given the incoming muon energy Eµi the t variable is related to scattered electron angle
θef or to the the energy Eef . The angle θef spans the range (0–31.85) mrad for the electron
energy Eef in the range (1–139.8) GeV.
• For Eµi = 150 GeV the region of x extends up to 0.93, covering 87% of the integral, while
the peak of the integrand function of Eq. (1) is at xpeak = 0.914, corresponding to an
electron scattering angle of 1.5 mrad, as visible in Fig. 1 (right).
• The angles of the scattered electron and muon are correlated as shown in Fig. 2 (drawn
for incoming muon energy of 150 GeV). This constraint is extremely important to select
elastic scattering events, rejecting background events from radiative or inelastic processes
and to minimize systematic effects in the determination of t.
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Figure 2 – The relation between the muon and electron scattering angles for 150 GeV incident muon beam
momentum. Blue triangles indicate reference values of the Feynman’s x and electron energy.

• The boosted kinematics allows the same detector to cover the whole acceptance. Many
systematic errors, e.g. on the efficiency, will cancel out (at least at first order) in the
relative ratios of event counts in the high and low q 2 regions (signal and normalization
regions).
Assuming to use the CERN muon beam available at the CERN North Area, of energy of
150 GeV and average intensity ∼ 1.3 × 107 muon/s, and assuming a running time of 2 × 107 s/yr,
we estimate the statistical sensitivity of this experiment on the value of aHLO
to be ∼ 0.3% (using
µ
30 experimental points in x supplemented with large |t| contributions that can be derived from
pQCD).
3

Detection technique

The CERN muon beam M2 has the ideal characteristics for the measurement. The beam intensity, of more than 107 muon/s, can provide the required event yield. The time structure allows
to tag incident muons. The target must be of low-Z in order to minimize multiple scattering and
have high radiation length. The whole thickness must be of the order of 60 cm, to get enough
electron scattering centres. To cope with the effects of multiple scattering the target must be
segmented in thin layers, to be distributed in 20 identical modules. Each module will have the
size of one meter, and consists of the thin layer of Be (or C) and Si planes for precise tracking (no
magnetic field being applied). Fig. 3 shows the basic layout. As downstream particle identifiers
we plan to use a calorimeter. It is needed to resolve the muon-electron ambiguity for electron
scattering angles around (2–3) mrad (cf . Fig. 2). Preliminary studies of the apparatus indicate
an angular resolution for tracks of ∼ 0.02 mrad. The detector acceptance of 10 cm × 10 cm
in transverse plane, covers both the signal, with the electron emitted at extremely forward angles and high energies, and the normalization region, where the electron has much lower energy
(around 1 GeV) and an emission angle of some tens of mrad.
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Figure 3 – Scheme of a possible detector layout. The detector is a modular system. Each module consists of a
low-Z target (Be or C) and two silicon tracking stations located at a distance of one meter. To perform the µ/e
discrimination in the case of small scattering angles (both θµ and θe below 5 mrad) the detector is equipped with
an electromagnetic calorimeter.

4

Considerations on systematic uncertainties

Significant contributions of the hadronic vacuum polarization to the µe → µe differential cross
section are essentially restricted to electron scattering angles below 10 mrad, corresponding to
electron energies above 10 GeV. The net effect of these contributions is to increase the cross
section by a few per mille. A precise determination of aHLO
requires therefore not only high
µ
statistics, but also a high systematic accuracy, as the final goal of the experiment is equivalent
to a determination of the differential cross section with ∼10 ppm systematic uncertainty at the
peak of the integrand function (cf . Fig. 1).
Such an accuracy can be achieved if the efficiency is kept highly uniform over the entire q 2
range, including the normalization region, and over all the detector components. This motivates
the choice of a purely angular measurement: an acceptance of tens of mrad can be covered
with a single sensor of modern silicon detectors, positioned at a distance of about one meter
from the target. It has to be stressed that particle identification (electromagnetic calorimeter)
is necessary to solve the electron-muon ambiguity in the region below a few mrad.
An important effect is the multiple scattering, as the electron energy is as low as 1 GeV.
Multiple scattering breaks the muon-electron two-body angular correlation, moving events out
of the kinematic line in the 2D plot of Fig. 2. In addition, multiple scattering in general causes
acoplanarity, while two-body events are planar, within the resolution. These facts allow effects
to be modeled and measured by using data. This possibility will be studied in detail with
simulation. In high-precision experiments several systematic effects can be explored within the
experiment itself. In this respect the proposed modularity of the apparatus will help since a test
with a single module could provide a proof-of-concept of the proposed method.

5

Conclusions

The experiment is primarily based on the precise measurement of the scattering angles of the
outgoing particles, as the q 2 of the muon-electron interaction can be directly determined by
the electron (or muon) scattering angle. An advantage of the muon beam is the possibility of
employing a modular apparatus, with the target subdivided in subsequent layers. A low-Z solid
target is preferred in order to provide the required event rate, limiting at the same time the
effect of multiple scattering as well as of other types of muon interactions (pair production,
bremsstrahlung and nuclear interactions). The normalization of the cross section is provided by
the very same µe → µe process in the low-q 2 region, where the effect of the hadronic corrections
on α(t) is negligible. Such a simple and robust technique has the potential to keep systematic
effects under control, aiming to reach a systematic uncertainty of the same order as the statistical
one. For this purpose a preliminary detector layout has been described. By considering a beam
of 150 GeV muons with an average intensity of ∼ 1.3 × 107 muon/s, currently available at the
CERN North Area, a statistical uncertainty of ∼ 0.3% can be achieved on aHLO
in two years of
µ
data taking.
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Measurement of the running of the fine structure constant below 1 GeV with the
KLOE detector
V. De Leo on behalf of the KLOE-2 Collaboration
INFN Sezione di Roma Tor Vergata
√
The precision measurement of the dσ(e+ e− → µ+ µ− γ)/d s cross section with the photon
emitted in the initial state with the KLOE detector has been used to measure the running of
√
the QED coupling constant α(s) in the energy range 0.6 < s < 0.975 GeV in the time-like
region. We were able to achieve a significance of the hadronic contribution to the running
of α(s) of more than 5σ with a clear contribution of the ρ − ω resonances to the photon
propagator. The real and imaginary part of the shift ∆α to the running has been estracted
and a fit of the real part allowed us to measure the branching fraction BR(ω → µ+ µ− ) =
(6.6±1.4stat ±1.7syst )·10−5 .

1

Introduction

Tests of the Standard Model (SM) as well as establishing possible new physics deviations from
it require the very precise knowledge of a set of input parameters like the fine structure constant
α, the Fermi constant Gµ and the Z boson mass MZ . In QED the electromagnetic coupling
constant α(s) depends logarithmically on the energy scale due to the vacuum polarization that
causes a partial screening of the charge in the low energy limit (Thomson limit) while at higher
energy the strenght of the electromagnetic interaction grows. Thus, the classical charge has to
be replaced by a “running charge”:
e2 → e2 (q 2 ) =

e2
1 + (Π0γ (q 2 ) − Π0γ (0))

(1)
0

where, in the perturbation theory, the lowest order diagram which contributes to Πγ (q 2 ) is the
vacuum polarization diagram which describes the virtual creation and reabsorption of fermion
¯ ... → γ ∗ at the leading order 1 . In terms of the QED
pairs: γ ∗ → e+ e− , µ+ µ− , τ + τ − , uū, dd,
2
coupling constant α = e /4π:
α(q 2 ) =

α
0
0
; ∆α = −Re(Πγ (q 2 ) − Πγ (0)).
(1 − ∆α)

(2)

The various contributions to the shift in the fine structure constant come from the leptons
(lep=e,µ and τ ), the 5 light quarks (u,b,s,c and the corresponding hadrons =had) and from the
top quark: ∆α = ∆αlep + ∆(5) αhad + ∆αtop + ... .
The experimental difficulties in the measurement of the running of the coupling constant
are related to the evaluation of the hadronic contribution ∆αhad because the low energy contributions of the five light quarks u,d,s,c, and b cannot be reliably calculated using perturbative
quantum chromodynamics (p-QCD) due to the non-perturbative behaviour of the strong interaction at low energies; perturbative QCD only allows us to calculate the high energy tail

of the hadronic (quark) contributions. In the lower energy region the hadronic contribution
can be evaluated through a dispersion relation over the measured e+ e− → hadrons cross section. Therefore, it is clear that the dominant uncertainty in the evaluation of ∆α is given by the
experimental data accuracy.
In the following the measurement of the running of the QED coupling constant in the range
√
0.6 < s < 0.975 GeV in the time-like region will be reported together with the extraction, for
the first time, of the real and imaginary part of ∆α.
2

The KLOE detector

Data corresponding to an integrated luminosity of 1.7 fb−1 were collected by the KLOE detector
at DAΦNE, the Frascati e+ e− collider, which operates at a center of mass energy W = mφ ∼
1020 MeV . The KLOE detector consists of a large cylindrical drift chamber (DC), surrounded
by a fine sampling lead-scintillating fibers electromagnetic calorimeter (EMC) inserted in a 0.52
T magnetic field. The DC 2 , 4 m diameter and 3.3 m long, has full stereo geometry and operates
with a gas mixture of 90% helium and 10% isobutane. Momentum resolution is σ(p⊥ )/p⊥ ≤
0.4%. Position resolution in r - φ is 150 µm and σz ∼ 2mm. Charged tracks vertices are
reconstructed with an accuracy of ∼ 3 mm. The EMC 3 is divided into a barrel and two endcaps,
for a total of 88 modules and covers 98% of the solid angle. Cells close in time and space are
grouped into a calorimeter cluster. The cluster energy E is the sum of the cell energies, while
the cluster time t p
and its position r are energy
p weighted averages. The respective resolutions
are σE /E = 5.7%/ E(GeV ) and σt = 57ps/ E (GeV ) ⊕ 100 ps.
3

Measurement of the running of α

The running of α(s) has been obtained from the ratio between the precise measurement of the
Initial State Radiation (ISR) process e+ e− → µ+ µ− γ and the Monte Carlo (MC) simulation
without the vacuum polarization (VP) contribution, in other words, setting α(s) = α(0):
√
α(s) 2 dσdata (e+ e− → µ+ µ− γ(γ))|ISR /d s
√
|
.
(3)
| =
0 (e+ e− → µ+ µ− γ(γ))|
α(0)
dσM
ISR /d s
C
The sample of µµγ events is selected requiring a photon and two tracks of opposite curvature;
the photon is emitted at small angle (SA),i.e. within a cone of θγ < 15◦ around the beamline
and the two charged muons are emitted at large polar angle, 50◦ < θµ < 130◦ 4 .
The experimental ISR µ+ µ− γ cross section is obtained from the observed number of µµγ events
(Nobs ) and the background estimate (Nbckg ) as:
dσ(e+ e− → µ+ µ− γ(γ))
√
d s

=
ISR

Nobs − Nbkg (1 − δF SR )
√
√
·
,
∆ s
( s) · L

(4)

where (1 − δF SR ) is the correction applied to remove the Final State Radiaton (FSR) contribution,  is global the efficiency, and L is the integrated luminosity.
To separate the electrons from the pions or muons we used a particle identification estimator
(L±), based on a pseudo-likelihood function using time-of-flight and calorimeter information
(size and shape of the energy deposit). The muons were distiguished from the pions essentially
by means of two selection cuts: the first one on the MT RK (MT RK <115 MeV) that is a variable
computed requiring the energy and momentum conservation and the second on the σM T RK that
is constructed event by event with the error matrix of the fitted tracks at the point of closest
approach (PCA). Cutting the high values of σM T RK the bad reconstructed tracks are rejected
allowing a reduction of the ππγ events contamination. The residual background is estimated
by fitting the observed MT RK spectrum with a superposition of MC simulation distributions
describing signal and π + π − γ, π + π − π 0 and e+ e− γ events. Additional background from the

|α(s)/ α(0)|2

e+ e− → e+ e− µ+ µ− process has been evaluated using the NEXTCALIBUR MC generator. The
√
maximum contribution is 0.7% at s=0.6 GeV. The contribution from e+ e− → e+ e− π + π − has
been evaluated with the EKHARA generator and found to be negligible 4 . The measured µ+ µ− γ
cross-section with only ISR is then compared with the corresponding NLO QED calculation from
PHOKHARA generator including the VP effects. The agreement between the two cross sections
is excellent; the average ratio, using only the statistical errors, is 1.0006±0.0008.
By setting in the MC α(s) = α(0), the hadronic contribution to the photon propagator, with its
characteristic ρ − ω interference structure, is clearly visible in the data to MC ratio, as shown
in Fig. 1.
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Figure 1 – The square of the modulus of the running α(s) in units of α(0) compared with the prediction (provided
by the alphaQED package) as a function of the dimuon invariant mass. The red points are the KLOE data with
statistical errors; the violet points are the theoretical prediction for a fixed coupling (α(s) = α(0)); the yellow
points are the prediction with only virtual lepton pairs contributing to the shift ∆α(s) = ∆α(s)lep , and finally
the points with the solid line are the full QED prediction with both lepton and quark pairs contributing to the
shift ∆α(s) = ∆α(s)lep+had .

4

Extraction of Real and Imaginary part of ∆α and fit of Re∆α

Since the VP function Π(q 2 ) is complex, both ∆α and α(q 2 ) are complex quantities. Although
usually the real part of Π(q 2 ) is considered, which makes the effective coupling α(q 2 ) real, this
approximation is not sufficient in presence of resonances, like the ρ. In this case the imaginary
part become non-negligible and should be taken into account. To evaluate the real part of ∆α
we used this simple relation:
p
Re ∆α = 1 − |α(0)/α(s)|2 − (Im ∆α)2
(5)
defined in terms of the measured quantity |α(s)/α(0)|2 and of the imaginary part that has
been evaluated considering that for the optical theorem it can be related to the total cross
section σ(e+ e− → γ ∗ → anything) (“anything” means any possible state), where the precise
2
relation reads 1 : Im∆α = − α3 R(s) with R(s) = σtot / 4πα(s)
3s . R(s) takes into account the
leptonic and hadronic
contributions R(s) = Rlep (s) + Rhad (s), where the leptonic part is given
q


4m2l
2m2
by: Rlep (s) = 1 − s 1 + s l , (l = e, µ, τ ) while for the evaluation of the hadronic part
we use only the 2π hadronic contribution measured by KLOE 5 which dominates in this region:

3
1
4m2π 2 0
Rhad (s) =
1−
|Fπ (s)|2
(6)
4
s
2
where the Pion Form Factor must be deconvoluted by the VP effects: |Fπ0 (s)|2 = |Fπ (s)|2 | α(0)
α(s) | .
The results obtained for the imaginary part of ∆α(s) (Im ∆α) are shown in left panel of the Fig. 2
(the exp data are the red points) compared with the values given by the Rhad (s) compilaton of
Ref. 6 (blue solid line). The real part is shown on the right.
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Figure 2 – Left: Im ∆α extracted from the KLOE data compared with the values provided by alphaQED routine
(without the KLOE data) for Im ∆α = Im ∆αlep (yellow points) and Im ∆α = Im ∆αlep+had only for ππ channels
(blue solid line). Right: Re ∆α extracted from the experimental data with only the statistical error included
compared with the alphaQED prediction (without the KLOE data) when Re ∆α = Re ∆αlep (yellow points) and
Re ∆α = Re ∆αlep+had (blue solid line).

The Re∆α has been fitted by a sum of the leptonic and hadronic contributions, where
the hadronic contribution is parametrized as a sum of ρ(770), ω(782) and φ(1020) resonances
components and a non resonant term (param. by a first-order polynomial).
For the ω and φ resonances a Breit-Wigner description was used 4
p
3 BR(V → e+ e− ) · BR(V → µ+ µ− ) s(s − MV2 )ΓV
Re ∆αV =ω,φ =
(7)
αMV
(s − MV2 )2 + sΓ2V
where MV and ΓV are the mass and the total width of the mesons V = ω and φ while for the
GS 8,9 of the pion form factors, where we
ρ we use a Gounaris-Sakurai parametrization BWρ(s)
neglect the interference with the ω, and the high excited states of the ρ 4 . Assuming lepton



m2
m2 1/2
universality and multiplying for the phase space correction: ξ = 1 + 2 m2µ 1 − 4 m2µ
we
ω

ω

found for the BR(ω → µ+ µ− ) the following result: (6.6 ± 1.4stat ± 1.7syst ) · 10−5 compared to
(9.0 ± 3.1) · 10−5 from PDG 4 .
5

Conclusions

We present the first precision measurement of the running of α(s) in the energy region 0.6
√
< s < 0.975 and the strongest direct evidence of the hadronic contribution to α(s) achieved
in both time- and space-like regions by a single experiment. For the first time also the real and
imaginary part of ∆α(s) have been extracted showing clearly the importance of the role of the
imaginary part. By fitting the real part of ∆α(s) and assumming the lepton universality, the
branching fraction BR(ω → µ+ µ− ) = (6.6±1.4stat ±1.7syst )·10−5 has also been obtained.
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LIGHT HADRON SPECTROSCOPY AT BESIII
GUOFA XU
On behalf of the BESIII Collaboration
Institute of High Energy Physics, CAS, Beijing, China

Based on the world largest data sample of J/ψ, which collected by BESIII detector, the
psudo-scalars (η(1440)/η(1405)/η(1475)), scalar glueball candidates (f0 (1370), f0 (1500), and
f0 (1710)), and X(18**) have been reviewed and discussed.

1

Introduction

BEPCII is a double-ring electron-positron collider working at center-of-mass (c.m.) energies
from 2.0 to 4.6 GeV. The BESIII detector is described in detail in Ref. 1 . The cylindrical
BESIII detector covers 93% of the full solid angle. It consists of a helium-gas-based Main Drift
Chamber (MDC), a plastic scintillator Time-of-Flight system (TOF), a CsI(Tl) Electromagnetic
Calorimeter (EMC), and a muon counter. The charged particle momentum and photon energy
resolutions at 1 GeV are 0.5% and 2.5%, respectively. BESIII started data taking for physics
since 2009, up to now, the world largest data samples at J/ψ, ψ 0 , ψ(3770), ψ(4040), Y (4260),...,
are already collected, for the details please refer to Tab. 1.
2

Psudoscalar: η(1440/1405/1475)

The η(1440) was first observed in pp̄ annihilation at rest into η(1440)π + π − , η(1440) → K K̄π 4 ,
and then in J/ψ radiative decays into K K̄π 5 and γρ 6 . Further studies by different experiments
reported two pseudoscalars in this mass region, η(1405) and η(1475). The former decays mainly
through a0 (980)π (or direct K K̄π), and the latter mainly to K ∗ (892)K̄.
If the η(1295) is established, according to the quark-model, The η(1475) could be the first
radial excitation of the η 0 , with the η(1295) being the first radial excitation of the η 7,8 . However,
due to the strong kinematical suppression the data are not sufficient to exclude a sizeable ss̄
admixture also in the η(1405) 9 . Also, the η(1405) is an excellent candidate for a 0−+ glueball
in the fluxtube model 10 , although it is not favored by lattice gauge theories, which predict the
0−+ glueball should be above 2 GeV 11,12 .
However, the issue remains controversial as to whether these two pseudoscalars really exist.
According to Ref. 13 the splitting of a single state could be due to nodes in the decay ampli-

Table 1: Data Sets for BESIII

Energy point
J/ψ
ψ0
ψ(3770)
ψ(4040)
4230/4260M eV
4360M eV
4600M eV
ψ(4415)
4470/4530M eV
around ΛC threshold
4420M eV
R scan: 2∼ 3 GeV, 19 points
R scan: 3.85∼ 4.59 GeV, 104 points
3554M eV (for τ mass)
4100 ∼ 4400M eV (coarse scan)
On-going data taking

Int. Lum.
1.3 × 109
5 × 108
2.9 f b−1
0.5 f b−1
2.3 f b−1
0.5 f b−1
0.5 f b−1
1 f b−1
0.1 f b−1
0.04 f b−1
1 f b−1
∼ 0.5f b−1
∼ 0.8f b−1
24 pb−1
0.5 f b−1

tudes which differ in ηππ and K ∗ (892)K̄. Based on the isospin violating decay J/ψ → γ3π
observed by BESIII 14 the splitting could also be due to a triangular singularity mixing ηππ
and K ∗ (892)K̄ 15,16 . With the one-state assumption, the relationship between its γφ, γρ, and
γω decay modes is predicted to be Br(γφ) : Br(γρ) : Br(γω) =1 : 3.8 : 0.42 15 . Figure 1 (b)
shows the invariant mass distribution of γρ at BES2 6 , which based on the 58 × 106 J/ψ events.
Recently, BESIII obtained the preliminary results of η(1475) → γφ 17 as show in Fig. 1 (c)
and (d). Due to the interference effect between η(1475) and X(1835), there are two possible
solutions (destructive and constructive) with equal fit goodness, by comparing to the result of
the Br(η(1440) → γρ) from Ref. 6 , the calculated ratios of Br(γρ) : Br(γφ) are (6.6 ± 2.1) : 1
and (9.9 ± 2.8) : 1 for constructive and destructive cases respectively, which its a little bit larger
than that of the prediction in Ref. 15 .
3

Scalar Glueball Candidates: f0 (1370), f0 (1500), and f0 (1710)

The f0 (1370) and f0 (1500) decay mostly into pions (2π and 4π), while the f0 (1710) decays
mainly into the K K̄ final states. The K K̄ decay branching ratio of the f0 (1500) is small 18,19,20 .
As we know, different theoretical models have different explanations for the candidates of the
scalar glueball, Ref. 21 prefer the f0 (1370) with a significant glue content, Ref. 22 suggest the
f0 (1500) is mainly glue, and Ref. 23 ’s results indicate that f0 (1710) has a larger overlap with the
pure gauge glueball than other related scalar mesons.
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Figure 1 – The invariant mass of (a) ηη in J/ψ → γηη. (b) γρ in J/ψ → γγρ, the insert shows the full mass scale
where the η(958) is clearly observed. (c) and (d) Fit to M (γφ) in J/ψ → γγφ for destructive-interference and
constructive-interference solution respectively. Dots with error bars are data, red line is fit model, green line is
η(1475) together with X(1835), black line is f1 (1285), blue dotted line is for the backgrounds.

Based on a sample of 2.25 × 108 J/ψ events collected with the BESIII detector at BEPCII,

a full partial wave analysis (PWA) on J/ψ → γηη was performed using the relativistic covariant tensor amplitude method 24 . Figure 1 (a) shows the comparisons between real data
and PWA projections. The measured branching fraction is Br(J/ψ → γf0 (1710) → γηη) =
−4
18 we can find branching fractions of other decay modes for
(2.35+0.13+1.24
−0.11−0.74 ) × 10 . From PDG
−4
f0 (1710), such as Br(J/ψ → γf0 (1710) → γK K̄) = (8.5+1.2
−0.9 ) × 10 , Br(J/ψ → γf0 (1710) →
−4
γππ) = (4.0 ± 1.0) × 10 , and Br(J/ψ → γf0 (1710) → γωω) = (3.1 ± 1.0) × 10−4 . If we sum
up all of these dominated decay modes of f0 (1710), it will be comparable with the theoretical
glueball prediction in Ref. 23 which Br(J/ψ → γG(0++ )) = 3.8(9) × 10−3 . However, it still
difficult to say f0 (1710) is a glueball, more study should be needed.
4

Status of X(18**)

A Strong enhancement near the pp̄ threshold, Xpp̄ , was first observed by BESII 25 in the decay
J/ψ → γpp̄, and confirmed by BESIII 26,27 and CLEO 28 . In a partial wave analysis of J/ψ →
γpp̄, BESIII determined the J P C of the Xpp̄ to be 0+ 29 . The mass of the Xpp̄ is consistent
with the X(1835) mass measured in J/ψ → γπ + π − η 0 30 , but the width of the Xpp̄ is significantly
narrower. Since the discovery of the X(1835), many possible interpretations have been proposed,
such as a pp̄ bound state 31,32,33,34,35 , a glueball 36,37 , or a second radial excitation of the η 0
meson 38,39 . In the search for the X(1835) in other J/ψ hadronic decays, BESIII reported
a 0++ state, X(1810), in J/ψ → ωφ 40 , X(1840) in J/ψ → γ3(π + π − ) 41 , and X(1870) in
J/ψ → ωηπ + π − 42 . Figure 2 (a) summarized the mass and width of the X(18**) in different
decay modes reported at BESIII.
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Figure 2 – (a) The mass and width distribution of the states near the pp̄ threshold which have been measured in
BESIII. (b) and (c) Fit results of η 0 π + π − , the Flatté formula and a coherent sum of two Breit-Wigner amplitudes
are used respectively. The dashed dotted vertical line shows the position of pp̄ mass threshold, the dots with error
bars are data, the solid curves are total fit results, the dashed curves are the state around 1.85 GeV in (b), and
the sum of X(1835) and X(1870) in (c), the short-dashed curves are the f1 (1510), the dash-dotted curves are the
X(2120), the dash-dot-dot-dotted curves are X(1920) in (b), the long-dashed curves are non-resonant η 0 π + π − fit
results, the shaded histograms are background events. The inset shows the data and the global fit between 1.8
GeV and 1.95 GeV.

In order to understand the nature of X(1835) and X(pp̄), recently, the η 0 π + π − line shape of
X1835 has been studied 43 . Two models have been used to characterize the η 0 π + π − line shape
around 1.85 GeV, one which explicitly incorporates the opening of a decay threshold in the mass
spectrum (Flatte formula) (Fig. 2 (b)), and another which is the coherent sum of two resonant
amplitudes (Fig. 2 (c)). Both fits show almost equally good agreement with data, and suggest
the existence of either a broad state around 1.85 GeV with strong couplings to pp̄ final states
or a narrow state just below the pp̄ mass threshold. Although it cannot distinguish between the
fits, either one supports the existence of a pp̄ molecule-like state or bound state with greater
than 7σ significance.
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NEW AND RECENT RESULTS FROM NA48/2
D. MADIGOZHIN a
Joint Institute for Nuclear Research, Joliot-Curie, 6, Dubna, Moscow region 141980, Russia
Recent results from the NA48/2 experiment are presented. The most precise measurement of
±
the charged kaon semileptonic form factors has been obtained from 4.28 million Ke3
and 2.91
±
million Kµ3 events collected in 2004. A sample of 1663 events of the very rare decay K ± →
µ± νe+ e− has been collected in the region Mee > 140 MeV/c2 with negligible background.
The measured model independent decay rate is in agreement with ChPT predictions. The
branching ratio of the K ± → π ± π 0 e+ e− decay, never observed so far, has been obtained from
a sample of 5000 candidates, in agreement with ChPT predictions.

1

The NA48/2 beam and detector

The NA48/2 detector and beam have been described in details earlier1,2 . Two simultaneous
K + and K − beams were produced by 400 GeV/c protons impinging on a beryllium target.
Particles of opposite charge with a central momentum of 60 GeV/c and a momentum band of
±3.8% (rms) were selected by a system of magnets and collimators. Both beams of ≈ 1 cm
width had similar paths within the decay volume contained in a 114 m long vacuum tank.
Charged decay products were measured by a magnetic spectrometer consisting of four drift
chambers (DCH) and a dipole magnet located between the second and third chamber. The
spatial resolution of each chamber was ∼90 µm, and the momentum resolution was σp /p =
(1.02 ⊕ 0.044 · p)% (momentum p in Gev/c). The spectrometer was followed by a scintillator
hodoscope (HOD) with a time resolution of ∼150 ps, whose signals were used to trigger the
readout of events with at least one charged track
A Liquid Krypton calorimeter (LKr), located behind the hodoscope, was used to measure
the position and energy of electrons and photons. It is an approximately homogeneous ionization
chamber with an active volume of 7 m3 of liquid krypton, 27 X0 deep, segmented transversally
into projective cells, 2 × 2 cm2 each. The transverse position of isolated showers was measured
a
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√
with a spatial resolution σx√= σy = (0.42/ E ⊕ 0.06) cm. Energy resolution for photons and
electrons was σE /E = (3.2/ E ⊕ 9.0/E ⊕ 0.42)% (energy E in GeV).
The muon system MUV, consisting of three scintillator planes and 80 cm thick iron walls,
was used for muon identification. An aluminium beam pipe of 16 cm outer diameter and 1.1
mm thickness was traversing the centres of all the detector components, providing the path in
vacuum for undecayed beam particles and for muons generated in the beam π ± decays.
2

±
Measurement of the Kl3
form factors

The Kl3 (l = µ, e) differential rate as a function of the lepton and pion energies in the kaon rest
frame (Dalitz plot) may be parameterised3 in terms of the vector f+ (t) and scalar f0 (t) form
factors function of t = (PK − Pπ )2 . In the Ke3 decay, the scalar form factor terms become
negligible due to the small electron mass. The Kl3 form factors participate to the determination
of the |Vus | CKM matrix element4 trough the phase space integrals of the differential rates.
Three Kl3 form factor parameterizations were used: Quadratic5 (f+ (t) = 1 + λ0+ t/m2π +
1 00
2 2
2 λ+ (t/mπ ) ,

f0 (t) = 1 + λ00 t/m2π ), Pole6 (f+ (t) =

MV2
,
(MV2 −t)

f0 (t) =

MS2
)
(MS2 −t)

and Dispersive7

), f0 (t) = exp ( (ln[C]−G(t))t
)). The external functions H(t), G(t) of the
(f+ (t) = exp ( (Λ+ +H(t))t
m2π
(m2K −m2π )
Dispersive parameterization depend on five extra parameters, that are fixed with some precision
from other experimental data and theoretical considerations7 .
An event is considered as a Kl3 candidate, if there is at least 2 LKr clusters consistent with
photons of reconstructed energy above 3 GeV, and the sum of their energies is above 15 GeV,
ensuring high trigger efficiency. The decay vertex longitudinal position Zn is reconstructed from
the photon energies and positions at LKr under the assumption that they are produced in the
decay of a π 0 of PDG mass value5 .
At least one charged track is required with a minimum momentum of 5 GeV/c (10 GeV/c) for
the Ke3 (Kµ3 ) selection. Electron identification is based on the ELKr /PDCH ratio, where ELKr is
the LKr energy deposit associated with the charged track, and PDCH is its momentum measured
by the spectrometer. Tracks with ELKr /PDCH > 0.9 are identified as electrons (positrons),
while the muon identification is based on MUV information. The transverse position of the
decay vertex is defined by the track coordinates at Zn . A wide Zn -dependent cut is applied to
the distance between the vertex and the beam axis (< 11 cm) to include most events produced
in the decay of a 3% additional beam halo component.
The kaon momentum PK is computed under the assumptions of the kaon line of flight along
the beam axis and a massless missing neutrino. From the two possible PK solutions, the one
closest to the beam momentum central value is chosen. Samples of 4.28 million Ke3 (2.91 million
Kµ3 ) events with less than 1 per mille (∼2 per mille) background have been selected from the
NA48/2 data recorded in 2004 during a four-day long data taking period with reduced beam
momentum spread, low intensity and using a minimum bias trigger.
Monte Carlo (MC) Kl3 samples have been simulated using the KLOE generator8 ensuring
a proper implementation of radiative effects. The Kl3 form factor results are obtained by min(D −M C )2
imization of a χ2 estimator defined as the sum of contributions (δDi,ji,j)2 +(δMi,jCi,j )2 over bins(i, j)
of the Dalitz plot with at least 20 data events, where Di,j is the background subtracted number of data events; M Ci,j is the number of simulated events in the same bin as obtained from
reweighting the MC events for the current iteration parameter values; δDi,j and δM Ci,j are the
corresponding errors on Di,j and M Ci,j . The fit is performed separately for the Ke3 and Kµ3
Dalitz plots or jointly by extending the summation over both Dalitz plots and using a common
set of fit parameters.
The joint Kl3 analysis form factor results are shown in Table 1 (in MeV/c2 for the Pole parameters and in unit of 10−3 for the others). Correlation coefficients are: ρ(λ0+ , λ00+ ) = −0.954,
ρ(λ0+ , λ0 ) = −0.076, ρ(λ00+ , λ0 ) = 0.035, ρ(mV , mS ) = −0.278, ρ(Λ+ , ln[C]) = −0.035. The

systematic errors contributions considered are related to the kaon beam simulation, LKr calibration, background, trigger efficiency, acceptance, radiative correction as well as to the external
uncertainty introduced by the extra fixed parameters of the Dispersive parameterization. The
measured form factors represent the most precise current result of a combined Kl3 analysis.
Table 1: Form factor results from the joint Kl3 analysis (mV and mS in MeV/c2 , others are multiplied by 103 )

Central values
Stat. error
Syst. error
Total error
χ2 /N DF

3

λ0+
λ00+
λ0
23.35 1.73 14.90
0.75
0.29 0.55
1.23
0.41 0.80
1.44
0.50 0.97
1004.6/1073

mV
mS
894.3 1185.5
3.2
16.6
5.4
35.5
6.3
39.2
1001.1/1074

Λ+
ln[C]
22.67 189.12
0.18
4.91
0.55
11.09
0.58
12.13
998.3/1074

Study of the K ± → µ± νe+ e− decay

The radiative leptonic decay K ± → µ± νγ ∗ (γ ∗ → e+ e− ) proceeds via two different mechanisms.
The main contribution is the Inner Bremsstrahlung (IB) from the final state muon, that can
be calculated from QED. The virtual γ ∗ can also be radiated off at the weak vertex of the
intermediate state. This Structure Dependent (SD) contribution depends on form factors that
can be calculated in the framework of ChPT and becomes dominant at large Mee values.
The analysis is based on the reconstruction of three-track vertices. One of the tracks is
required to be identified as a muon according to LKr and MUV information, while the two
others are to be identified as an electron and a positron using LKr and DCH. The abundant
K ± → π ± π + π − (K3π ) decay is used as normalization. Reconstructed momenta of selected
tracks are required to be in the range (3–50) GeV/c, and the total vertex momentum to be < 66
GeV/c. The requirement Mee > 140 MeV/c2 suppresses background from decays including a π 0
Dalitz decay to e+ e− γ, while requiring the muon-neutrino invariant mass Mµν > 170 MeV/c2
suppresses background from K ± → π ± e+ e− followed by π ± → µ± ν decay.
The residual background comes from K ± → π ± π + π − and K ± → π + π − e± ν decays with
pion decay and/or misidentification and from K ± → π ± π 0 π 0 followed by the Dalitz decay of
both neutral pions. The total background is evaluated from the selected Wrong Sign events
(containing a reconstructed same sign e+ e+ or e− e− pair), coming from the above sources with
a scaling factor defined by the possible charge combinations.
A sample of 1663 signal candidates is selected with an estimated background of 54 ± 11
events in an exposure to 1.56 × 1011 kaon decays in 2003–2004. The spectrum of the variable
z = (Mee /MK )2 shown in Fig.1-left is compatible with the prediction of ChPT9 . The partial
branching ratio is computed in each bin of z and includes radiative corrections as implemented
using the PHOTOS package. The sum of these contributions represent a model-independent
branching ratio for Mee > 140 MeV/c2 : BR(K ± → µ± νe+ e− ) = (7.84 ± 0.21stat ± 0.08syst ±
0.06ext )×10−8 . The systematic uncertainty is dominated by the contributions related to radiative
corrections and background while the external error is due to the normalization branching ratio
uncertainty5 .
4

First observation of the K ± → π + π 0 e+ e− decay

This mode proceeds through similar mechanisms, K ± → π + π 0 γ ∗ (γ ∗ → e+ e− ), as the previous
one and has not been observed so far. The signal events are selected concurrently with the
0 ). Both signal and normalization candidates
normalization events (K ± → π ± π 0 followed by πD
are reconstructed from three-track vertices with track reconstructed momenta in the range (2–
60) GeV/c. Photon candidates are LKr clusters with energy above 2 GeV, not associated to a

z(µ± νe+ e− ) = (Mee /MK )2
±

M (π + π 0 e+ e− ) [GeV/c2 ]
±

+ −

Figure 1 – Left: z distributions of K → µ νe e events from data, simulation (IB only and full ChPT model9 )
and background contamination. Right: reconstructed kaon mass for K ± → π + π 0 e+ e− decays (full dots – data,
stacked histograms, from bottom to top – K3π and K2π backgrounds and signal IB simulation).

track and in time with the vertex tracks.
The two-photon invariant mass of a signal events (γe+ e− of a normalization events) is
required to be within ±15 MeV/c2 from the π 0 PDG mass5 , and the reconstructed kaon mass to
be within ±45 MeV/c2 from the K ± PDG mass. The total momentum is required to be in the
range (54-66) GeV/c. The correlation between the reconstructed π 0 and kaon masses defines a
kinematic constraint |Mπ0 − 0.42MK + 73.2| < 6 MeV/c2 allowing particle identification without
using ELKr /PDCH requirements, therefore increasing acceptance of low momentum tracks.
0 (with a lost photon) and K ± → π ± π 0
The two main background sources are K ± → π ± π 0 πD
D
(with an extra photon). The first background is additionally suppressed by requiring the squared
invariant mass of the π ± π 0 system to be larger than 0.12 GeV2 /c4 . To reject further the second
background source, both possible invariant masses Meeγ are required to be more than 7 MeV/c2
0
away from the π 0 PDG mass. The 0.15% background to normalization is due to K ± → µ± νπD
0 misreconstructed events where the pion mass is assigned to the lepton.
and K ± → e± νπD
A sample of 5076 signal candidates have been selected from an exposure to 1.7 × 1011 kaon
decays in 2003–2004. The background contamination estimated from simulation is about 5.7%.
The preliminary result is BR(K ± → π + π 0 e+ e− ) = (4.22 ± 0.06stat ± 0.04syst ± 0.13ext ) × 10−6 ,
where the systematic error includes uncertainties related to acceptances, trigger efficiencies and
radiative corrections. The external error is due to the normalization mode branching ratio
uncertainty 5 . The obtained result is in agreement with the theoretical prediction10 of 4.10×10−6
(obtained including isospin corrections but without radiative corrections).
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Recent Heavy Flavors results from Tevatron
A.V. Popov
Institute for High Energy Physics, Protvino, Russia
on behalf of the CDF and D0 Collaborations
We present the latest Heavy Flavor physics results from CDF and D0 Collaborations at the
FNAL Tevatron. This includes a confirmation of the X(5568) state with semileptonic decays
of Bs meson, a search for exotic baryons decaying to J/ψΛ pairs and a measurement of
D+ -meson production cross section at low transverse momentum.

1

D0: Confirmation of the X(5568) with semileptonic decays of Bs meson

Recently the D0 collaboration presented evidence for a possible four-quark state with the decay
to Bs0 π ± where Bs0 → J/ψφ 1 . This system would be composed of two quarks and two antiquarks
of four different p
flavors b, s, u, d. When the selection on the angle between the Bs0 and π ± was
imposed (∆R = ∆η 2 + ∆φ2 < 0.3) the X(5568) was observed with a significance 5.1σ (including the systematic uncertainties and look-elsewhere effect). Subsequent analysis by LHCb 2 and
√
CMS 3 have not confirmed the existence of X(5568) in pp interactions at s = 7 and 8 TeV/c2 .
Thus, the additional studies of Bs0 π ± final state are very important.
We present here a search for X(5568) in the decay to Bs0 π ± using semileptonic Bs0 decays,
0
Bs → µ∓ Ds± + X (charge conjugate states are assumed) from the full Run II integrated luminosity of 10.4 fb−1 in pp̄ collisions. Here X includes the unseen neutrino and possibly other
hadrons from the Bs0 decay. The background in semileptonic channel are mostly independent of
those in the hadronic channel. The presence of the neutrino in the final state leads to the wider
mass resolution for the signal. The character of possible reflections of other resonant structures
is quite different in the semileptonic and hadronic channels. Thus, a study of X(5568) in the
semileptonic decay channel may provide an independent confirmation of its existence.
The muons are required to have 3 < pT < 25 GeV/c. The Ds− → φπ − , φ → K + K −
is reconstructed as follows. The two particles from φ decay are assumed to be kaons and are
required to have pT > 1.0 GeV/c, opposite charge and mass 1.012 < m(K + K − ) < 1.03 GeV/c2 .
The charge of the third particle, assumed to be a pion, has to be opposite to that of the muon.
The three tracks are combined to form a common Ds− vertex. The Ds− and Bs0 decay vertices
should be well separated from the primary vertex. The transverse momentum of the µ+ Ds−
system is required to satisfy the condition pT > 10 GeV/c. To minimize the effect of the missing
neutrino in the final state the effective mass is limited to 4.5 GeV/c2 < m(µ+ Ds− ) < m(Bs0 ). A
track representing the pion in the Bs0 π ± combination is required to have transverse momentum
0.5 < pT (π) < 25 GeV/c. To improve the resolution of the invariant mass of the Bs0 π ± system
we define the invariant mass as m(Bs0 π) = m(µ∓ Ds± π) − m(µ∓ Ds± ) + m(Bs0 ), where m(Bs0 ) =
5.3667 GeV/c2 . We study events as a function of mass in the range 5.506 < m(Bs0 π ± ) <
5.906 GeV/c2 . The ∆R cut was not used in this analysis.
The background parametrization was taken from the Monte-Carlo (MC) background sample

generated using the PYTHIA 4 inclusive jet production model. To correct for the effects of
the trigger selection and the reconstruction on the data, we weight each MC event so that the
transverse momentum of the reconstructed muon and the µDs system agree with those in the
data. The m(Bs0 π ± ) invariant mass distribution of the MC background is modelled by:
2

Fbgr (m) = (c1 · m0 + c2 · m20 + c3 · m30 + c4 · m40 ) · ec5 ·m0 +c6 ·m0 ,

(1)

where m = m(Bs0 π ± ), m0 = m − mthr , and mthr = 5.5063 GeV/c2 is the Bs0 π ± mass threshold.
Several alternative parametrizations were also used to check the fit stability and for background
shape systematics estimation.
The signal is modelled by a relativistic Breit-Wigner function convolved with a Gaussian
detector resolution function which also takes into account the impact of the unseen neutrino.
The fit function has the form:
F (m) = fsig · Fsig (m, MX , ΓX ) + fbgr · Fbgr (m),

(2)

N events / 8 MeV/c2

250

200
150

D0 preliminary, 10.4 fb-1
DATA

100

Standard Deviations

where Fsig (m, MX , ΓX ) is a signal function described above, MX and ΓX are the mass and
natural width of the resonance and fsig , fbgr are normalization factors. The shape parameters
in the background term Fbgr are fixed to the values obtained from fitting the MC background
distribution. In the fit shown in Fig. 1 (left plot) the normalization parameters fsig , fbgr and
the Breit-Wigner parameters MX , ΓX are allowed to vary. The fit yields the mass and natural
+1.9
+1.0
+9.5
2
2
width of MX = 5566.7+3.6
−3.4 (stat.)−1.0 (syst.) MeV/c , ΓX = 6.0−6.0 (stat.)−4.6 (syst.) MeV/c , and
+11
the number of signal events of N = 139+51
−63 (stat.)−32 (syst.). These numbers include the systematic uncertainties due to background shape description, background reweighting, Bs0 mass
scale in MC and data, detector resolution and the missing neutrino effect, signal modelling.
The dominant systematic uncertainty is due to
p the background shape description. The local
statistical significance of the signal, defined as −2 ln(L0 /Lmax ), where L0 , Lmax are likelihood
values at the signal yield fixed to zero and at the best-fit signal yield obtained from a binned
maximum likelihood fit, is 4.5σ. If the systematic uncertainties are taken into account, the
statistical significance of the signal is 3.2σ.
The ratio of the number of Bs0 which come from the decay of X(5568) to all Bs0 (X(5568)
+0.6
production ratio) was measured to be [7.3+2.8
−2.4 (stat.)−1.7 (syst.)]% in the semileptonic channel.
The mass, natural width and X(5568) production ratio are in the agreement between the
semileptonic and hadronic channels within uncertainties 1 . If we assume that we observe the
same object in both channels and the semileptonic and hadronic measurements are independent,
we can calculate the combined significance for the two channels using the formula to calculate
the combined p-value: pcomb = phad · psl · [1 − ln(phad · psl )], where phad is the p-value for the
hadronic channel, and psl is the p-value for the semileptonic channel. The obtained combined
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Figure 1 – The m(Bs0 π ± ) distribution with the fitting function superimposed, see text for details (left). Results
of the signal significance scan for the J/ψΛ invariant mass (right).

p-value corresponds to a significance of 5.7σ for the combination of the hadronic channel with
the ∆R cut and the semileptonic channel. More details about this analysis can be found at 5 .
2

D0: Search for exotic baryons decaying to J/ψΛ

Recently the LHCb Collaboration has reported an observation of two J/ψp resonances named Pc
at masses 4380 MeV/c2 and 4450 MeV/c2 , consistent with pentaquark states, in Λ0b → J/ψK − p
decays (charge conjugate states are assumed) 6 . Both states are within 400 MeV/c2 of the J/ψp
threshold. Numerous states with the quark contents including a cc̄ pair and three light quarks
are expected to exist within 500 MeV/c2 of the appropriate threshold. This section presents a
search for inclusive production of pentaquarks with hidden charm in the final state J/ψΛ, with
J/ψ → µ+ µ− and Λ → pπ − . Such states could be produced promptly, directly in pp̄ collisions
by QCD processes or non-promptly, in weak decays of b-baryons. In the following we focus on
the non-prompt production.
Events used in this analysis are selected from a Run II data sample of 10.4 fb−1 . To reconstruct a J/ψ candidate, two muons with the opposite charge, transverse momentum pT (µ) >
1.0 GeV/c, total transverse momentum pT (µµ) > 4.0 GeV/c, originated from a common vertex,
and have an invariant mass in the range 2.92 < m(µµ) < 3.25 GeV/c2 , are selected. The reconstruction and selection of Λ → pπ − candidates is similar to that in the D0 measurement of the
Λ0b lifetime 7 . To select J/ψΛ candidates, we define the Λ signal window as 1.110−1.122 GeV/c2 ,
the lower limit on the Λ transverse momentum is set to 0.7 GeV/c.
We define the search mass region as the range from the J/ψΛ threshold to 4.7 GeV/c2 and
perform binned maximum likelihood fits to the distributions of the J/ψΛ invariant mass with
the function, defined in Eq. 2. The signal is modelled by a Gaussian function with mass MX
and width ΓX . The background is modelled with the following function:
Fbgr (m) ∝ m · (m2 /m2thr − 1)c1 · e−c2 m · (1 − e−(m−mthr )/c3 ),

(3)

where m stands for m(J/ψΛ) and mthr is its threshold value.
Using the signal and background models described above, we perform mass fits of the sum
of signal and background or background only to the data, with the signal mass set at fixed
values in 10 MeV/c2 steps. The signal width and the background shape parameters c1 , c2 , c3
are varied. In each mass point the local statistical significance is determined. The result of
this scan is showed on Fig. 1 (right plot). The highest local significance of 3.45σ occurs at
m(J/ψΛ) = 4.32 GeV/c2 . If looks-elsewhere effect is taken into account, the corresponding
global significance is estimated to be 2.8σ. We thus have no evidence for new baryons decaying
to J/ψΛ. More details about this analysis can be found at 8 .
3

CDF: Measurement of D+ -meson production cross section at low transverse
momentum

Measurements of cross sections for the production of hadrons containing heavy flavors in hadron
collisions offer essential information to test and refine phenomenological models of the strong
interactions at small transferred four-momenta. Previous measurements in pp̄ collisions were
restricted to mesons with transverse momentum pT > 6.0 GeV/c 9 . In this talk, we report
on a measurement of cross section for D+ -mesons whose pT extends down to 1.5 GeV/c, a
range unexplored in pp̄ collisions so far. The measurement is conducted as a function of meson
transverse momentum using D+ → K − π + π + decays reconstructed in the full Run II data set.
Charge-conjugate decays are implied throughout. Events are collected through minimal, if any,
requirements on the event features, thus reducing biases to the physic properties of the collected
charm decays. The sample is divided into subsamples according to the D+ candidate pT (pT

bins). The cross-section in each pT bin is calculated as follows:
σi = R

Ni /2
,
Ldt · i · B

(4)

where Ni is the observed number of primary (from pp̄ scattering) D+ and D− mesons in each pT
bin. The factor 1/2 is included because both D+ and D− mesons contribute to Ni and we report
results
solely for D+ , assuming flavor-symmetric production of charm quarks in pp̄ interactions.
R
The Ldt is the integrated luminosity, i is the global detection, reconstruction, and selection
efficiency. The branching fraction of the D+ → K − π + π + decay used is B = (9.46 ± 0.24)% 10 .
In each pT bin, we determine the yield of primary D+ decays using a simultaneous maximum likelihood fit to the unbinned distributions of K − π + π + mass to separate D+ decays from
combinatorics, and D+ impact parameter to separate primary and secondary (from b-hadron
decays) D+ decays. The only free parameters in the fit are the numbers of primary D+ (signal)
and secondary D+ decays. A total signal of approximately 2950 primary D+ decays is obtained.
The global efficiency i is (0.27 − 7.5)% depending from pT bin, and the main systematic uncertainties come from the determination of the primary D+ yield (0.9 − 1.5)% and silicon detector
efficiencies (11.5% for the whole pT range).
The measured differential cross sections, averaged over each pT bin and integrated in the
rapidity range |y| < 1, are shown in Table 1. The total cross section, obtained by summing
over all pT bins, is 71.9 ± 6.8 ± 9.3 µb.
Table 1: Results for D+ meson cross sections. The second column lists the “effective pT ” values at which the
point-value of cross-section equals the predicted pT -averaged value over the bin. Values in the third column are
averaged over each pT bin. The first contribution to the uncertainties is statistical, the second is systematical.

pT range, (GeV/c)
1.5 − 2.5
2.5 − 3.5
3.5 − 4.5
4.5 − 6.5
6.5 − 14.5

Eff. pT , (GeV/c)
1.99
2.97
3.97
5.37
9.14

dσ(D+ , |y| < 1)/dpT , (µb/GeV/c)
32.7 ± 6.5 ± 4.2
20.6 ± 1.8 ± 2.7
9.50 ± 0.84 ± 1.2
3.23 ± 0.26 ± 0.42
0.34 ± 0.04 ± 0.04

σi (D+ , |y| < 1)), (µb)
32.7 ± 6.5 ± 4.2
20.6 ± 1.8 ± 2.7
9.50 ± 0.84 ± 1.2
6.46 ± 0.52 ± 0.84
2.69 ± 0.22 ± 0.35

The results are compatible with those predicted in recent calculations and with those determined in early Run II using an independent data set 9 . While the measurements lie within
the band of theoretical uncertainty, there is a systematic variation suggesting that the shape of
the theoretical cross section as a function of transverse momentum can benefit by taking into
account these results. More details about this analysis can be found at 11 .
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HEAVY FLAVOR PRODUCTION AND PROPERTIES AT ATLAS AND CMS
M. GALANTI
On behalf of the ATLAS and CMS Collaborations
Department of Physics and Astronomy, University of Rochester, 206 Bausch & Lomb Hall,
P.O. Box 270171, Rochester, NY 14627-0171, USA
The ATLAS and CMS experiments have carried out a rich heavy flavor physics program
since the start of LHC data taking. In the current note some of the most recent results
obtained by the two collaborations are shown. In particular, I report the angular analysis of
the B 0 → K ∗0 µ+ µ− decay and measurements of B hadron and quarkonium production.

1

Introduction

The study of heavy flavors is among the goals of the ATLAS 1 and CMS 2 physics programs since
the start of the LHC data taking. In the current note I show some of the most recent results
obtained by the two experiments in this field. The new angular analyses of the B 0 → K ∗0 µ+ µ−
decay performed by ATLAS and CMS are briefly described, including the measurements of the
so-called P1 and Pi0 variables, potentially sensitive to new physics. The measurements of the
production cross sections of B + mesons by CMS and of J/ψ pairs by ATLAS are also reported.
2

Angular analysis of the B  → K ∗ µ+ µ− decay

The B 0 → K ∗0 µ+ µ− decay proceeds through flavor-changing neutral currents (FCNC) which in
the Standard Model (SM) cannot happen at tree level and are thus highly suppressed. Therefore,
this process constitutes an ideal probe for indirect evidence of new physics (NP). Indeed, it has
been shown that possible NP contributions could significantly modify the angular distributions of
the decay products relative to their SM values. In particular, one can build a set of observables,
Pi and Pi0 , which are expected to be sensitive to NP in an experimentally clean way 3,4 . Both
LHCb 5 and Belle 6 have recently published results showing a discrepancy larger than 3 standard
deviations with respect to SM for the P50 variable.
ATLAS 7 and CMS 8 now report new measurements of these variables in pp collisions at
√
s = 8 TeV collected in 2012. A total of 20 fb−1 of data is analyzed by each experiment. The
0
B final state is fully reconstructed exploiting the K ∗0 → K + π − decay. The B 0 decay can
be completely described by the B 0 invariant mass and three angular variables, θL , θK , and φ.
These are fitted using the theoretical model for the differential decay rate in order to extract the
physical parameters. Both analyses are performed in bins of the di-µ invariant mass squared q 2 .
The main differences between the strategies followed by the two experiments are briefly
summarized here. ATLAS extracts P1 and four Pi0 (i = 4, 5, 6, 8) parameters while CMS
measures only P1 and P50 . The ATLAS measurement is done in three bins of the low q 2 range
(0.04 < q 2 < 6 GeV) while CMS looks at 7 bins in the range 1 < q 2 < 19 GeV. The model
for the differential decay rate used by ATLAS neglects the small contribution from S-wave

P'5

P'5

(corresponding to non-resonant K + π − production), which is taken as a systematic uncertainty
of the result, while CMS extracts it from the fit. Since the two decays B 0 → K ∗0 µ+ µ− →
K + π − µ+ µ− and B̄ 0 → K̄ ∗0 µ+ µ− → K − π + µ+ µ− are difficult to disentangle experimentally, the
B decay flavor is mistagged in a certain fraction of events: this fraction is taken from simulation
to be ∼ 10% in the ATLAS analysis and is measured in data at ∼ 14% in the CMS analysis.
The ATLAS and CMS results for P50 as a function of q 2 are shown in Fig. 1. The experimental
measurements are compared with the SM predictions from the DHMV 3,4 (blue bands) and
HEPfit/CFFMPSV 9 (red bands) groups, the main difference between the two being that the
former take the contributions of hadronic charm loops from calculations, while the latter fit them
to LHCb data. ATLAS results are generally in good agreement with the DHMV predictions,
except in the 4 < q 2 < 6 GeV bin, where P40 and P50 show discrepancies respectively of 2.5 and
2.7 standard deviations. CMS results are compatible with the SM predictions in the whole q 2
range, favoring DHMV over HEPfit at low q 2 .
s= 8 TeV, 20.3 fb-1
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Figure 1 – The ATLAS 7 (left) and CMS 8 (right) results for P50 as a function of q 2 .

3

Prompt J /ψ pair production

The prompt production of J/ψ pairs by a single pp collision can proceed through two main
mechanisms: single-parton scattering (SPS), where two cc̄ pairs are produced by the same
parton interaction, and double-parton scattering (DPS), where the two cc̄ pairs are produced
by two independent parton interactions. This process was studied by the ATLAS collaboration
√
in a sample of 11.2 fb−1 of pp collisions at s = 8 TeV collected in 2012 10 . The J/ψ mesons are
reconstructed through J/ψ → µ+ µ− decays. J/ψ pairs are selected in a given fiducial region and
required to come from the same pp interaction by asking a maximum J/ψ separation along the
z coordinate dz (J/ψ, J/ψ) < 1.2 mm. The prompt and non-prompt production are separated
through a fit on the transverse decay length Lxy = L · pT /pT .
The analysis is performed in two rapidity bins of the lower-pT (sub-leading) J/ψ. The
main observables measured are the differential double-J/ψ production cross section σJ/ψ J/ψ ,
the fraction of DPS production fDPS , and the effective DPS cross section σeff . The latter is
2 /[2 · f
defined as σeff = σJ/ψ
DPS · σJ/ψ J/ψ ], σJ/ψ being the J/ψ prompt production cross section.
The differential σJ/ψ J/ψ is measured as a function of the J/ψ-J/ψ |∆(y)|, |∆(pT )|, invariant
mass m, and pT , both in the fiducial and in the full phase space. The results for the fiducial phase
space as a function of |∆(y)| and m are shown in Fig. 2. The differential DPS cross section in data
is obtained from the measured SPS+DPS one through a teplate fit. The measured cross sections
(black and blue points) are compared with the predictions for SPS+DPS at NLO∗ 11,12 (red
bands) and for DPS at LO 13 (light blue bands), finding a good agreement. The integrated DPS
fraction fDPS is measured from the fiducial cross section as fDPS = (9.2±2.1 (stat)±0.5 (syst))%.
The effective DPS cross section is found to be σeff = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF) ±
0.3 (lumi) pb. This value is compared with other measurements of σeff for different initial and
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Figure 2 – The ATLAS results 10 for the double-J/ψ prompt production cross section at
phase space as a function of the J/ψ-J/ψ ∆(y) (left) and invariant mass m (right).

√
s = 8 TeV in the fiducial
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final states in Fig. 3. It can be seen that, while σeff is fairly independent from the initial collision
energy, its value for prompt J/ψ-J/ψ is lower than that measured for other final states.
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Figure 3 – The effective DPS cross section σeff measured by the ATLAS collaboration in pp collisions at s = 8 TeV
in the double-J/ψ final state 10 , compared with the results obtained for different initial and final states.

4

Measurement of B + cross section at 13 TeV

The production cross section of B + mesons has been measured by CMS on a sample of 49.4 pb−1
√
of pp collisions at s = 13 TeV collected in 2015 14 . The reconstruction is done through the
B + → J/ψK + → µ+ µ− K + decay mode. The analysis is performed in a fiducial phase space
B
B
defined by |y B | < 1.45 for 10 ≤ pB
T < 17 GeV and |y | < 2.1 for 17 ≤ pT < 100 GeV, where
B
B
+
pT and y are the B transverse momentum and rapidity. The main contributions to the
background are from combinatorial di-muons and B + → J/ψπ + and B + → J/ψ+hadrons
decays. For illustration, Fig. 4 shows the mass fit to the signal and all background contributions
for the full phase space.
B
+
Separate fits in bins of pB
T and |y | allow to extract the single-differential B cross sections
as a function of these variables. The results are shown in Fig. 5. Experimental measurements
are compared with theoretical predictions from FONLL calculations 15,16 and with PYTHIA 17 .
√
At s = 13 TeV, CMS data (red points) are compatible with FONLL (yellow bands) at high
pB
at low pB
T while they tend to favor higher cross sections
T . For reference, the results from a
√
18
previous CMS measurement performed at s = 7 TeV (blue points) are also shown in the
figures. They are in good agreement with FONLL (blue bands) at low pB
T.
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Figure 4 – The CMS mass fit to the B + signal and all background contributions in the full phase space considered
in the analysis 14 .
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The total B + cross section at s = 13 TeV in the fiducial phase space is extracted from the
sum over all bins and is found to be σ(pp → B + +X) = 14.9±0.4 (stat)±2.0 (syst)±0.4 (lumi) pb.
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MIXING AND CP VIOLATION IN BEAUTY AND CHARM AT LHCB
J. FU (on behalf of the LHCb Collaboration)
Dipartimento di Fisica dell’Università di Milano e INFN Sezione di Milano,
via Celoria 16, 20133 Milano, Italy
Recent results on mixing and CP violation in beauty and charm decays at LHCb are presented.
A combination of LHCb measurements in various B → DK decays yields the world’s most
precise single experiment measurement of γ. The first evidence for CP violation in beauty
baryon sector is shown. The most precise measurements on charm mixing parameters in
D0 → K ± π ∓ decays, and AΓ in D0 → K + K − and D0 → π + π − decays are also shown.

1

Introduction

Violation of CP symmetry (CP V ) is a necessary condition for the Baryon Asymmetry of the
Universe. In the Standard Model (SM), CP V is accommodated by CKM matrix, which describes
the transitions between up- and down-type quarks. However, the amount of CP V predicted by
the CKM mechanism is not sufficient to explain our matter-dominated Universe. Other sources
of CP V from New Physics (NP) are expected to exist. Beauty and Charm hadrons are a fantastic
laboratory to search for CP -violating effects extensively. All measurements in proceedings have
been performed using 3fb−1 of data taken during the LHC Run 1.
2

Combination measurements of the CKM angle γ
V

V∗

ub
The CKM angle γ ≡ −arg( Vud
∗ ) is the least well known angle of the unitarity triangle. It can
cd Vcb
be accessed by exploiting the interference between b → c and b → u tree transitions, in which
0
the favoured B − → D0 K − and suppressed B − → D K − decays are measured. Theoretically,
it’s a clean measurement with small relative uncertainty. However, the measurement in single
decay mode is not very sensitive due to the small branching fraction. LHCb collaboration has
performed CP V measurements in a wide range of B → DK decay modes, and the combination
of these results gives
o
γ = (72.2+6.8
(1)
−7.3 ) ,

which is the world’s most precise single experiment measurement of the angle γ 1 .
3

First evidence for CP V in beauty baryon sector

CP V has never been observed in any baryon decays. The decay processes Λ0b → pπ − π + π − and
Λ0b → pπ − K + K − are governed mainly by two amplitudes, b → udu tree transition and b → duu
penguin transition, expected to be with the similar magnitude. The large relative weak phase
∗
Vtb Vtd
2
in CKM matrix α ≡ arg( Vub
V ∗ ) would be the main source of CP V .
ud
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Figure 1 – Distribution of Asymmetries for Λ0b → pπ − π + π − decays. The asymmetries aP
and aT̂CP
are
represented by open boxes and filled circles, respectively. The error bars indicate the total uncertainties. The
values of the χ2 /ndf are quoted for the P - and CP -conserving hypotheses for each binning scheme.

−odd
The CP -violating effects are searched by measuring CP -odd observables aT̂CP
, which
0
is constructed by triple-product asymmetries. In the Λb centre-of-mass frame, triple-product
asymmetries of final state particle momenta are defined as CT̂ = p~p · (~
ph− × p~h+ ) for Λ0b decays

and C T̂ = p~p · (~
ph+ × p~h− ) for
1

2

then defined as AT̂ (CT̂ ) =
0

0
Λb

1

2

decays. The following P -odd and T̂ -odd asymmetries may

N (CT̂ >0)−N (CT̂ <0)
N (CT̂ >0)+N (CT̂ <0)

N (−C T̂ >0)−N (−C T̂ <0)
N (−C T̂ >0)+N (−C T̂ <0)
T̂ −odd
aP
= 12 (AT̂ + AT̂ ),

for Λ0b decays and AT̂ (C T̂ ) =

for Λb decays. The P - and CP -violating observables are defined as
−odd
= 12 (AT̂ − AT̂ ), and a significant deviation from zero would signal P violation (P V ) or
aT̂CP
T̂ −odd
CP V , respectively. The observable aCP
is sensitive to the interference between T̂ -even and
T̂ -odd amplitudes with different weak phases, and does not require a non-vanishing difference
in the strong phase between the contributing amplitudes. By the construction, the observables
−odd
are largely insensitive to Λ0b -Λ0b production asymmetries and
AT̂ , AT̂ , aPT̂ −odd and aT̂CP
detector-introduced charge asymmetries 3 .
For Λ0b → pπ − π + π − decays, the measurements in the entire phase space are consistent with
P or CP symmetry. In order to enhance sensitivity to localised CP V , the measurement is
also performed in different regions of phase space by two binning schemes. Scheme A isolates
the phase space according to their dominant resonant contributions. Scheme B isolates phase
space according to the distribution of the angle |Φ| between the decay planes formed by the
−
−
pπfast
and the π + πslow
systems, in which the interference of contributions could be visible. A
combined significance from the two schemes indicates a evidence for CP V at the 3.3σ level.
This represents the first evidence of CP V in the baryon sector. Asymmetries in regions of phase
space are shown in Figure 1.
For Λ0b → pπ − K + K − decays, the measurements are consistent with P or CP symmetries.
A search for CP V has recently been performed in rare decay Λ0b → pK − µ+ µ− 4 . This is a
b → sµ+ µ− flavour changing neutral current process with limited amount CP V predicted in
−odd
SM, which makes it particularly sensitive to NP. Besides observable aT̂CP
, ∆ACP defined as
0
−
+
−
0
−
CP asymmetry difference between the Λb → pK µ µ and the Λb → pK J/ψ control sample,
is measured. Both results are consistent with CP symmetry.

Table 1: Simultaneous fit result of the DT and prompt samples. The prompt-only results are shown on the right
for comparison.

Parameter
+
RD
[10−3 ]
0+
(x )2 [10−4 ]
y 0+ [10−3 ]
−
RD
[10−3 ]
0−
(x )2 [10−4 ]
y 0− [10−3 ]
χ2 /ndf

4

DT + Prompt
all CP V allowed
3.474 ± 0.081
0.11 ± 0.65
5.97 ± 1.25
3.591 ± 0.081
0.61 ± 0.61
4.50 ± 1.21
95.0/108

Prompt-only
3.545 ± 0.095
0.49 ± 0.70
5.1 ± 1.4
3.591 ± 0.090
0.60 ± 0.68
4.5 ± 1.4
85.9/98

Measurements of charm mixing and CP V in D0 → K ± π ∓ decays
0

D0 −D mixing occurs if the mass eigenstates D1 and D2 are not equal to the flavour eigenstates
0
D0 and D . The mixing is well established with very slow rate: x, y < 10−2 . CP V in charm is
expected less than 10−3 in SM, and not yet observed. The “right sign” (RS) decays D0 → K − π +
and the “wrong sign” (WS) decays D0 → K + π − are used to study CP V and mixing. Allowing
for all possible types of CP V and assuming |x|, |y|  1, CP V and mixing parameters can
±
be
extracted by measuring time-dependent ratio of WS and RS decay rates: R(t)± = RD
+
q
0± 2

0± 2

) t 2
± 0± t
y ( τ ) + (x ) +(y
RD
( τ ) . As the decay time t approaches zero, the WS rate is dominated
4
by doubly Cabibbo-suppressed (DCS) amplitudes. At longer decay times, Cabibbo-favored
(CF) amplitudes associated with the corresponding antiparticle produce a pure mixing rate
proportional to ( τt )2 , and in combination with the DCS amplitudes they produce an interference
0
rate proportional to ( τt ). The ± denotes the D0 and D flavour. The x0 and y 0 are x and y
−
+
indicates direct CP V , whereas
rotated by the strong phase difference. Therefore, RD 6= RD
x0+ 6= x0− or y 0+ 6= y 0− indicates CP V in mixing and interference.
The D0 → K ± π ∓ candidates are selected from the double-tagged (DT) B → D∗+ µ− X
selection 5 and the prompt D∗+ → D0 π + selection 6 . The DT selection leads to very pure
sample and allows better measurements at lower decay time. The fits are performed to extract
parameters in bins of decay time. The results with DT selection are consistent with prompt
selection, and consistent with CP symmetry. The Simultaneous fits to DT and prompt selection
samples improve precision by 10% − 20%, as show in Table 1, even though the DT sample is
almost 40 times fewer than the prompt sample.

5

Measurement of CP V parameter AΓ in D0 → K + K − and D0 → π + π − decays

Given small mixing parameters x, y < 10−2 , for decays of D0 into CP eigenstates f , the time0

dependent asymmetry can be approximated as ACP (t) ≡
afdir is the asymmetry related to direct CP V .
Γ̂D0 →f −Γ̂
Γ̂D0 →f +Γ̂

0
D →f

Γ(D0 (t)→f )−Γ(D (t)→f )
0

Γ(D0 (t)→f )+Γ(D (t)→f )

' afdir − AΓ τtD .

τD is the average lifetime of D0 .

AΓ ≡

0

is the asymmetry between the D0 and D effective decay widths. Neglecting

0

D →f

contributions from subleading amplitudes, afdir vanishes and AΓ is independent of the final
state. The D0 → K + K − and D0 → π + π − candidates are selected with prompt selection. The
fits to the time-dependent asymmetry are shown in Figure 2, and the results for AΓ are
AΓ (K + K − ) = (0.30 ± 0.32 ± 0.10) × 10−3 ,
+ −

−3

AΓ (π π ) = (0.46 ± 0.58 ± 0.12) × 10

,

(2)
(3)

Figure 2 – Measured asymmetry A(t) in bins of decay time. Solid lines show the linear fits to the asymmetries as
a function of decay time for (top) D0 → K + K − , and (bottom) D0 → π + π − .

which are consistent with CP symmetry 7 . Assuming only indirect CPV contributes to AΓ ,
these two results can be averaged to one single value AΓ = (−0.13 ± 0.28 ± 0.10) × 10−3 , which
is consistent with the results using µ-tagged sample at LHCb 8 . Combination of results with
prompt and µ-tagged samples gives
AΓ = (−0.29 ± 0.28) × 10−3 ,

(4)

which is the most precise measurement of AΓ .
6

Summary

With 3fb−1 Run 1 data, a few highlights of recent LHCb results in mixing and CP V in beauty
and charm sector have been presented. All results are consistent with SM prediction. With
increasing dataset available, measurements are becoming more precise and would give strong
constraints on NP.
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CHARMLESS TWO-BODY B MESON DECAYS IN FACTORIZATION
ASSISTED TOPOLOGICAL AMPLITUDE APPROACH
Cai-Dian Lü and Si-Hong Zhou
Institute of High Energy Physics, P.O. Box 918, Beijing 100049, China;
School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
We analyze charmless two-body non-leptonic B decays under the framework of factorization
assisted topological amplitude approach. Unlike the conventional flavor diagram approach,
we consider flavor SU (3) breaking effect assisted by factorization hypothesis for topological
diagram amplitudes of different decay modes, by factorizing out the corresponding decay
constants and form factors. The non-perturbative parameters of topology diagram magnitudes
χ and strong phase φ are universal that can be extracted by χ2 fit from current abundant
experimental data of charmless B decays. The number of free parameters and the χ2 per
degree of freedom are both reduced comparing with previous analysis. With these best fitted
parameters, we predict branching fractions and CP asymmetry parameters of nearly 100 Bu,d
and Bs decay modes. The long-standing ππ and πK-CP puzzles are solved simultaneously.

1

Introduction

Charmless two-body non-leptonic B decays are of importance for testing the standard model(SM).
They can be used to study CP violation via the interference of tree and penguin contributions.
They are also sensitive to signals of new physics that would change the small loop effects from
penguin diagrams. With regards to them, the BaBar, Belle and LHCb experiments have measured numerous data of branching fractions and CP asymmetries of B → P P, P V decays, where
P (V ) denotes a light pseudoscalar (vector) meson. On the theoretical side, it requires complicated study of non-perturbative strong QCD dynamics in the charmless B decays, which not
only involve tree topologies but also more complicated penguin loop diagrams.
Based on the leading order power expansion of ΛQCD /mb , the QCD factorization (QCDF)1 ,
the perturbative QCD (PQCD)2 , and the soft-collinear effective theory (SCET)3 have been developed to study the charmless B decays. However, some puzzles encountered at the leading
power of ΛQCD /mb in these factorization approaches, for example, (I) the predicted branching
fractions for color-suppressed tree-dominated decays B̄ 0 → π 0 π 0 , ρ0 π 0 are too small comparing
with experimental data, that is the so-called ππ puzzle, (II) some direct CP asymmetries of
B → P P , P V decays are inconsistent with experiment in signs, such as Kπ puzzle. Although
some soft and sub-leading power of ΛQCD /mb effects were taken into account in the QCDF 4 and
the PQCD 5 , the B → ππ puzzle was still left in the conventional factorization theorem. Unlike
these perturbative approaches, some model-independent approaches were introduced to analyze
the charmless B decays, such as global SU (3)/U (3) flavor symmetry analysis 6 and flavor topological diagram approach based on flavor SU (3) symmetry7 . Nowadays, SU (3) breaking effects
have to be considered to compare the theoretical results with the precise experimental data. It
is also observed in the flavor topological diagram analysis that they have to fit three different
sets of parameters for the three types of B decays respectively 7 due to large difference between

pseudo-scalar and vector final states of B → P P , B → P V and B → V P decays. There are too
many parameters to be fitted thus its prediction power is limited.
In view of the above complexity and incompleteness in power correction of factorization approaches and the limitation of the conventional flavor topological diagram approach, a new
method called factorization-assisted-topological-amplitude (FAT) approach was proposed in
studying the two-body hadronic decays of D mesons 8,9 . Aiming to include all non-factorizable
QCD contributions compared to factorization approaches, it adopts the formalism of flavor topological diagram approach. However, different from the conventional flavor topological diagram
approach, it had included SU (3) breaking effect in each flavor topological diagram assisted by
factorization hypothesis, further reducing the number of free parameters by fitting all the decay
channels and the precision of the FAT approach then not limited to the order of flavor SU (3)
breaking effect. In the following, we will analyze the charmless B → P P , P V decays in the FAT
approach.
2

The Amplitudes of B → P P , P V decays in FAT Approach

The charmless two body B decays are induced by the quark level diagrams classified by leading
order (tree diagram) and 1-loop level (penguin diagram) weak interactions. For different B
decay final states, the tree level weak decay diagram can contribute via different orientations:
the so-called color-favored tree emission diagram T , color-suppressed tree emission diagram C,
W -exchange tree diagrams E and W -annihilation tree diagrams A, respectively. Similarly, the
1-loop penguin diagram can also be classified as 5-types: color-favored QCD penguin emission
diagram P , color-suppressed QCD penguin emission diagram PC , penguin-annihilation diagram
PA , the time-like penguin diagram PE and electro-weak penguin emission diagram PEW . The
three categories of B → P P , P V and V P decays parameterized as three sets of parameters in
the conventional topological diagram approach, will be parameterized as only one set of universal
parameters in the FAT approach.
The T topology is proved factorization to all orders of αs expansion in QCD factorization
approaches and SCET. Their numerical results also agree to each other in different approaches.
Thus, to reduce one free parameter, we will just use their theoretical results from QCD calculation, not fitting from the experiments:
T P1 P2
TPV
TVP

GF
= i √ Vub Vuq0 a1 (µ)fp2 (m2B − m2p1 )F0BP1 (m2p2 ),
2
√
2GF Vub Vuq0 a1 (µ)fV mV F1B−P (m2V )(ε∗V · pB ),
=
√
=
2GF Vub Vuq0 a1 (µ)fP mV A0B−V (m2P )(ε∗V · pB ),

(1)

where the superscript of T P1 P2 denote the final mesons with two pseudoscalar mesons, and
T P V (V P ) for recoiling mesons are pseudoscalar meson (vector meson) with one pseudo-scalar and
one vector meson final states. a1 (µ) is the effective Wilson coefficient of four quark operators with
QCD corrections. fP2 (fP ) and fV are the decay constants of the emitted pseudoscalar meson
and vector meson, respectively. F0BP1 (F1B−P ) and A0B−V are the form factors of B → P and
B → V transitions, respectively. ε∗V is the polarization vector of vector meson and pB is the 4momentum of B meson. For the color suppressed C topology, we parameterize its magnitude and
C
0
C0
associate phase as χC and eiφ in B → P P , V P decays and χC eiφ in B → P V , respectively
to distinguish cases in which the emitted meson is pseudo-scalar or vector meson:
C P1 P2
CP V
CV P

GF
C
= i √ Vub Vuq0 χC eiφ fp2 (m2B − m2p1 )F0BP1 (m2p2 ),
2
√
0
C0
=
2GF Vub Vuq0 χC eiφ fV mV F1B−P (m2V )(ε∗V · pB ),
√
C
=
2GF Vub Vuq0 χC eiφ fP mV A0B−V (m2P )(ε∗V · pB ),

(2)

Table 1: The amplitudes and strong phases of topological diagrams in the FAT corresponding to contributions in
the QCDF.
Diagram T
FAT
QCDF

C

PC

C (0) iφC

(0)

(0)

PC

P(PP)
P

(0)

iφ C

PEW

P iφP

E

A

PA (PV)

E iφE

PE

PA iφPA

a1 χ
e
χ
a4 (µ) + χ e rχ
a9 (µ)
χ e
−
−iχ e
e
- 0.48e−1.58i 0.048e1.56i
−0.12e−0.24i
-0.009
0.057e2.71i
0.0059e−0.006i
α1
α2
α3
α4
α3EW
β1
β2
β3
β4
- 0.22e−0.53i 0.011e2.23i
−0.089e0.11i
−0.009e0.04i
0.025
-0.011
-0.008
-0.003

where the decay constants and form factors fP , fV ,F0BP1 , F1B−P and A0B−V characterizing the
SU (3) breaking effects are factorized out. The W-exchange E topology is non-factorizable in
QCD factorization approach that is expected smaller than emission diagrams as power supE
pressed. We use χE , eiφ to represent the magnitude and its strong phase for all decay modes:
E P1 P2
E P V,V P

fp fp
GF
E
= i √ Vub Vuq0 χE eiφ fB m2B ( 1 2 2 ),
fπ
2
√
fP fV
E
=
2GF Vub Vuq0 χE eiφ (µ)fB mV ( 2 )(ε∗V · pB ).
fπ

(3)

We will ignore A topology, as its contribution is negligible as discussed in 7 .
Similarly, we parameterize the corresponding penguin diagrams with 8 parameters: chiral
enhanced penguin amplitude χP and its phase φP excluding the factorizable leading power
0
contribution of the P topology, flavor singlet penguin amplitude χPC , χPC and their phases φPC ,
0
φPC for the pseudo-scalar and vector meson emission, respectively, the penguin annihilation
amplitude χPA and its phase φPA for the vector meson emission only. The contribution from PE
diagram is argued smaller than PA diagram, which can be ignored reliably in decay modes not
dominated by it. Similar to T and leading power contribution from the P topology, we calculate
PEW topology, the largest contribution from EW-penguin contribution, in QCD factorization
approaches.
3

Numerical results and discussion

With the experimental data of 37 branching fractions and 11 CP asymmetry parameters10 , we
do a global fit to extract the 14 parameters. The best-fitted values and the corresponding 1σ
uncertainty are:
0

0

χC = 0.48 ± 0.06,
φC = −1.58 ± 0.08,
χC = 0.42 ± 0.16,
φC = 1.59 ± 0.17
χE = 0.057 ± 0.005,
φE = 2.71 ± 0.13,
χP = 0.10 ± 0.02,
φP = −0.61 ± 0.02,
0
0
P
P
P
χ C = 0.048 ± 0.003,
φ C = 1.56 ± 0.08, χ C = 0.039 ± 0.003, φPC = 0.68 ± 0.08,
χPA = 0.0059 ± 0.0008, φPA = 1.51 ± 0.09,
(4)
with χ2 /d.o.f = 45.2/34 = 1.3. This χ2 per degree of freedom is smaller than the conventional
flavor diagram approach 7 , even though with much more parameters than us. The mapping
of well-known QCDF-amplitudes introduced in 11 and topological diagrams amplitudes in FAT
approaches were compared in table 1. It is apparent that there are large differences between
results fitted from experimental data in the FAT approaches and the calculated results in the
QCDF, especially for the strong phases. Later we will show that the small strong phases, φC
0
and φC from QCDF are the main reason for the ππ and πK puzzles.
Using the fitted parameters in eq.(4), we give the numerical results of branching fractions and
the direct CP and mixing-induced CP asymmetries of charmless B(s) → P P, P V decays shown
in the tables of ref.12 Nearly 100 channels are provided to be tested in the future experiments.
Similar to the conventional topological diagram approach 7 , the long-standing puzzle of large

B 0 → π 0 π 0 branching ratio can be resolved well attributed to the appropriate magnitude and
phase of C in FAT approach compared with the small magnitude of C = α2 = 0.20+0.17
−0.11 by
ππ
ππ
perturbative calculation in QCDF. However, |T | : |C | = 1 : 0.47 in FAT approach is not
as large as the one in ref.7 , where the ratio even reached 0.97 in Scheme C. The branching
fractions of pure penguin decays B − → K − K 0 , B 0 → K 0 K̄ 0 given in the FAT approach are in
much better agreement with experimental data than the previous conventional flavor diagram
approach 7 , as we have considered the flavor SU (3) breaking effect. With a large strong phase
for sub-leading contribution C in FAT approach, the Kπ puzzle can also resolved. This again
implies large power corrections or large non-perturbative QCD corrections in the C diagram of
B → πK decays.
The flavor SU (3) breaking effect considered here in every topology amplitude between B →
ππ and B → πK is around 10% and larger than 20% in corresponding B → P V models. The
difference between π and ρ meson emission is indeed much larger than the so called flavor SU (3)
breaking effect between π and K meson due to the meson decay constant fρ > fK and more
larger characterized by the K and K ∗ decay constant.
4

Conclusions

We studied charmless two-body hadronic B decays in factorization assisted topological amplitude
approach. By using the factorization results for T and PEW diagrams, there were 6 parameters
0
0
0
0
χC (φC ), χC (φC ) and χE (φE ) for tree diagrams C, E and 8 parameters χP (φP ), χPC (φPC ), χPC (φPC )
and χPA (φPA ) for QCD-penguin diagrams to be fitted from 48 measured data of branching ratios
and CP asymmetry parameters of the B → P P , P V decays together. The χ2 per degree of
freedom is smaller than the conventional flavor diagram approach, even with much more free
parameters in their approach. With the fitted parameters, we predicted branching fractions
of nearly 100 charmless B(s) → P P , P V decay modes and their CP asymmetry parameters.
The long-standing puzzles of ππ branching ratios and πK CP asymmetry have been resolved
consistently with not too large color suppressed tree diagram contribution χC . The flavor SU (3)
breaking effect between π and K were approximately 10%, even more than 20% in ρ and K ∗
meson case.
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3

The LHCb measurements on the B → K ∗ µ+ µ− angular observables have shown slight deviations from their Standard Model predictions. The significance of the deviations in the
B → K ∗ µ+ µ− decay depends on the assumptions on the size of the non-factorisable power
corrections. At present, there are no theoretical predictions on the size of these power corrections in order to identify whether the reason behind these anomalies is due to unknown
hadronic corrections or New Physics effects. We have performed a statistical comparison of
fitting the data to each of the possible explanations.

1

Introduction

The LHCb measurements on the angular observables of the B → K ∗ µ+ µ− decay was presented
in 2013 with 1 fb−1 of data 1 and were mostly consistent with the SM predictions, with slight
deviations in specific bins/observables. The largest tension was observed in the P50 angular
observable with 3.7σ significance for the bin with q 2 ∈ [4.30, 8.68] GeV2 . Less significant tensions
were observed in some of the other angular observables such as P2 . The P50 tension was later
reconfirmed by LHCb with 3 fb−1 of data2 , in the finer [4.0, 6.0] and [6.0, 8.0] GeV2 bins, with 2.8
and 3.0σ significance, respectively. More recently, the Belle collaboration3 as well as the ATLAS
collaboration4 have reaffirmed this tension, although with less significance which is mostly due
to the larger experimental uncertainties compared to LHCb. However, the experimental result
from the CMS collaboration5 does not confirm the tension in P50 .
With several experimental measurements on P50 which mostly indicate deviations from the
SM prediction, it seems unlikely for statistical fluctuations to be the source of the tension and
the most likely explanation would either be underestimated theoretical (hadronic) uncertainties
or New Physics (NP) effects.
¯ transitions indicate further
The LHCb measurements with 3 fb−1 dataset for other b → s``
deviations with the SM predictions at 2-4σ significance level in observables such as BR(Bs →
φµ+ µ− ) 6 and also RK ≡ BR(B → K + µ+ µ− )/BR(B → K + e+ e− ) 7, b . Interestingly, the latter
tensions, as well as the anomalies in the angular observables can all be explained with a common
(µ)
NP effect, namely about 25% reduction in the C9 Wilson coefficient9,10,11 .
a
b

Speaker
Recently, a similar measurement on RK ∗ was presented by the LHCb collaboration8 .

Besides the RK observable which is very precisely predicted in the SM, the other observables
suffer from hadronic effects. The standard method for calculating the hadronic effects in the
¯ decay is the QCD factorisation framework where an
low q 2 region for the exclusive B → K ∗ ``
expansion of Λ/mb is employed. However, higher powers of Λ/mb remain unknown and so far
are only “guesstimated”. The significance of the anomalies to a large extent depends on the
precise treatment of these non-factorisable power corrections 12,13 . In the absence of concrete
estimations of the power corrections, we make a statistical comparison between a NP fit and a
hadronic power corrections fit to the B → K ∗ µ+ µ− measurements14 .
2

Nonfactorisable power corrections vs NP

¯ transitions can be described via an effective Hamiltonian which can be formally
The b → s``
separated into a hadronic and a semileptonic part15 :
had
sl
Heff = Heff
+ Heff
,

(1)

where
X
4GF
had
Heff
= − √ Vtb Vts∗
Ci Oi ,
2
i=1,...,6,8

X
4GF
sl
Heff
= − √ Vtb Vts∗
(Ci Oi + Ci0 Oi0 ) .
2
i=7,9,10,S,P,T

(2)

For the exclusive decays B → K ∗ µ+ µ− and Bs → φµ+ µ− , the semileptonic part of the Hamiltosl , which accounts for the dominant contribution, can be described by seven independent
nian, Heff
¯
(helicity) form factors S̃, Ṽλ , T̃λ , with λ = ±1, 0 indicating the helicities. The exclusive B → V ``
decay, where V is a vector meson can be described (in the SM) by seven helicity amplitudes:
n
io
m2 h 2 m̂b eff
HV (λ) = −i N 0 C9eff Ṽλ (q 2 ) + 2B
C7 T̃λ (q 2 ) − 16π 2 Nλ (q 2 ) ,
q
mB
0
(3)
HA (λ) = −i N C10 Ṽλ ,
n 2 m m̂
o
ms
` b
C10 (1 +
)S̃ ,
HP = i N 0
2
q
mb

where the effective part of C9eff ≡ C9 + Y (q 2 ) as well as the nonfactorisable contribution
Nλ (q 2 ) ≡ LO in QCDf + hλ (q 2 ) arise from the hadronic part of the Hamiltonian through the
emission of a photon which itself turns into a lepton pair. Due to the vectorial coupling of the
had appear in the vectorial helicity amplitude
photon to the lepton pair, the contributions of Heff
sl and the longHV (λ). It is due to the similar effect from the short-distance C9 (and C7 ) of Heff
had
distance contribution from Heff that there is an ambiguity in separating NP effects of the type
C9NP (and C7NP ) from nonfactorisable hadronic contributions.
The nonfactorisable contribution Nλ (q 2 ) is known at leading order in Λ/mb from QCDf
calculations while higher powers hλ (q 2 ) are only partially known 16 and can only be guesstimated. These power corrections are usually assumed to be 10%, 20%, etc. of the leading order
nonfactorisable contribution. However, instead of making an ansatz on the size of the power
corrections they can be fitted to the experimental data17 . One rather general description of the
power corrections is through a q 2 -dependent expression
(0)

hλ (q 2 ) = hλ +
(0,1,2)

q2
q4
(1)
(2)
h
+
h ,
1GeV2 λ
1GeV4 λ

(4)

where considering each hλ
to be a complex number, is described by 18 free (unknown)
real parameters. It might seem that the hadronic power corrections and NP effects can be
differentiated by the lack of q 2 -dependence in the C9NP (and C7NP ) expressions. However, this is
not true since the latter are multiplied by q 2 -dependent form factors Ṽ (q 2 ) (T̃ (q 2 )) and it has
been shown14 that the NP effect in C9 (and C7 ) can be embedded in the more general case of
hadronic power corrections (Eq. 4) and hence it is reasonable to make a statistical comparison
of a hadronic fit and a NP fit of C9 (and C7 ) to the B → K ∗ µ+ µ− data.

3

Results

The fits are done by the MINUIT minimisation tool with theoretical predictions from SuperIso
v3.6 18,19 and considering CP-averaged B → K ∗ µ+ µ− observables at q 2 < 8 GeV2 . For the
NP scenarios, we have fitted C9 (and C7 ) which assuming complex Wilson coefficient(s) involves
2 (4) free parameters. For the hadronic power corrections, we have fitted the 18 free parameters,
(0,1,2)
assuming complex values for h±,0 . To compare the NP fit and the hadronic corrections fit, we
demonstrate (Fig. 1) the latter through q 2 -dependent shifts to C9eff via
∆C9λ,PC = −16π 2

m2B hλ (q 2 )
.
q 2 Ṽλ (q 2 )

(5)

In principle, the hadronic power corrections can mimic the NP scenario. However, this would be
rather unlikely since for that, the three distinct hadronic corrections should conspire to imitate
the C9 effect (i.e. in Fig. 1, the three dashed lines indicating the power corrections would need
to coincide with the dotted line corresponding to C9NP ).
hλ

(0,1,2)

12

SM+ΔC9

+,PC

-,PC
SM+ΔC9

|C9eﬀ |

10

free (up to q 2=8 GeV 2 bins)

SM
SM+δCNP
9

0,PC

SM+ΔC9

8

6

4

0

2

4

2

6

8

2

q (GeV )

Figure 1 – The solid line corresponds to the SM value of C9eff (q 2 ). The dotted line corresponds to C9eff,SM (q 2 ) +
δC9NP , where δC9NP = −0.97 − i × 2.13 is the best fit value of the NP fit for C9 . The hadronic power corrections
fit results are demonstrated by dashed lines via C9eff,SM + ∆C9+,P C , C9eff,SM + ∆C9−,P C and C9eff,SM + ∆C90,P C .

The various scenarios can be compared through likelihood ratio tests via Wilks’ theorem.
Considering the difference in number of parameters between two scenarios and taking ∆χ2 , the
p-values are obtained. The p-values imply the significance of adding parameters to go from one
nested scenario to a more general case. From Table 1, it can be seen that adding the hadronic
parameters (16 more parameters) compared to the C9NP scenario does not really improve the fits
(the fit is only improved by 0.76σ significance) and the NP explanation remains as a justified
option for interpreting the tensions in the angular observables.
Table 1: p-values and significances of adding parameters to go from one scenario to another using Wilks’ theorem.
plain SM
δC9
δC7 , δC9

4

δC9
3.7 × 10−5 (4.1σ)
–
–

δC7 , δC9
6.3 × 10−5 (4.0σ)
0.13(1.5σ)
–

Hadronic
6.1 × 10−3 (2.7σ)
0.45(0.76σ)
0.61(0.52σ)

Conclusions and outlook

Due to the embedding of NP effects in the more general case of hadronic power corrections,
any NP effect could be mimicked by some hadronic effect. Hence in principle, it is not possi-

ble to rule out hadronic contributions in favour of NP effects as long as “embedding breaking”
observables such as CP violating B → K ∗ µ+ µ− observables or lepton flavour universality breaking observables such as RK are not considered. However, we have explicitly shown that the
additional hadronic parameters do not improve the fit. This is due to the fact that with the
current experimental data, the fit results of the power corrections are mostly consistent with
zero in the 1σ range 14 . Thus, our fits show that the NP interpretation of the anomalies in the
B → K ∗ µ+ µ− angular observables is still a tenable option.
While with the current data, the hadronic corrections fit has a rather mild q 2 -dependence,
this should not be misinterpreted as a proof for the NP option because this behaviour might be
due to a possible smearing of resonances and could be changed with a smaller binning of the
experimental data.
The LHCb upgrade is expected to yield 300 fb−1 of data at the high-luminosity LHC. Assuming the current central values of B → K ∗ µ+ µ− measurements remain and that the experimental
errors get reduced by a factor of 10, a similar statistical comparison would strongly rule out the
NP scenario with 34σ significance.
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3

We discuss our recently proposed new strategy to extract the mixing-angle φs from CP violation in Bs0 → K − K + , Bd0 → π − π + . This strategy applies the U -spin symmetry only to
theoretically well-behaved quantities, thereby allowing for a measurement of φs with a theoretical precision at the 0.5◦ level, which matches experimental prospects. It may reveal new
sources of CP violation and provides valuable insights into U -spin-breaking effects.

1

Introduction

Non-leptonic B-meson decays offer an interesting laboratory to test the Standard Model (SM)
and search for new sources of CP violation. In these studies, the theoretical precision is usually
limited by strong interactions. In order to deal with this challenge, QCD flavour symmetries
offer a powerful tool. A prime example is the system of the Bs0 → K − K + , Bd0 → π − π + decays,
which are related by the U -spin symmetry and allow the extraction of the CKM angle γ and the
Bs0 –B̄s0 mixing phase φs 1,2 . The decay Bs0 → K − K + is dominated by penguin loop topologies,
offering an avenue for New Physics (NP) to enter. The corresponding strategy has already been
implemented by the LHCb collaboration 3 , reporting results in agreement with the SM.
We show that this method is limited by U -spin-breaking effects, which will preclude us
from taking full advantage of the impressive precision that can be achieved in the era of the
LHCb upgrade 4 and Belle II 5 , unless there is theoretical progress to calculate the corresponding
corrections. In view of this situation, we use γ determined from pure B → D(∗) K (∗) decays as an
input, and propose a new strategy 6,7 to utilise CP violation in Bs0 → K − K + for the extraction
of φs . A key ingredient is the semileptonic decay Bs0 → K − `+ ν` , allowing us to apply the
U -spin symmetry only to theoretically well-behaved quantities, resulting in a future theoretical
precision of O(0.5◦ ) for φs , matching the anticipated experimental precision.
2

The Original Strategy

In the SM, the Bs0 → K − K + decay amplitude can be written as 1



1 0 iθ0 −iγ
iγ √
0
0
−
+
A Bs → K K = e
C 1 + d e e
,

where the primes indicate a b̄ → s̄ transition, and penguin parameters are defined by
"
#
(ct)0 + P A(ct)0
1
P
0
d0 eiθ ≡
.
Rb T 0 + E 0 + P (ut)0 + P A(ut)0
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(1)

(2)
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0

0

Here T 0 and E 0 are colour-allowed tree and exchange amplitudes, while P (qt) ≡ P (q) − P (t)
0
0
0
and P A(qt) ≡ P A(q) − P A(t) (q = u, c) denote penguin and penguin annihilation topologies,
respectively. On the other hand, Rb ≈ 0.4 and  ≈ 0.05 are CKM factors 8 . For the U -spin
partner decay Bd0 → π − π + , we write A Bd0 → π − π + = eiγ C 1 − deiθ e−iγ , where C and deiθ
are analogous to their Bs0 → K − K + counterparts. The U -spin flavour symmetry then implies 1
0

d0 eiθ = deiθ .

(3)

This relation can be exploited to extract γ and φs from measurements of CP violation in the
Bs0 → K − K + , Bd0 → π − π + system 1,2 . Following this strategy, the LHCb collaboration3 obtained
◦
8
γ = (63.5+7.2
−6.7 ) , which agrees with determinations from pure tree decays . For the LHCb
◦
upgrade, a determination with an experimental uncertainty of O(1 ) is expected 6,7 when full
U -spin symmetry is applied. However, allowing for 20% U -spin-breaking corrections through
ξ ≡ d0 /d = 1.0 ± 0.2,

∆ ≡ θ0 − θ = (0 ± 20)◦ ,

(4)

gives an uncertainty of O(5◦ ) on γ. In comparison, the anticipated uncertainty for the future
determination of γ from pure tree decays is O(1◦ ) 4,5 .
The CP asymmetries of Bs0 → K − K + allow the determination of
q
eff
mix
− + 2
−
+
(5)
sin φs = ACP (Bs → K K )/ 1 − Adir
CP (Bs → K K ) ,
9
where the “effective” Bs0 –B̄s0 mixing phase φeff
s ≡ φs + ∆φKK involves the phase shift


2(d0 cos θ0 +  cos γ) sin γ
tan ∆φKK =  02
.
d + 2d0 cos θ0 cos γ + 2 cos 2γ

(6)

From the recent measurement of CP violation in Bs0 → K − K + 10 the LHCb collaboration 3
◦
eff
obtained φs = −(6.9+9.2
−8.0 ) . At the LHCb upgrade, φs can be measured with a precision at the
◦
4
0.5 level . The determination of φs is then limited by knowledge of the hadronic parameters
that enter ∆φKK in (6). For U -spin-breaking corrections as in (4), we find an uncertainty for
∆φKK of 2.6◦ , and correspondingly a similar uncertainty on φs . In comparison, φs can be
determined from Bs0 → J/ψφ with a future precision of O(0.5◦ ) 11 . Therefore, in order to match
the future experimental precision for γ and φs , ξ would have to be known with an uncertainty
at the few percent level, which cannot be accomplished with current theoretical methods.
3

The New Strategy

To make full use of the physics potential of the upgrade era, we proposed a new strategy 6,7
depicted schematically in Fig. 1.

0

0

mix
dir
mix
Figure 1 – Schematic picture of the new strategy. Adir
CP , ACP and ACP , ACP are the CP asymmetries of the
0
− +
0
− +
Bd → π π and Bs → K K decays, respectively.

It makes minimal use of the U -spin symmetry, while employing γ and φd as an input. A
new ingredient are semileptonic decay rates, which enter the ratios
Γ(Bd → π − π + )
= 6π 2 |Vud |2 fπ2 Xπ rπ |aNF |2 ,
dΓ(Bd0 → π − `+ ν` )/dq 2 |q2 =m2π

(7)

Γ(Bs → K − K + )
2
= 6π 2 |Vus |2 fK
XK rK |a0NF |2 .
dΓ(Bs0 → K − `+ ν` )/dq 2 |q2 =m2

(8)

Rπ ≡
RK ≡

K

Here |Vud | and |Vus | are CKM matrix elements, fπ (fK ) denotes the charged pion (kaon) decay constant, and Xπ , XK describe phase-space factors and form-factor ratios. The penguin
parameters and γ are encoded in

2
rπ = 1 − 2d cos θ cos γ + d2 , rK = 1 + 2 d0 / cos θ0 cos γ + d0 / .
(9)
Finally, the parameter aNF = aTNF (1 + rP )(1 + x) and its primed counterpart a0NF characterize
non-factorizable effects with rP ≡ P (ut) /T and x ≡ (E + P A(ut) )/(T + P (ut) ).
The Bd0 → π − π + CP asymmetries allow a clean determination of the penguin parameters
d, θ 1,7 . We may then determine d0 and θ0 from rK in (9) by applying the U -spin symmetry to
a
ξNF
≡

aT
aNF
= NF
0
0
aNF
aTNF

1 + rP
1 + rP0

1+x
.
1 + x0

(10)

Finally, we may determine ∆φKK in (6) and extract φs = φeff
s − ∆φKK .
The theoretical precision is now only limited by the U -spin-breaking corrections to the ratio
(10), making our strategy very robust with respect to these corrections. The parameter aTNF ≡
1 + ∆TNF has been calculated in QCD factorization 12,13 , yielding ∆TNF ∼ 0.05. Parameterizing
0
T ) leads to
possible U -spin-breaking correction by ∆TNF = ∆TNF (1 − ξNF
0

T
aTNF /aTNF = 1 + ∆TNF ξNF
+ O((∆TNF )2 ).

(11)

T ∼ 0.2, we find a correction to (11) at the 1% level.
For 20% U -spin-breaking corrections, i.e. ξNF
0
In analogy, we write rP = rP (1 − ξr ) and

1 + rP /1 + rP0 = 1 + rP ξr + O(rP2 ).

(12)

Using current data from Bd0 → π − K + and Bs0 → K − π + decays as well as B + → π + K 0 and
B + → K + K 0 modes, we find |rP | ∼ 0.22 7 . Assuming ξr ∼ 0.2 gives a correction at the 5% level.
This correction can be further reduced in the future by using measurements of the CP asymmetries of the pure penguin decays Bd0 → K 0 K 0 and Bs0 → K 0 K 0 7 . The parameter x involves
the exchange and penguin annihilation amplitudes, which can be probed using Bd0 → K + K −
and Bs0 → π + π − decays. Recently, LHCb measured the branching fractions for these decays 14 ,
which suggest that x lies in the 0.05–0.10 regime 7 . Since x is a small parameter, the structure of
a results in a very robust situation with respect to U -spin-breaking effects. Assuming again
ξNF
U -spin-breaking effects of 20% gives only a correction of O(3%). Future measurements of the
CP asymmetries of Bd0 → K + K − and Bs0 → π + π − would allow us to further pin down the
contributions to this ratio, thereby avoiding theoretical assumptions on these effects.
a in (10) of 5%. In Fig. 2, we show the
Finally, we arrive at a combined uncertainty of ξNF
a and R 6 . For the first we assume a
error on ∆φKK as a function of the relative error on ξNF
K
perfect experimental situation, while for the latter we only consider experimental uncertainties.
Matching the expected precision of the φeff
s measurement requires a determination with an
uncertainty of 0.5◦ . This requires a measurement of both Rπ and RK with a relative precision of
5%. Interestingly, the new strategy allows us also to determine the U -spin-breaking parameters
ξ and ∆ with an uncertainty at the 0.07 level 7 , giving insights into U -spin-breaking effects.
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Figure 2 – Illustration of the theoretical and experimental uncertainty of ∆φKK .

The Bs0 → K − `+ ν` decay has unfortunately not yet been measured, and usually appears in
the context of extracting |Vub |. We strongly advocate analyses of this channel at Belle II and
LHCb. In view of this lack of data, we demonstrate the power of our new strategy using data
from Bd0 → π − K + . This decay differs from the required Bs0 → K − K + channel only through
the spectator quarks, and has only tree and penguin contributions. Using current data, we
performed the first determination of the U -spin-breaking parameters ξ˜ ≡ d˜0 /d = 0.87 ± 0.20 and
˜ ≡ θ̃0 − θ = (5.8 ± 8.3)◦ , which are fully consistent with the U -spin symmetry. Finally we
∆
◦
obtain φs = φeff
s − ∆φKK = −(6.8 ± 7.9) , where the uncertainty is dominated by the current
experimental values the Bs0 → K − K + CP asymmetries. The agreement with the previous LHCb
determination is impressive, demonstrating the power of our new strategy.
4

Conclusions

We have presented a new strategy to determine the Bs0 –B̄s0 mixing phase φs from CP violation
Bs0 → K − K + . It uses γ, as determined from pure tree decays, as an input, exploits CP violation
in Bd0 → π − π + , and utilises semileptonic Bs0 → K − `+ ν` and Bd0 → π − `+ ν` modes. The strategy
allows us to apply the U -spin symmetry only to a favourable ratio of hadronic parameters which
is very robust with respect to U -spin-breaking corrections. Using further experimental data, the
theoretical uncertainty of φs can be reduced to O(0.5◦ ) 6,7 , which matches the precision of this
phase from Bs0 → J/ψφ and related decays. Our strategy offers exciting new opportunities for
the LHCb upgrade and Belle II era and may reveal new sources of CP violation.
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Future Belle II experiment at the KEK laboratory

J. Wiechczynski
Institute of Nuclear Physics PAN, Radzikowskiego 152, Cracow
The Belle II experiment at the SuperKEKB collider in Tsukuba, Japan, is a next generation
flavour factory that will search for New Physics in the flavour sector at the precision frontier.
The physics program provides simultaneous studies of a wide range of areas in b-quark, cquark, τ -lepton, two-photon, quarkonium and exotic physics. The physics data taking will
start in the year 2018 and we aim at accumulating 50 ab−1 of e+ e− collision data, about 50
times the data set of the previous Belle experiment. In this article, we review the current state
of Belle II construction and describe the main physics opportunities at this future facility.

1

Introduction

Belle II experiment 1 at SuperKEKB collider is a new facility to study the decays of B, charm
mesons and τ in order to search for New Physic (NP) i.e. physics beyond the Standard Model
(SM). SuperKEKB, as an upgraded KEKB machine, is an asymmetric electron positron collider
in Tsukuba (Japan), which provides a clean environment for producing B B̄ meson pairs via
Υ(4S) resonance decay and its designed luminosity is L = 8 × 1035 cm−2 s−1 . Belle II detector
is a new apparatus based on previous Belle detector, which is planned to collect a data sample
of overall integrated luminosity of 50 ab−1 , what is around 50 times of data collected by Belle
experiment
Generally, there are two approaches in search of New Physics. We can observe new phenomena directly (Atlas or CMS experiments at LHC), as new particles could be produced in
high energy collisions (so called “energy frontier”), where the main limitation arises from the
energy of the beam. An alternative way is to search for the NP effects at the precise indirect
studies (“flavour frontier”), which may reveal new virtual particles appearing in the loops(“B
factories”, LHCb). In the latter case, much higher energies (above 10 TeV) can be probed. Here
appears the complementarity of these two physical aspects: potential New Physics discovered
in direct searches implies the existence of the indirect NP effects in B, D and τ decays. That,
consequently, may shed some light on the flavour structure of NP, or lead to the discovery of
new source of CP violation.
There is also a complementarity between Belle II and LHCb experiments in the flavour
frontier approach. Belle II, due to well defined initial state, is better to handle final states
with missing energy like τ ν or D(∗) τ ν or inclusive modes, e.g. B → Xs γ, B → Xs `+ `− etc.
Furthermore, we can study decays with neutral final states π 0 π 0 , KS π 0 (γ), KS KS KS much more
efficiently. On the contrary, large B, Bs and charm statistics collected by LHCb experiment
makes it specializes in (very) rare decays to rather clean final states, for example B → K ∗ µµ or
B → µµ.

2

“B factories”, their features and achievements

Main advantage of “B factory” is related to the fully known initial state, as there are only
two B mesons in the final state from Υ(4S) decay, without additional particles. Therefore,
the reconstruction of one B meson constrains the four-momentum and flavour of the other
one. This feature is commonly used for tagging method, where the first B meson may be
fully reconstructed in hadronic modes, or partially reconstructed in semileptonic modes. This
is crucial for performing studies on the channels with missing energy like B → D(∗) τ ν 2, 3
or B → τ ν 4 . It also gives the possibilities for inclusive measurements (e.g. “missing mass”
analyses).
Another feature, related to the clear experimental environment, is low background level and
thus easier reconstruction of the channels with γ, π 0 , ρ and η in the final state. Low track
multiplicities and detector occupancy gives high reconstruction efficiency for B, D and τ , along
with rather low trigger bias. This reduces corrections and systematic uncertainties in many
types of measurements, in particular Dalitz plot analyses or the dark sector searches.
One of the exceptional features of the “B factories” is the possibility to do an “energy scan”,
where the beam energy can be set to the different values, corresponding to the specific Υ state.
Hence, apart from the large Υ(4S) data sets, we can also record samples at the Υ(1S), Υ(2S),
Υ(3S) and Υ(5S) resonances. The last case is a unique way for studying Bs decays in the clean
environment.
Discussed features resulted in a successful operation of last decade “B Factories”: Belle at
KEKB in KEK and BaBar at PEP2 in SLAC 5 . Among their many achievements, one of the
crucial result was the discovery of CP Violation in B decays, in particular, time-dependent CP
Violation (TCPV) in B 0 → J/ψK 0 , B 0 → K ∗0 γ etc., and Direct CP Violation (DCPV) in
B → ππ or B → Kπ decays. These kind of studies also gave contribution to the determination
of sides and angles of Unitary Triangle, which is one of the most precise test of Standard Model.
Furthermore, many rare B decay have been studied, including highly suppressed transitions
like b → dγ and b → s`+ `− , whose existence was established by Belle. There are also exciting
highlights in the charm sector. Namely, D0 −D̄0 mixing has been found and many new interesting
states has been discovered, some of which were unexpected from the theoretical point of view.
Good examples are charmonium(like) states X(3872) and Z(4430)+ , which were observed by Belle
above the open charm threshold and may give an additional insight into our understanding of
QCD.
3

SuperKEKB collider and Belle II detector

The future studies of New Physics require the experiment of higher intensity and precision. Many
parts of KEKB are upgraded for SuperKEKB collider. One of the most important improvements
is significantly squeezing the beams to obtain so called nano-beams. Along with increasing the
beam current by the factor of two, it allows to achieve forty times higher luminosity than it
was at KEKB. Also, the beam energies will be slightly changed resulting in less boost to the
center-of-mass system. This will increase the hermeticity of the detector, which is advantageous
for the channels with neutrinos in the final state.
Belle detector is being upgraded accordingly for Belle II apparatus 6 . Better hermeticity will
be achieved by adding kaon/pion identification and muon identification to the endcaps. Also,
KS efficiency will be significantly increased. As for the less boost compared to KEKB, the
interaction point (IP) and secondary vertex resolution will be improved. Another advantage is
a better π/K separation and improved π 0 reconstruction, especially important for the neutrals
in the final states. As for higher luminosity designed for the superKEKB collider, its radiation
intensity will be much higher than for KEKB. Therefore, Belle II must be capable to handle
higher beam related background.

4

Belle II physics program

With such experiment at hand, we can address numerous questions regarding New Physics.
Below we discuss selected points out of very rich Belle II physics program.
There are several decays like B → D(∗) τ ν or B → τ ν 7 , which are sensitive for a charged
scalars (e.g. charged Higgs boson), that can be exchanged in some NP models. Such case
would lead to the modifications of the branching fractions and differential characteristics of
these decays, and this can be checked with large Belle II data sample. B → D∗ τ ν channel is
also a good scope for testing leptoquarks models. Very important observable is the ratio of
branching fractions of the decays with tauon and the similar channel with lighter leptons:
R(D(∗) ) =

B(B + → D(∗) τ ν)
.
B(B + → D(∗) `ν)

We already see 4σ deviation from the SM and the full data sample of Belle II can provide 3%
sensitivity for this ratio. Also, we will be able to measure D∗ and τ polarization, and this
information combined with R(D(∗) ) result can shed some light to potential nature of NP.
Another hot topic is related to the FCNC semileptonic b → sll processes, where we can
measure certain observables for different values of dilepton mass - q 2 . The first one is a ratio
RK =

B(B + → K + µ+ µ− )
,
B(B + → K + e+ e− )

for which LHCb sees 2.6σ deviation from the SM. Belle II can do this measurement with better
electron efficiency then LHCb, for wide q 2 region. The other interesting point is a known tension
for P50 parameter (for B → Kµµ channel) firstly observed by LHCb 8 and recently also by Belle
in the lepton-flavor-dependent angular analysis 9 . Prospects for Belle II include the isospin
comparison of charged and neutral K ∗ as well as the ground kaon states. Here, we can also
perform inclusive studies, resulting in less theoretical uncertainty.
One of the unsolved puzzle is a tension between SM prediction and measurement for B → Kπ
channel 10 . The CP asymmetry difference ACP between B 0 → K + π − and B + → K + π 0 modes
has been found to be deviated from zero (predicted by Standard Model). This might be a hint
of New Physics, however, the conclusive answer might be provided by model independent sum
rule 11, 12 ,
+ −

0 +

π
π
AK
+ AK
CP
CP

+
+ 0
0
0 0
B(B + → K 0 π + )τB 0
K + π 0 2 B(B → K π )τB 0
K 0 π 0 2 B(B → K π )
=
A
+
A
,
CP
CP
B(B 0 → K + π − )τB +
B(B 0 → K + π − )τB +
B(B 0 → K + π − )

which includes challenging channel with neutral particles in final state, B 0 → K 0 π 0 . Such study
is available only at “B factories” experiments like Belle II. For the B → K 0 π 0 asymmetry Belle
II can obtain uncertainty of the order of 4%.
Next, we can mention missing energy modes like B → h(∗) νν, which is possible window
to light dark matter, not accessible in direct searches. Such channels may be also sensitive to
Supersymmetry. There is a big potential for Belle II to surpass the current Belle constrains 13
by an order of magnitude.
One can address a question about the sources of Lepton Flavor Violation (LFV) beyond the
Standard Model. Decays like τ → νγ or τ → eee are highly suppressed in SM but in some New
Physics scenarios their branching fractions may be significantly expanded. Belle has reached a
good sensitivity for such studies 14, 15 , but no trace of NP has been found so far. For this physics
case, Belle II sensitivity will be highly increased, varying for several LFV decays. Overall, we
expect the branching fraction of the order of 10−8 to be within the capability of this experiment.
Another interesting point is a consideration of the right-handed currents coming from New
Physics. Here we can perform an intriguing measurement on time-dependent CP Violation in
B → K ∗0 γ channel 16 , where K ∗0 decays into KS0 π 0 neutral CP eigenstate. This kind of TCPV

may occur only if we have an interference between left- and right-handed photon emitted from
b quark. However, the latter is suppressed in the SM by the factor of respective quark masses
ratio (ms /mb ). This mode is also accessible only at “B factories”, since in this case there are
no charged tracks from B meson decay to reconstruct the vertex. Instead, in Belle II the vertex
can be determined by extrapolation of the KS momentum into the Interaction Region, which is
highly squeezed in the x-y direction.
Finally, it is also very important to determine the Unitary Triangle parameters more precisely
as current results still give 10% room for the New Physics. The expected sensitivities for angles
determination reachable in Belle II, assuming full data sample of 50 ab− 1, are 10 , 0.30 and 1.50
for α, β and γ angles, respectively. If any inconsistency between angles and/or sides of the
Unitary Triangle is found, this will be a signature of New Physics.
5

Status and schedule

In general, there are three phases in commissioning and operation of Belle II. We have successfully proceeded with Phase 1 which involves start of the beams circulation, commissioning of
the main ring and installation of the outer detector. We also proceed with vacuum scrubbing
and beam background studies with BEASTII. In Phase 2 (it is scheduled to begin in autumn
2017) we plan to start the beam collisions and take first physics runs with Belle II, however,
still without the vertex detector. Finally, in Phase 3 scheduled for the end of 2018, Belle II will
be fully operational. We anticipate to collect 50 inverse attobarns of data by 2025.
6

Summary

“B factories” proved their excellent tools for flavour physics, which will continue to play a
fundamental role in the process of understanding Nature in the next decade. Belle II experiment
at SuperKEKB collider, as a continuation of Belle, has a rich physics program, which will shed
some light on New Physics in the flavour sector at the precision frontier. This may reveal the
nature of NP (if it is found in direct searches at LHC) or, alternatively, probe it far beyond TeV
scale. Belle II allows for studying many channels with missing energy and neutral particles in
the final states, unlike the complementary LHCb experiment, which specializes in all-charged
final state decays, studied on high sample of B and Bs mesons.
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4.
New Phenomena

Hadron Spectroscopy and Exotic States at LHCb
M. Pappagallo
Dipartimento Interateneo di Fisica, Via G. Amendola 173,
70126 Bari, Italy
The latest years have seen a resurrection of interest in hadron spectroscopy where the LHCb
experiment, using data collected at pp collisions at 7, 8 and 13 TeV, is playing a leading role.
−
After the discovery of two pentaquarks in 2015, five new narrow states observed in the Ξ+
c K
spectrum are challenging our knowledge about QCD. Results and prospects for searches for
exotic states in b-hadron decays are also presented.

1

−
Observation of five new narrow Ω0c states decaying to Ξ+
c K
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The spectroscopy of singly charmed baryons cqq 0 (q, q 0 = u, d, s) is intricate. With three quarks
and numerous degrees of freedom, many states are expected. At the same time, the large mass
difference between the charm quark and the light quarks provides a natural way to understand
the spectrum by using the symmetries provided by heavy quark effective theory. In recent
years, considerable improvements have been made in the predictions of the properties of the
singly charmed baryons. Among the expected charmed baryon states, the spectrum Ω0c baryons
is largely unknown: only the Ω0c and Ω∗c (2770)0 , presumed to be the J P = 1/2+ and 3/2+ ground
states, have been observed. The above models predict seven states in the mass range 2.9–3.2
GeV, some of them narrow (Fig. 1).
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Figure 1 – (Left) Mass predictions of the excited Ω0c states. The boxes cover the range of predictions for the masses
of each state, and the red dots indicate the measured values. The x-axis reports the quantum numbers of the
excited Ω0c states. The horizontal lines correspond to the hadronic thresholds of the possible final states. (Right)
−
Distribution of the reconstructed invariant mass m(Ξ+
c K ). The shaded (light gray) distributions indicate the
0
feed-down from partially reconstructed Ωc (X) resonances.

− has been
A search for new Ω0c resonances that decay strongly to the final state Ξ+
c K
1
+
carried out at the LHCb experiment by reconstructing the weak decays of the Ξc baryons to
the Cabibbo-suppressed pK − π + final state. The measurement is based on samples of pp collision
data corresponding to integrated luminosities of 1.0, 2.0 and 0.3 fb−1 at center-of-mass energies
of 7, 8 and 13 TeV, respectively. One million of Ξ+
c candidates are reconstructed by a datadriven multivariate selection based on likelihood ratios. Each Ξ+
c candidate is then combined
in turn with each K − candidate in the event, where the K − candidate must have a large kaon
− mass distribution for the combined data sets is shown
identification probability. The Ξ+
c K
in Fig. 1 where five narrow structures are observed. No structure is observed in the wrong+
+ −
sign Ξ+
c K mass spectrum instead. The Ξc K mass distribution is fitted by six Breit-Wigner
functions for the peaking signals, an exponential function for the combinatorial background and
three prametric functions to take in account possible feed-downs originating from the decay
−
0+
+
chain Ωc (X)0 → Ξ0+
c K , Ξc → Ξc γ, where photons are not included in the reconstruction.
−
The latter structures might peak in the m(Ξ+
c K ) mass distribution as well and appear shifted
0+
+
down in mass by m(Ξc ) − m(Ξc ) = 110.5 ± 0.4 MeV 2 .
Five new, narrow excited Ω0c states are observed: the Ωc (3000)0 , Ωc (3050)0 , Ωc (3066)0 ,
Ωc (3090)0 , and Ωc (3119)0 , and measurements of their masses and widths are shown in Table 1.
The largest contribution on systematic uncertainties is found to be from possible interference
originating when resonances are close in mass and have the same spin-parity.

−
Table 1: Results of the fit to m(Ξ+
c K ) for the mass, width, yield and significance for each resonance. The
0
asymmetric uncertainty on the Ωc (X) , arising from the Ξ+
c mass, is given separately. Upper limits are also given
for the resonances Ωc (3050)0 and Ωc (3119)0 for which the width is not significant.

2

Resonance
Ωc (3000)0
Ωc (3050)0

Mass (MeV)
+0.3
3000.4 ± 0.2 ± 0.1−0.5
+0.3
3050.2 ± 0.1 ± 0.1−0.5

Ωc (3066)0
Ωc (3090)0
Ωc (3119)0

+0.3
3065.6 ± 0.1 ± 0.3−0.5
3090.2 ± 0.3 ± 0.5+0.3
−0.5
3119.1 ± 0.3 ± 0.9+0.3
−0.5

Γ (MeV)
4.5 ± 0.6 ± 0.3
0.8 ± 0.2 ± 0.1
< 1.2 MeV, 95% CL
3.5 ± 0.4 ± 0.2
8.7 ± 1.0 ± 0.8
1.1 ± 0.8 ± 0.4
< 2.6 MeV, 95% CL

Yield
1300 ± 100 ± 80
970 ± 60 ± 20

Nσ
20.4
20.4

1740 ± 100 ± 50
2000 ± 140 ± 130
480 ± 70 ± 30

23.9
21.1
10.4

Search for structure in Bs0 π ± invariant mass spectrum

In 2016 the D0 collaboration claimed 3 the observation with 5.1σ significance of a narrow structure, which they dub the X(5568), in the decay sequence X(5568)± → Bs0 π ± , Bs0 → J/ψφ,
J/ψ → µ+ µ− , φ → K + K − . The mass and width of the X(5568) state are reported to be
+5.0
2
2
0
m = 5567.8 ± 2.9 +0.9
−1.9 MeV/c and Γ = 21.9 ± 6.4 −2.5 MeV/c . The fraction of Bs mesons that
±
0
±
D0
comes from X(5568) → Bs π decay is reported to be ρX = (8.6 ± 1.9 ± 1.4) %. Recently the
significance of the signal has been revisited after loosening the selection of the Bs0 π ± candidates.
The claimed X(5568) state has been searched in a data sample corresponding to 3 fb−1 of
√
pp collision data at s = 7 and 8 TeV recorded by LHCb 4 . The Bs0 mesons are reconstructed
in decays to Ds− π + and J/ψφ final states to obtain a Bs0 yield approximately 20 times larger
than that available to the D0 experiment (Fig. 2). The Bs0 candidates are combined with
each track that originates from the same primary vertex and that has a transverse momentum
pT > 500 MeV/c.
The Q ≡ m(Bs0 π)−MBs0 −Mπ distributions are fitted with a function containing components
for signal and background (Fig. 2). The signal shape is an S-wave Breit–Wigner function,
with mass and width parameters fixed according to the central values obtained by the D0

collaboration. The background is modelled with a polynomial function. No significant X(5568)
signal is observed. The results of the fits to the Bs0 π ± Q value distributions are used to measure
the ratio of cross-sections
ρLHCb
X

σ(pp → X(5568) + anything) × B X(5568)± → Bs0 π ±
N (X)
1
≡
=
× rel
,
0
0
σ(pp → Bs + anything)
N (Bs )  (X)


(1)

ρLHCb
(pT (Bs0 ) > 5 GeV/c2 ) < 0.011 (0.012) @ 90 (95) % CL ,
X

(2)

ρLHCb
(pT (Bs0 ) > 10 GeV/c2 ) < 0.021 (0.024) @ 90 (95) % CL ,
X

(3)

ρLHCb
(pT (Bs0 )
X

(4)

> 15 GeV/c ) < 0.018 (0.020) @ 90 (95) % CL .
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where the cross-sections σ are for promptly produced particles within the LHCb acceptance.
(X)
The relative efficiency rel (X) = (B
is determined from simulation and accounts for the re0
s)
construction and selection efficiency of the companion pion as well as the requirement that is
within the LHCb acceptance. The dominant sources of systematic uncertainties are due to the
variation of the signal width and the effect of the efficiency on the signal shape. Since the signal
is not significant, upper limits on ρLHCb
are found to be
X
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Figure 2 – Selected candidates for (left) Bs0 → Ds− π + and (middle) Bs0 → J/ψφ decays. (Right) Results of the fit
to the Bs0 π ± mass distribution for candidates (both Bs0 modes combined) with minimum pT (Bs0 ) of 5 GeV.

3

Observation of Λ0b → χc1(2) pK − decays

The LHCb collaboration observed the Pc (4380)+ and Pc (4450)+ states 5 , which are consistent
with uudcc̄ hidden-charm pentaquarks decaying to J/ψp. Many phenomenological models describing the dynamics of these states have been proposed, including meson-baryon molecules,
compact pentaquarks and kinematic rescattering effects. In particular, the authors of Ref. 6
noted the closeness of the Pc (4450)+ mass to the χc1 p threshold and proposed that, if the
Pc (4450)+ state is a rescattering effect, then it would not appear as an enhancement near the
χc1 p threshold in the Λ0b → χc1 pK − decay mode.
This decay mode, not observed so far, has been looked for by using a data sample corresponding to 1.0 fb−1 of integrated luminosity collected by the LHCb experiment in pp collisions
at a centre-of-mass energy of 7 TeV in 2011, and 2.0 fb−1 at 8 TeV in 2012 7 .
The Λ0b → χc1 pK − and Λ0b → J/ψpK − candidates are reconstructed via the decays χc1 →
J/ψγ and J/ψ → µ+ µ− . To separate signal from background, an offline selection is applied
after the trigger, consisting of a loose preselection followed by a multivariate classifier based on
a gradient-boosted decision tree. A kinematic fit is applied to the Λ0b candidates, with the J/ψ
and χc1 masses constrained to their known values. As a consequence, the Λ0b → χc2 pK − decay
appears shifted down in mass by m(χc2 ) − m(χc1 ) ' 45 MeV (Fig. 3).
The following ratios of branching fractions are measured
B(Λ0b → χc1 pK − )
B(Λ0b → J/ψpK − )

= 0.242 ± 0.014 ± 0.013 ± 0.009 ,

(5)
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= 1.02 ± 0.10 ± 0.02 ± 0.05.

(7)
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Figure 3 – Fits to the (a) Λ0b → χc1 pK − and (b) Λ0b → J/ψpK − invariant mass distributions. Data points are
shown in black and the results of the fits are shown as solid blue lines.

4

− decays
Observation of the Ξ−
b → J/ψΛK

A hidden-charm pentaquark with open strangeness (udscc̄) 8 could be observed as a J/ψΛ
− 9 . The decay is similar to Λ0 → J/ψpK − , where the two
state in the decay Ξ−
b
b → J/ψΛK
pentaquarks Pc (4380)+ and Pc (4450)+ were observed, and differs from the latter by exchanging
one u spectator quark with an s spectator quark.
− and Λ0 → J/ψpK − candidates are reconstructed using the decays
The Ξ−
b
b → J/ψΛK
+
−
J/ψ → µ µ and Λ → pπ − 10 . An offline selection is applied after the trigger, based on a
loose preselection, followed by a multivariate classifier based on a Gradient Boosted Decision
Tree. Given the long lifetime of the Λ baryon, its decay vertex can be reconstructed either from
a pair of tracks that include segments in the vertex detector (VELO) or from a pair of tracks
reconstructed using only the tracking stations downstream of the VELO.
− decay is reported with a data sample of pp
The first observation of the Ξ−
b → J/ψΛK
collisions corresponding to an integrated luminosity of 3 fb−1 . The observed signal yield is
308 ± 21. In the kinematic region of the b-baryon transverse momentum pT < 25 GeV and
−
− decays
rapidity in the range 2.0 < y < 4.5, the production rate of Ξ−
b with Ξb → J/ψΛK
0
relative to that of Λb → J/ψΛ decays is measured to be
fΞ− B(Ξ− → J/ψΛK − )
b
b
= (4.19 ± 0.29 (stat) ± 0.14 (syst)) × 10−2 ,
fΛ0 B(Λ0b → J/ψΛ)

(8)

b

0
where fΞ− /fΛ0 is the ratio of the fragmentation fraction for b → Ξ−
b and b → Λb transitions.
b

b

The mass difference between Ξ−
b and Λb baryons is also measured to be
0
M (Ξ−
b ) − M (Λb ) = 177.08 ± 0.47 (stat) ± 0.16 (syst) MeV.

(9)

With the full data sample accumulated before the long shutdown of the LHC in 2018, it
−
should be possible to apply a full amplitude analysis to the Ξ−
b → J/ψΛK decay to search for
hidden-charm pentaquarks with open strangeness.
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Newest results on XYZ states at BESIII
F. Nerling a
on behalf of the BESIII Collaboration
Institut für Kernphysik, Goethe Universität Frankfurt,
and GSI Darmstadt, Germany
The BESIII experiment at BEPCII at IHEP in Beijing/China has collected the world largest
data sets in the τ -charm region and it is well suited to cover a rich hadron physics programme,
including charmonium and open-charm spectroscopy, R-scan or electromagnetic form factor
measurements, and many more. In particular, the unique data sets between 3.8 and 4.6 GeV
allow for discoveries and precision measurements of the interesting charmonium-like (exotic)
“XYZ” states. The recently published precision cross-section measurement for Y states is
discussed as well as the first observation of the X(3872) in radiative decays, also the completion
of the two observed isospin triplets Zc (3900) and Zc (4020) is briefly summarised.

1

Introduction

The discovery of the J/ψ in 1974 1 triggered investigations in the charmonium region, where
the cc̄ states can successfully described using potential models, for a recent overview see e.g. 2 .
Especially below the open-charm threshold, excellent agreement is achieved between theory and
experiment — all the predicted states have been observed with the expected properties. The
situation above the open-charm threshold appears more complicated. There are still many
predicted states that have not yet been discovered, and, surprisingly, there are quite some
unexpected states that have been observed since 2003. Well known examples of these so-called
charmonium-like (exotic) “XYZ” states are the X(3872) observed by Belle in 2003 3 , the Y (4260)
and the Y (4360), both discovered by BaBar 4,5 , or the manifestly exotic charged state Zc (3900)±
discovered by BESIII in 2013 6 , and shortly after confirmed by Belle 7 .
The BESIII experiment 8 at BEPCII is the latest incarnation of the Beijing Spectrometer
(BES) at the Beijing Electron-positron Collider (BEPC) that started in 1989, it begun operation
in March 2008 after the major upgrades were finalised. The multi-purpose detector is well
suited to cover a broad hadron physics programme, including charmonium and open-charm
spectroscopy, R scan measurements or electromagnetic form factors, and many others. It has
collected the world largest data sets in the τ -charm mass region, and in the “XYZ” region above
3.8 GeV, BESIII has accumulated unique high-luminosity data sets of about 5 fb−1 in total to
explore the still-unexplained XY Z states.
2

Newest results on XYZ states

The BESIII experiment is ideally suited to study conventional as well as charmonium-like (exotic)
XY Z states. We have direct access to Y states (J P C = 1−− ) in the e+ e− annihilation, X states
are accessed in radiative decays, and also, we can study charged as well as neutral Zc states.
a

Email: F.Nerling@gsi.de

2.1

The Y states — e+ e− production of the J/ψπ + π − , the ψ(2S)π + π − and the hc π + π − systems

The Y (4260) and the Y (4360) had been firstly observed using initial state radiation (ISR) decaying to J/ψπ + π − and ψ(2S)π + π − , respectively, by BABAR 4,5 . Based on increased statistics by
about a factor of two, the Y (4260) appears to show a somewhat asymmetric shape 9 . In agreement with their previous result based on lower statistics, confirming the Y (4260) → J/ψπ + π −
discovered by BABAR 4 , and in contradiction to the BABAR result, Belle claims a lower mass
peak, the “Y (4008)”, that needs a second coherent resonance (Breit-Wigner) shape in addition
to the Y (4260) and some incoherent background in order to describe their data 7 .
Based on the “high luminosity” (< 40 pb−1 at each energy point Ecms , total integrated
luminosity of 8.2 fb−1 ) and the “low luminosity” (∼ 7-9 pb−1 at each energy point Ecms , total
integrated luminosity of 0.8 fb−1 ) XY Z data, we performed a precision measurement of the
energy dependent cross-section σ(e+ e− → J/ψπ + π − ) in the energy range of 3.77 < Ecms <
4.60 GeV recently published 10 . The result obtained by a simultaneous fit to both data sets is
shown in Fig. 1.

Figure 1 – Precision cross-section measurement of the J/ψπ + π − production in e+ e− annihilation as obtained from
a simultaneous fit to both, the “high luminosity” XY Z data (left) and the “low luminosity” scan data (right).

The signal yields are determined using an unbinned maximum-likelihood fit (“high luminosity” XY Z data) and a simple counting method (“low luminosity” scan data), for the latter
1
the background counts from sidebands are subtracted. First of all, the cross-section
appears
inconsistent with a single peak just for the Y (4260) — two resonances to describe two peaks
is favoured over one by the data at high statistical significance of more than 7 σ. Moreover,
two fit models have been used to describe the data. “Fit I” comprises three resonances, namely
Y (4008), Y (4260) and the Y (4360), whereas in “Fit II”, the first resonance in terms of the low
mass Y state claimed by Belle has been replaced by an interfering non-resonant exponential
shape. Since both models deliver identical fit quality, we can not confirm the Y (4008) as it is
not needed to describe the BESIII data. It should be emphasised that the parameters of the
third resonance (m = 4326.8±10.0 MeV, Γ = 98.2+25.4
−19.6 MeV) are consistent within errors with
the Y (4360) observed decaying to ψ(2S)π + π − previously 5,11 , while the Y (4260) is observed with
a significantly smaller width (Γ=44.1±3.8 MeV). Given the much larger statistics by BESIII, the
Y (4260) and the Y (4360) are resolved here for the first time, and the Y (4360) is first observed
decaying to J/ψπ + π − .
Interestingly, coming back to the e+ e− production of the ψ(2S)π + π − system, a result by
Belle obtained using ISR (Fig. 2, left) gives clear indication of the Y (4360) and the Y (4660)
decaying to ψ(2S)π + π − . However, there is no evidence for the Y (4260) being present in the data.
When trying to accommodate it coherently, in addition to the other two Y states, the statistical
significance turns out to be well below 3 σ, so that Belle omitted the Y 4260) → ψ(2S)π + π −
from their best fit 11 . The preliminary result on the cross-section shape for direct ψ(2S)π + π −
production in e+ e− annihilation as observed at BESIII is compared to the ones from BABAR

and Belle in Fig. 2 (right). The preliminary measurement by BESIII confirms the Y (4360) line
shape reported previously, they are all three found in good agreement. More data for a thorough
study of the mass region 4.2–4.3 GeV is currently taken at IHEP/Beijing.

Figure 2 – Left: The reconstructed ψ(2S)π + π − invariant mass spectrum from Belle shows clear indications of the
Y (4360) and the Y (4660), however, no evidence for the Y (4260) resonance, for details see text. Right: Comparison
of the e+ e− → ψ(2S)π + π − cross-section shape measured at BESIII to those provided by BABAR and Belle —
the Y (4360) line shape is found in consistency for the three different experiments.

Finally, the cross-section shapes for e+ e− → hc π + π − production as measured at BESIII
and CLEO-c are compared to the one for e+ e− → J/ψπ + π − from Belle in Fig. 3 (left), and we
find the hc π + π − differs in shape from the J/ψπ + π − system. Based on more statistics (Fig. 3,
right), the new BESIII result 12 shows evidence for two resonant structures (at 4.22 and 4.39
GeV/c2 ) that we call “Y (4220)” and “Y (4390)”, respectively. A fit with a coherent sum of two
Breit-Wigner functions results in a mass of (4218.4 ± 4.0 ± 0.9) MeV/c2 and a width of (66.0 ±
0.9 ± 0.4) MeVc2 for the “Y (4220)”, and a mass of (4391.6 ± 6.3 ± 1.0) MeV/c2 and a width
of (139.5 ± 16.1 ± 0.6) MeVc2 for the “Y (4390)”. The statistical significance of “Y (4220)” and
“Y (4390)” is 10 σ over the one resonance assumption.
More work and especially higher statistics data is needed to further sort out these exclusive
cross-sections of highest interest.

Figure 3 – Cross-section measurement of hc ππ versus J/ψππ production in e+ e− annihilation, based on the “high
luminosity” XY Z data (left) and based on the “low luminosity” scan data (right).

2.2

The X states — First observation of e+ e− → γX(3872)

The X(3872) is the first of the XY Z states observed, it was discovered by Belle in the J/ψπ + π −
decay mode 3 . At BESIII, we studied e+ e− → γX(3872) → γJ/ψπ + π − at four centre of mass
energies Ecms = (4.009, 4.229, 4.260, 4.360) GeV/c2 .
The combined reconstructed J/ψπ + π − invariant mass spectrum (Fig. 4, left) shows an even
though tiny accumulation of events in form of a nice narrow peak on top of a rather low background. The resonance parameters obtained from the fit (m = (3872.9 ± 0.7 ± 0.2) MeV/c2 ,
Γ < 2.4 MeV/c2 ) are consistent with those of previous observations of the X(3872). This is
the first observation of the X(3872) in radiative decays, the statistical significance is 6.3 σ 13 .
The corresponding cross-sections at the four centre-of-mass energies together with different fit
attempts (Fig. 4, right) already hint to the production via a Y state, however, more data is
clearly also needed here.

Figure 4 – Observation of the X(3872) produced in radiative decays (left), and the corresponding cross-sections
at the four different centre-of mass energies analysed (right).

2.3

The Z states — Two established isospin triplets Zc (3900) and Zc (4020)

The Zc (3900)± discovered by BESIII 6 , shortly after confirmed by Belle 7 , is (due to the charge)
a manifestly exotic state, corresponding to a strong hint for the first four-quark state being
observed. The neutral partner Zc (3900)0 decaying to J/ψπ 0 has been observed also in the
BESIII data, at 10.4 σ, confirming earlier evidence reported by CLEO-c 14 , and establishing an
Zc (3900)±,0 isospin triplet (Fig. 5, left). Furthermore, also a second isospin triplet Zc (4020)±,0
has meanwhile been established in the BESIII data (Fig. 5, right). Despite this remarkable
progress, the nature of these states is still unclear, especially one question still is, whether the
different decays the Zc states have been observed in (hidden versus open charm) are decay modes
of the same state observed. Clearly, also further decay channels via other charmonia (than J/ψ
and hc ) need to be investigated, and possible multiplets need to be completed by high spin
states, which can only be accessed by future experiments like e.g. PANDA at FAIR 15 .
2.4

Summary and outlook

The BESIII experiment at BEPCII is successfully operating since 2008. We have collected the
world largest data set in the τ -charm region as well as unique data sets to study XY Z states.
It is ideally suited to explore transitions and decays of Y states. We have the first two Zc
isospin triplets established, the X(3872) observed for the first time in radiative decays, and
we have recently published a precision measurement of the cross-section in the Y energy range,

resolving for the first time structures overseen in previous measurements. As an outlook, BESIII
is continuing collecting data, helping and needed to resolve the XY Z puzzle.
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Figure 5 – The two established isospin triplets Zc (3900)±,0 (left) and Zc (4020)±,0 (right). Shown are the observation plots of the charged (left) and neutral (right) partners, as observed in hidden charm (top) and open charm
(bottom) decays.
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Recent results on bottomonium(-like) states at Belle
P.Krokovny (on behalf of the Belle Collaboration)
Novosibirsk State University
Budker Institute of Nuclear Physics
We report the recent results on a study of bottomonium states obtained in Belle experiment
at the KEKB asymmetric-energy e+ e− collider.

1

Introduction

Two charged bottomonium-like resonances, Zb (10610) and Zb (10650), have been observed by
the Belle Collaboration in decays of Υ(5S) to five different final states: Υ(nS)π + π − , n = 1, 2, 3
and hb (mP )π + π − , m = 1, 2 2 . Several models have been proposed to describe the internal
structure of these states, including 3 loosely bound B (∗) B̄ ∗ systems. In this case, it would be
natural to expect that the X(10610) and X(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 1 at a center-of-mass (c.m.) energy near the Υ(5S) to study three-body
Υ(5S) → [B (∗) B̄ (∗) ]± π ∓ decays and to search for Υ(5S) → Zb± π ∓ → [B (∗) B̄ ∗ ]± π ∓ decays. We
also report an improved amplitude analysis of Υ(5S) → Υ(nS)π + π − , n = 1, 2, 3 decays.
We present the improved measurement of e+ e− → hb (mP )π + π − , m = 1, 2 cross section and
analysis of intermediate states using Υ(5S) data sample and an additional 1 fb−1 data taken
between 10.77 and 11.02 GeV.
We search for exotic X, Y and Z states in Υ(1S) decays using 5.7 fb−1 of data sample
collected by Belle detector. We also report on a search of 0−− glueball candidates using Υ(1S)
and Υ(2S) data samples, 5.7 fb−1 and 24.9 fb−1 , respectively. Both searches give negative
results, 90% CL uppers limits are presented.
2

Amplitude analysis of e+ e− → Υ(nS)π + π −

Events selection is close to the first analysis published in 2 . Candidate e+ e− → Υ(nS)π + π − →
µ+ µ− π + π − events are identified via the measured invariant mass of the µ+ µ− combination
and the recoil mass, associated with the π + π − system. After all the selections are applied, we
are left with 1905, 2312, and 635 candidate events for the Υ(nS)π + π − , n = 1, 2, 3 final state,
respectively. An improvement full amplitude analysis has been performed taking into account
various spin and parity hypothesis for Zb states. This allows not only to determine the relative
fractions of intermediate components but also determine the spin and parity of the Zb states.
The favored quantum numbers are J P = 1+ for both Zb states while the alternative J P = 1− and
J P = 2± combinations are rejected at confidence levels exceeding six standard deviations. The
measured values of the spin and parity of the Zb states are in agreement with the expectations
of the molecular model 3 yet do not contradict several alternative interpretations ? . The cross
√
sections measured at s = 10.865 GeV and corrected for the initial state radiation are σ(e+ e− →

Υ(1S)π + π − ) = (2.27 ± 0.12 ± 0.14) pb, σ(e+ e− → Υ(2S)π + π − ) = (4.07 ± 0.16 ± 0.45) pb, and
σ(e+ e− → Υ(3S)π + π − ) = (1.46 ± 0.09 ± 0.16) pb.
We also report the first measurement of the relative fractions of the e+ e− → Zb∓ π ± transitions and the first observation of the e+ e− → Υ(1S)f0 (980) transition. Finally, we find a
significant contribution from the e+ e− → Υ(1S)(π + π − )D−wave amplitude but cannot attribute
it unambiguously to the Υ(1S)f2 (1270) channel: the data can be equally well described by
adding a D-wave component to the non-resonant amplitude. Details of the analysis can be
found in 4 .
3

Study of e+ e− → B (∗) B̄ (∗) π ± at

√
s = 10.866 GeV

We reconstruct only three-body B (∗) B̄ (∗) π combinations with a charged primary pion. B mesons
are reconstructed in the following decay channels: B + → J/ψK (∗)+ , B + → D̄(∗)0 π + , B 0 →
J/ψK (∗)0 , B 0 → D(∗)− π + . We use θthr , the angle between the thrust axis of the B candidate and
that of the rest of the event, to suppress the dominant background from e+ e− → cc̄ continuum
events. We require | cos θthr | < 0.80; this eliminates about 81% of the continuum background
and retains 73% of the signal events.
We identify B candidates by their reconstructed invariant mass M (B) and momentum P (B)
in the center-of-mass (c.m.) frame. We require P (B) < 1.35 GeV/c to retain B mesons produced
in both two-body and multibody processes. We perform a binned maximum likelihood fit of
the M (B) distribution to the sum of a signal component parameterized by a Gaussian function
and two background components: one related to other decay modes of B mesons and one due
to continuum e+ e− → q q̄ processes, where q = u, d, s, c. We find 12263 ± 168 fully reconstructed
B mesons. The B signal region is defined by requiring M (B) to be within 30 to 40 MeV/c2
(depending on the B decay mode) of the nominal B mass.
Reconstructed B + or B̄ 0 candidates are combined with π − ’s (the
right-sign (RS) combinaq √
2 /c2 ,
tion). The missing mass, Mmiss (Bπ), is calculated as Mmiss (Bπ) = ( s − EBπ )2 /c4 − PBπ
where EBπ and PBπ are the measured energy and momentum of the reconstructed Bπ combination. Signal e+ e− → BB ∗ π events produce a narrow peak in the Mmiss (Bπ) spectrum around
the nominal B ∗ mass while e+ e− → B ∗ B ∗ π events produce a peak at mB ∗ + ∆mB ∗ , where
∆mB ∗ = mB ∗ − mB , due to the missed photon from the B ∗ → Bγ decay. Combinations with
π + (the wrong sign (WS) combinations) are used to evaluate the shape of the combinatorial
background. A binned maximum likelihood fit is performed to fit the Mmiss to obtain the signal
yield. For the subsequent analysis, we require |Mmiss − mB ∗ | < 15 MeV/c2 to select BB ∗ π signal
events and |Mmiss − (mB ∗ + ∆mB )| < 12 MeV/c2 , where ∆mB = mBq∗ − mB , to select B ∗ B ∗ π
√
events. For the selected B ∗ B (∗) π candidates, we calculate Mmiss (π) = ( s − Eπ )2 /c4 − Pπ2 /c2 ,
where Eπ and Pπ are the reconstructed energy and momentum, respectively, of the charged pion
in the c.m. frame. The Mmiss (π) distributions are shown in Fig. 1 (left). We perform a simultaneous binned maximum likelihood fit to the RS and WS samples, assuming the same number
and distribution of background events in both samples and known fraction of signal events in
the RS sample that leaks to the WS sample due to mixing.
Using the results of the fit to the Mmiss (π) spectra with the nominal model and the results
of the analyses of e+ e− → Υ(nS)π + π − 4 and e+ e− → hb (mP)π + π − ? , we calculate the ratio
of the branching fractions B(X(10610) → B B̄ ∗ + c.c.)/B(X(10610) → bottomonium) = 4.76 ±
0.64 ± 0.75 and B(X(10650) → B ∗ B̄ ∗ )/B(X(10650) → bottomonium) = 2.40 ± 0.44 ± 0.50.
We report the first observations of the three-body e+ e− → BB ∗ π and e+ e− → B ∗ B ∗ π processes with a statistical significance above 8σ. Measured visible cross sections are σvis (e+ e− →
BB ∗ π) = (11.2 ± 1.0 ± 1.2) pb and σvis (e+ e− → B ∗ B ∗ π = (5.61 ± 0.73 ± 0.66) pb. For the
e+ e− → BBπ process, we set a 90% confidence level upper limit of σvis (e+ e− → BBπ) < 2.1 pb.
The analysis of the B (∗) B ∗ mass spectra indicates that the total three-body rates are dominated
by the intermediate e+ e− → X(10610)∓ π ± and e+ e− → X(10650)∓ π ± transitions for the BB ∗ π

and B ∗ B ∗ π final states, respectively. Details of the analysis can be found in 5 .
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Figure 1 – The Mmiss (π) distribution for the (a) BB ∗ π and (b) B ∗ B ∗ π candidate events.

4

Cross section measurement e+ e− → hb (mP )π + π − , m = 1, 2

We report on the resonant substructure study of the Υ(11020) → hb (mP )π + π − decays, where
we find first evidence for intermediate Zb states. The analysis closely follows previous Belle
+ −
publications 6,2 . The e+ e− → hb (mP )π
q π processes are reconstructed inclusively based on
the π + π − missing mass, Mmiss (ππ) = (Ec.m. − Eπ∗+ π− )2 − p∗2
π + π − , where Ec.m. is the center∗
∗
of-mass (c.m.) energy and Eπ+ π− and pπ+ π− are the energy and momentum of the π + π − pair
as measured in the c.m. frame. An additional requirement on the single-pion π ± missing mass,
10.59 GeV/c2 < Mmiss (π ± ) < 10.67 GeV/c2 , is applied selecting signal events proceeding via
the intermediate X(10610) or X(10650) states. We combine the Mmiss (ππ) distribution for
π ± satisfying this requirement. We fit the Mmiss (ππ) distribution in the hb (1P ) and hb (2P )
intervals, defined as 9.8 GeV/c2 − 10.0 GeV/c2 and 10.17 GeV/c2 − 10.34 GeV/c2 , respectively.
The fit function is the sum of the hb (mP ) signal and combinatorial- and peaking-background
components.
At each energy, the Born cross section is determined according to the σ B (e+ e− → hb (mP )π + π − ) =
where N is the number of signal events determined from the Mmiss (ππ) fit that includes the ISR correction, L is the integrated luminosity, ε is the reconstruction efficiency and
|1 − Π|2 is the vacuum polarization correction, which is in the range 0.927 − 0.930. The resulting
cross sections are shown in Fig. 2. Details of the analysis can be found in 7 .
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Figure 2 – The cross sections for the e+ e− → hb (1P )π + π − (top) and e+ e− → hb (2P )π + π − (bottom) as functions
of c.m. energy. Points with error bars are the data; outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties. The solid curves are the fit results.

5

Search for exotic X, Y and Z states in Υ(1S) decays

We reconstruct XY Z states using the following decays: X(3872) and Y (4260) to π + π − J/ψ;
Y (4260), Y (4360) and Y (4660) to π + π − ψ(2S); Y (4260) to K + K − J/ψ; Y (4140) and X(4350)
to φJ/ψ; Zc (3900)± , Zc (4200)± and Zc (4430)± to π ± J/ψ; Zc (4050)± and Zc (4430)± to π ± ψ(2S);
± state to K ± J/ψ. J/psi and ψ(2S) candidates are reconstructed from pair
and a predicted Zcs
of leptons, e+ e− and µ+ µ− . In addition we use decay ψ(2S) → π + π − J/ψ.
The branching fractions of the Υ(1S) inclusive decays into final states with a J/ψ or a ψ(2S)
are measured with improved precision to be B(Υ(1S) → J/ψ + anything) = (5.25 ± 0.13(stat.) ±
0.25(syst.)) × 10−4 and B(Υ(1S) → ψ(2S) + anything) = (1.23 ± 0.17(stat.) ± 0.11(syst.)) × 10−4 .
The first search for Υ(1S) decays into XY Z states that decay into a J/ψ or a ψ(2S) plus one
or two charged tracks yields no significant signals for XY Z states in any of the examined decay
modes, and upper limits on their production rates in Υ(1S) inclusive decays are determined.
Details of the analysis can be found in 8 .
6

Search for 0−− Glueball candidates in Υ(1S) and Υ(2S) decays

We search for 0−− glueballs G(2800), G(3810) and G(4330) in production modes Υ(1S, 2S) →
χc1 + G0−− , Υ(1S, 2S) → f1 (1285) + G0−− , χb1 → J/ψ + G0−− and χb1 → ω + G0−− . J/psi
candidates are reconstructed from pair of leptons, e+ e− and µ+ µ− . Then they are combined with
any one of the photon candidates to reconstruct the χc1 signal. The fit to the γJ/ψ invariant
mass distribution is used to extract χc1 signal. The inclusive branching fractions of the Υ(1S)
and Υ(2S) decays into final states with a χc1 are measured to be B(Υ(1S) → χc1 + anything) =
(1.90 ± 0.43(stat.) ± 0.14(syst.)) × 10−4 with an improved precision over prior measurements
and B(Υ(2S) → χc1 + anything) = (2.24 ± 0.44(stat.) ± 0.20(syst.)) × 10−4 for the first time.
Then we select χc1 candidates and look to their recoil mass to search for glueballs. No
significant signals are observed in any of the proposed production modes, and the 90% credibility
level upper limits on their branching fractions in Υ(1S) and Υ(2S) decays are obtained. Details
of the analysis can be found in 9 .
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Production of multi-quark hadrons in high energy multi-production processes
Shi-Yuan Li
Department of Physics, Shandong University, P. R. China
Since hadronic resonances which need more than 3 flavours of quarks to explain their structures have been confirmed, this kind of exotic multi-quark hadrons, e.g., Tetraquark and
Pentaquark, etc., must exist. However, whether they can be copiously produced in high energy multiproduction processes, i.e., not from heavier particle decay as is now measured, is
yet not confidently confirmed by experiment. Investigation on this question can shed light on
their structures as well as on hadronization mechanism, especially those in high energy multiproduction. The resonance X(5568) ibserved by D0 collaboration could be a good evidence.
Unfortunately, it is not confirmed from LHC experiments. The particle X(3872) is confirmed
to exist and is observed to produce in multiproduction processes with large production rate.
However, its structure, i.e., whether a multiquark hadron, is not well determined. We have
studied this multiproduction, and have suggested that this study is a good way to study the
hadron structure, e.g., the colour structure, spin states, etc. for the relevant exotic hadrons,
and is also a good way for the deepening and extending the understanding of the hadronization mechanism. We will briefly review our former relevant studies, and present the recent
results on X(5568), X(3872) and other likely resonances in various high energy collisions. We
also briefly explain the application of the non-relativistic wave function framework, and how
one can employ the generator to calculate the hadron production amplitude which is needed
in this non-relativistic framework.

Recently, more and more new exotic hadron states, e.g., the XYZ mesons, have been observed. They are assumed as multiquark states and/or as bound states of other ingredient
hadrons in lots of theoretical investigations. Such investigations can be done not only via their
decay processes, where the branching ratios and distributions of the decay products can be studied, but also via their production processes (from the decay of the heavier particles or directly
from the multiproduction processes). In both cases, the more complex the process is, the more
information of inner structure can be drawn. In general, the production processes are more
complex.
At the same time, the studies on the production processes also provide the information of
the cross section, rapidity and transverse momentum distributions, etc., of the relevant particles
on a specific collider, which can help the experimentalists to set the proper triggers and cutoffs
for the measurements. A good example is Large hadron Collider (LHC) where various detectors
cover a large rapidity range. They can be used to study exotic hadron production in B-decays,
as well as direct production in the multiproduction process of high energy hadronic collisions
and nuclear collisions. So the distributions mentioned above are crucial for the studies on exotic
hadrons with a specific detector at LHC.
Furthermore, the direct production of the exotic hadrons in the multiproduction process of
high energy scattering can set a crucial point for the understanding of the hadronization mechanism. Since the exotic hadrons always refer to the states with more than three constituent
quarks (here we do not discuss hybrids or glueballs), one of the feasible ways for understanding their production mechanism is to employ the combination model to combine the necessary

constituent quarks into the relevant hadron. However, in any hadronization process, the produced color-singlet (anti)quark system eventually transits to various hadron states (the mesons,
baryons and beyond) with the total probability exactly 1:
X
h

|Uhq |2 =

X

|hh|U |qi|2 = hq|U + U |qi = 1.

(1)

h

Here we introduce the unitary time-evolution operator U to describe the hadronization process.
For the quark state |qi and the corresponding hadron state |hi, the matrix element Uhq = hh|U |qi
describes the transition amplitude. Uhq is determined by (low energy) Chromodynamics (QCD)
but beyond the present approach of calculation. This leaves the space for various hadronization
models to mimic the transition process. The unitary operator U reflects the fact that there are
no free quarks in the final states of any high energy process, e.g., the so-called quark confinement.
The introduction of multiquark states sets a challenge for the hadronization models dealing with
the transition from color-singlet (anti)quark system to the hadron system.
As a matter of fact from experiments, the production of general mesons and baryons is
dominant, i.e.,
X
|hh|U |qi|2 ∼ 1 − ε,
(2)
h=B,B̄,M

here B, B̄ and M denote baryon, antibaryon and meson, respectively. If the exotic hadrons are
produced, ε could be a small but nonvanishing value. Since the production rate is proportional
to the quark density to the power of constituent quark number in the hadron, in the cases of large
number of quarks produced such as those in high energy nuclear collisions, the more constituent
quarks a hadron contains, the larger production rate one gets. So to regain the unitarity, one
needs the special ‘combination function’ which reflects the confinement and may be related with
the whole system rather than the several quarks to be combined into a specific hadron. Since
the present knowledge is not enough to judge how many kinds of multiquark states there are
and how they ‘share’ the total probability of ε, one can not predict the production rate of a
specific multiquark state. What we can suspect, though, seems that if there are a lot of kinds of
multiquark hadrons, each only shares a small part of the small ε. So the production rate of each
is almost vanishing. As a matter of fact, the recent experiment of BELLE in Υ(1S) → J/Ψ + X
process not finding any XYZ particles is a sounding evidence for small exotic hadron production
rate in multiproductions.
However, if one of the exotic states is the bound state of other hadrons, i.e., its production
can be taken as from the combination of mesons and/or (anti)baryons, there is generally no
straightforward unitarity constraint as above on its production rate. Unlike quarks, hadrons
are not confined. They can be either free, or bound with other hadron(s), even lepton(s) (e.g.,
hydrogen atom). As a matter of fact, in the cases that the number of produced hadrons are
large, such as in high energy ion collisions, the familiar hadron bound states, such as deuterons,
α particles, etc., have been observed. So it is natural to investigate the productions of the
‘hadronic molecule’ relevant to exotic states. The measurements and explanations of large
production rate of X(3872) are also good examples. Their large production rates lead to insights
on the investigation of their structure and production mechanism, especially the colour and spin
structures.
For those XYZ states possibly considered as hadronic molecules, we can describe them
with the framework of various Non-Relativistic (NR) effective theories, especially the NR wave
function method, and concentrate on their inclusive production. The ingredient hadrons in
the hadronic molecule are loosely bound, hence the relative momentum between them is fairly
small with respective to the hadron mass (almost of the order of charm quark), so the hadronic
molecule is in principle a NR system.
Besides the application of the investigation on positronium, the NR wave function is also
used for the heavy quarkonium production and decay, generally referred to as the ‘color-singlet

model’. The Non-Relativistic Quantum Chromodynamics (NRQCD) implies that the quark
pair in color octet could also transfer into a color-singlet hadron, which is referred to as the
color-octet model and used to explain the production rate and transverse momentum of prompt
quarkonium in hadronic collisions. But for the case of hadron as basic degree of freedom, there
is no problem of color confinement because every object is color-singlet. Hence the relevant
complexity is eliminated. If the system of bound hadrons is properly modeled and the NR
wave function is obtained, the NR wave function framework can be used for various decay and
production processes of hadronic molecules.
This method has been applied to the near threshold enhancements of mass spectra in the
J/Ψ → γpp̄ and J/Ψ → pΛ̄K − channels of the production of bound states X(pp̄) and X(pΛ̄).
The decay to the corresponding ingredient hadrons is described by an effective Lagrangian.
However, for the direct production of the mesons and baryons at high energy hadronic collisions,
it is impossible to construct the effective Lagrangian. We have suggested to employ the general
event generator to extract the cross section of the ingredient hadrons. In fact, this is one of the
advantages of the NR wave function framework. One can expand the amplitude with respective
to the relative momentum between the ingredients because it is relatively small. Thus the cross
section is factorized. Only the cross section (rather than the amplitude) of the ingredient hadron
production is needed, which can be fixed by fitting the correlation data of the relevant hadrons.
For example, the free pair cross section p(p1 )p(p2 ) → A(pA ) + B(pB ) + X can be expressed
as:
1
dN
3
N d PH d3 q
Z
1 X Y d3 pj
∝
|Ô|2 (pj , PH = pA + pB , q = pA − pB )
F j6=A,B (2π)3 2Ej
×(2π)4 δ (4) (Pintial −

X

(3)

pj − pA − pB ).

j6=A,B

Here the average is on various spin states, and the proper initial flux factor 1/F and phase
space integral are needed. Ô is the amplitude of production of two free ingredient particles
(with vanishing relative momentum and proper angular momentum state). It is not possible to
be calculated directly with some effective quantum field theory/model when the initial state is
(anti) protons and A and B are hadrons or clusters. However, it can be obtained with an event
generator such as PYTHIA or equivalently Shandong Quark Combination Model, etc. for the
case that A and B are both on shell. It is the advantage that in the above framework we employ,
only the on shell case is considered, so that the numerical calculation with event generator is
plausible. The quantity of Eq. (3) describes the two hadrons/clusters (A and B) correlation in
the phase space. For the hadron case, by proper integral on components of PH and/or q, the
resulting correlations can be directly compared with data and serve for tuning the parameters.
Since the special physical picture of the non-relativistic framework, it is only valid in the rest
frame of the two ingredient particles. One can define the following covariant space-like relative
momentum q̂ as
(pA − pB ) · (pA + pB )
q̂ = (pA − pB ) −
(pA + pB ).
(4)
(pA + pB )2
It is p
clear that in the rest frame of A and B (H(A, B)) where p~A + p~B = 0, q̂ = (0, ~k) and the
k = −q̂ 2 is exactly the absolute value of the 3-relative momentum |~
pA − p~B |.
Employing the event generator, one gets
1
dN
, ∀q̂,
3
N d PH d3 q̂

(5)

then extrapolates to the special case k = 0. Numerically, one can take an average around k = 0

for the above quantity. Then we get, up to the kinematic factors as for the covariant form,
Z
1 X Y d3 pj
|Ô|2 (pj , PH = pA + pB , k = 0)
F j6=A,B (2π)3 2Ej

×(2π)4 δ (4) (Pintial −

X

pj − PH ).

(6)

j6=A,B

Eq. (6) is exactly the differential cross section of the bound state H(A, B) divided by |Ψ(0)|2 .
There are several very basic facts supporting the extrapolation. First of all, the amplitude
and cross section are analytical in phase space. Any practical generator should reproduce this
property, and any ultraviolet divergence is not present. Secondly, the study of strong interaction
is complex because of the SU(3) non-Abelian interaction, but its simulation has one simplicity:
All particles taking part in the strong interactions are massive, which eliminates the infrared
singularities.
dN
The distribution N1 dyd
3 q̂ of these two pairs, in general are quite smooth, so one can get a
reasonable extrapolating result, or equivalently using the average value around k ∼ 0.
The smooth line also indicates that for the distribution, the derivative distribution around
k ∼ 0 is a relatively small value with respect to the distribution itself, which then can be taken
as higher order and neglected. This means that for the P-wave production, the calculation can
be much simplified from the numerical calculation of derivative.
Related with this extrapolation, we would like to address that, this formulation we employ
here is well factorized. The NR wave function is universal. However, this factorization is not a
priori correct, since we do no have an (at least effective) field theory of the hadron production.
So one has no way to prove the factorization. We can only use the generator as a numerical
effective theory, itself is finite anyway. The validity of the factorization can only be checked for
certain particle, for various processes and/or energies. This depends on the concrete production
mechanism and the structure of the relevant particles. This also can be seen as a benchmark
for the study, for higher order corrections.
The analysis on the factorization also leads to a more subtle consideration. i.e., the concrete
and detailed wave function depends on the energy and momentum resolution. From the most
practical view point, this energy and momentum resolution is determined by the experiment,
especially the two hadron correlation data which is yet not available at high energy hadronic
collisions. One the other hand, it is also determined by the interplay between the high energy
hadron production mechanism and the static structures of the hadron as well as the hadron
molecule. The latter is a more deep problem and determines to what scale and energy resolution
our factorized formulation get the best validity.
For the strong interations, we face such a situation: We do not doubt/query on QCD, but
are confused by how QCD works for soft interactions, whatsoever in high energy soft interaction
or low energy process or in nuclear interactions. We do not doubt/query on the existence of
quarks, but are confused on how they combine to be a hadron. This means, at least, the bound
state problem and pictures. We do not doubt/query on colour confinement, but are confused by
how colour is confined. We hope the study on the production process can shed light on these
paradox. For lack of space, we do not write about the concrete formulation and the result. The
details as well as references are to be found from the papers listed in the following.
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The spectroscopy of charmonium and exotic states with hidden charm is discussed. These
provide a good tool for testing theories of the strong interactions including both perturbative
and non-perturbative QCD, lattice QCD, potential and other phenomenological models. An
elaborated analysis of higher lying charmonium and exotics spectrum is given, and attempts
to interpret recent experimentally observed states with masses above the threshold region are
considered. Experimental results from different collaborations (BES, BaBar, Belle, LHCb)
are analyzed with special attention given to recently discovered hidden charm states. Some of
these states can be interpreted as higher-lying charmonium states and others as tetraquarks
with hidden charm. It has been shown that charged/neutral tetraquarks must have their
neutral/charge partners with mass values differ by at most a few MeV/c2, hypotheses that
tend to coincide with those proposed by Maiani and Polosa. However, measurements of
different decay modes are needed before firm conclusions can be made. These data can be
derived directly from the experiments using a high quality antiproton beam with momentum
up to 15 GeV/c and proton-proton collisions with momentum up to 26 GeV/c.

1

Introduction

The study of strong interactions and hadron matter in the process of antiproton-proton annihilation and proton-proton collisions seems to be a challenge nowadays. One of the main goals
of contemporary physics is to search for new exotic forms of matter, some of which will be
manifest in the form of charmed hybrids and multiquark states, such as meson molecules and
tetraquarks.1,2 Studies of the spectra of charmed hybrids cc̄g and tetraquarks containing hidden
charm (cqc̄q̄ 0 , q and q 0 = u, d, s), together with completion of the charmonium spectrum are
promising approaches for the development of an understanding of the dynamics of quark interactions at small distances. They provide a good testing tool that challenges theories of strong
interactions: QCD in both perturbative and non-perturbative regimes, QCD inspired potential
models, phenomenological models, and non-relativistic QCD and LQCD. Charmed hybrids cc̄g
are hypothesized cc̄ states with an excited gluonic degree of freedom. These states are described
by different models and calculation schemes (LQCD, bag model, flux tube model).1,2 All model
predictions and calculations tend to agree that the masses of the lowest-lying charmonium hybrids are between 3.9 and 4.6 GeV/c2 and that the state with J P C = 1−+ has the lowest mass.
Until now, discussions have been focused only around the lowest-lying charmonium hybrids.
Four of these states J P C = 2−+ , 1−+ , 1−− , 0?+ correspond to a cc̄ pair withJ P C = 0−+ , 1−− ,
coupled to a gluon in the lightest mode with J P C = 1+− Four other states with a cc̄ pair with
J P C = 2+− , 1+− , 1++ , 0+− coupled with a J P C = 1−+ mode are, probably, a bit heavier. The
expected mass splitting between the1−+ and 0−+ states is about 150 - 250 MeV/c2 . Three of
these eight low-lying charmonium hybrids have spin-exotic quantum numbers 1−+ , 0+− , 2+− ,
and for these mixing effects with nearby cc̄ states are excluded, making their experimental

identification especially unambiguous. The next possible hybrid states with quantum numbers
J P C = 2++ , 2+− , 1++ , 0+− , 0++ correspond to cc̄ pair with quantum numbers J P C = 1+− or
J P C = (0, 1, 2)++ coupled to a gluon that, in the lightest mode, has J P C = 1−+ . The states with
quantum numbers J P C = 2−− , 2−+ , 1−− , 0−+ , 0−− correspond to cc̄ pair with quantum numbers
J P C = 1+− orJ P C = (0, 1, 2)++ that are coupled to a gluon mode with J P C = 1−+ . One can find
a possibility of the existence of hybrid state with the exotic quantum numbers J P C = 0−− .The
most interesting and promising decay channels for charmed hybrids are as follows: p̄p →
η̃c0,1,2 (0−+ , 1−+ , 2−+ )η → χc0,1,2 (n, ππ; ...); p̄p → h̃c0,1,2 (0+− , 1+− , 2+− )η → χc0,1,2 (η, ππ; ...);
p̄p → Ψ̃(1−− , 2−− ) → J/Ψ(η, ω, ππ; ...); p̄p → η̃c0,1,20 h̃c0,1,20 , χ̃c1 (0−+ , 1−+ , 2−+ , 0+− , 1+− , 2+− ,
1++ , 2++ )η → DD̄J∗ η. In the last few years we have witnessed the discovery of a number of
narrow hadron resonances with hidden charm that do not match the standard quark-antiquark
interpretation, and have, thereby, been named exotic hadrons.2−5 This has called for alternative
interpretations of their inner structure. One of the possible explanations is that these particles
are loosely bound molecules of open charm mesons. Another possibility is that new aggregation patterns of quarks in matter are possible. We follow the suggestion of using diquarks as
building blocks. Light diquarks have been an object of several lattice studies. The idea that
the coloured diquark can be handled as a constituent building block is at the core of this approach. Two generic types of multiquark states have been described in the literature.3−5 The
first one, the molecular state, is comprised of two charmed mesons bound together to form
a molecule. These states are, by nature, loosely bound. Molecular states bound through two
mechanisms: quark/colour exchange interactions at short distances and pion exchange at a large
distance. Since the mesons inside the molecule are weakly bound, they tend to decay as if they
are free. The second type is a tightly bound four-quark state, a so-called tetraquark that is
predicted to have properties that are distinct from those of a molecular state. In the model of
Maiani 6 , for example, the tetraquark is described as a diquark-diantiquark structure in which
the quarks group into the colour-triplet scalar and vector clusters with interactions that are
dominated by a simple spin-spin interaction. Here, strong decays are expected to proceed via
rearrangement processes followed by dissociation that gives rise, for example, to processes such
as: p̄p → X → J/Ψρ → J/Ψππ; p̄p → X → J/Ψω → JΨπππ, p̄p → X → χcJ π; p̄p → X →
DD̄∗ → DD̄γ; p̄p → X → DD̄∗ → DD̄η. A prediction that distinguishes tetraquarks containing
a pair from conventional charmonia is possible existence of multiplets that include members
¯ strangeness cdc̄s̄, or both cuc̄s̄.
with non-zero charge cuc̄d,
2

Spectrum Calculation

For these purposes we have performed an elaborated analysis of the spectrum of charmed hybrids
and tetraquarks with the hidden charm with masses above the DD̄ threshold region. An analysis
of spectrum of charmonium states was carried out earlier 9,10 . In particular, different decay
modes of charmed hybrids and tetraquarks, such as decays into charmonium and light mesons
and decays into and pairs, were analyzed. Special attention was given to recently discovered
states with hidden charm 2−5 . Experimental results from different collaborations like Belle,
BaBar, LHCb, BES were used. It was demonstrated 11,12 that the dynamics of the decaying
resonant system (charmonium, charmed hybrid and tetraquark) is determined by a set of SU (2)
group generators. Mathematical aspects of spin particle motion on the spherical surface S3
defined in four-dimensional Euclidean space were considered 7,8 . The radius of the sphere is a
constant. Conformity with the three-dimensional actual space is achieved by transition to the
spherical surface S 3 . The authors showed 10,11 that two manifolds of SU (2) group generators
specify the equation of motion of particles with spin 1/2 on the tree-dimensional sphere S 3
in four-dimensional Euclidean space. Subsequently, they generalized the aforesaid to particles
with spin equals 1. In this confinement model, a geometrical point, lying on the sphere, is
associated with relativistic spherically symmetric top. The totality of resonant states with
identical quantum numbers is interpreted as radially excited states of the same quantum system
(in our case charmonium, charmed hybrids or tetraquark). The proposed model was developed

in this paper. According to a combined approach based on the quarkonium potential model
and a confinement model 11,12 , more than twenty charmed hybrids are expected to exist in
the mass region under consideration (see Figs. 1 and Fig. 2). Charmed hybrids with exotic

Figure 1 – The spectrum of charmed
hybrids with quantum numbers J P C =
3+− , 2++ , 2−= , 1−+ , 1−− , 0−= , 0++ . All these
states are predictions in the combined approach.

Figure 2 – The spectrum of charmed
hybrids
with
quantum
numbers
J P C = 3−+ , 2−− , 2+− , 1+−, 1++ , 0+− , 0−− .
All these states are predictions in the
combined approach

quantum numbers are marked with dark shading and charmed hybrids with nonexotic quantum
numbers are indicated with light shading. The results of calculations for the hybrids are in good
agreement with the well accepted picture that the quartet 1−− , (0, 1, 2)−+ is lower in mass than
1+= , (0, 1, 2)+− . The mass splitting between the states 1−+ and 0+− is about 200 MeV/c2 . More
than twenty tetraquarks with hidden charm (see Fig. 3) are expected to exist in the mass region
above the DD̄ threshold. The black-white boxes correspond to the recently revealed XY Z states
with the hidden charm that may be interpreted as tetraquarks. White boxes correspond to the
tetraquark states that have yet to be found. The possible existence of these states is predicted
in the framework of the combined approach.

Figure 3 – The spectrum of tetraquarks with hidden charm. The existence of these states is predicted in the
framework of the combined approach.

It has been shown that charge/neutral tetraquarks with hidden charm must have neutral/charged partners with mass values that differ at most by a few MeV/c2 . This assumption
coincides with that proposed earlier by Maiani and Polosa 13 and can shed light on the nature of
neutral X(3872), X(4350) and charged Zc (3885)± , Zc (3900)± , Zc (4020)± , Zc (4025)± , Zc (4200)± ,
Zc (4050)± , Zc (4250)± , Zc (4430)± states. The quantum numbers J P C of the meson have been
recently determined by LHCb 14 . We find that the X(3872) can be interpreted as tetraquark
state with J P C = 1++ , and the X(4350) as the tetraquark state with J P C = 2++ . The charged
Zc (3900)± state that was recently observed by BES 15,16 and Belle 17 , the seen by BES 18,19 , the
Zc (4050)± ) and Zc (4250)± ) seen by Belle decaying to χcl π ± 20 and the zc (4430)± charged state
seen by Belle decaying to ψ 0 π ± 21 can be identified as charge tetraquarks with J P C = 1+ . (The
proposed approach doesn’t distinguish the states Zc (3900)± 15,17 and Zc (3885)± 16 as well the

Zc (4020)± 18 and Zc (4025)± 19 states). The values of their masses and widths coincide in the
framework of the combined approach. Two states (one charged and one neutral) with J P C = 1++
are expected to exist in the mass range of 4200 -4300 MeV/c2 . The Zc (4200)± charged state recently reported by Belle 22 may be a good candidate for the one of them. To confirm that the
predicted states actually exist and can be found experimentally, their widths and branching
ratios were calculated.10,12 The feature of the considered states is their narrowness compared
with light unflavored mesons, baryons and hybrids. The states we find in this model have small
widths; their values are of the order of several tens of MeV. This fact facilitates experimental
searches. The values of the calculated widths coincide (within the experimental error) with the
experimentally determined values for the XY Z particles; the correspondence of the mass values
has been discussed above. This fact strongly suggests that some of the XY Z particles may
be interpreted as higher-lying charmonium states 9,10 and tetraquarks as it can be verified by
the experiments with antiproton beams with momentum up to 15 GeV/c and proton-proton
collisions with momentum up to 26 GeV/c. The values of branching ratios in the considered
decay channels of charmonium and exotics are of the order of 10−1 − 10−2 dependent of their
decay mode. From this one can conclude that the branching ratios are significant and searches
for charmonium and exotics, and studies of the main characteristics of their spectrum seem to
be promising.
3

Conclusion

The prospects for future exotics research are related with results obtained below: A combined
approach has been employed to study charmonium and exotics on the basis of the quarkonium
potential model and a confinement model that uses a three-dimensional sphere embedded into
the four-dimensional Euclidian space of the decay products. The most interesting and promising
decay channels of charmed hybrids and tetraqurks with the hidden charm have been analyzed.
Many new states above DD̄ threshold are expected to exist in the framework of this model.
The recently discovered states with the hidden charm above the DD̄ threshold (XY Z particles)
have been analyzed. Ten of these states can be interpreted as higher-lying tetraquark states with
hidden charm. The necessity of further studies of the XY Z particles and improved measurements
of their main characteristics has been demonstrated.
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Testing the Standard Model and its extensions with present detailed data allows us to confront
our theoretical expectations to the experimental results in a more and more precise manner.
Two main lines are typically followed and are highly complementary: the investigation of specific models and the search of deviations in precision observables using effective approaches.
Building our knowledge requires a solid basis from the Standard model including QCD corrections, Higgs precision data, flavour as all these effects need to be understood in detail before
extracting any hint of possible deviations. As some aspects of beyond standard model physics
are discussed in detail in other talks I concentrate here on the main issues and on selected
theoretical ideas.

1

Introduction

The Higgs boson discovered in 2012 1,2 at the Large Hadron Collider (LHC) and the following
detailed study of its properties have tested the structure of the Standard Model (SM) in an
unprecedented way, and the absence of clear hints for physics beyond the SM (BSM) both in
direct and in indirect searches has put partially to question the simple and sometimes naive
expectations of new effects and particles at the ∼ 1 TeV scale. However it is clear that many
theoretical ideas push us to consider the SM as an effective description of a more complete
and fundamental theory. Among these, the naive tuning of the Higgs mass (and the idea of
naturalness) suggest the presence of new particles in TeV range, but loopholes may be present
in this argument. Nonetheless other arguments definitely point to the fact that the SM needs
to be extended (including the flavour structure, neutrinos, dark matter, gravity...), even if no
clear guarantee of new particles within the LHC reach can be established. In this situation only
the detailed scrutiny of all the available data can bring the insight to understand the next step
for particle theory and experiments.

2

Natural or not? (and tuning)

A huge amount of literature is devoted to naturalness of the scalar sector of the SM. One has
to keep in mind that this useful idea was introduced by t’Hooft 3 as an ‘order–of–magnitude
restriction that must hold at all energy scales µ”. It is therefore a useful guideline, but not a
detailed principle. In the scalar sector of the SM the Higgs mass operator is relevant (dimension
two in four space-time dimensions). As such, quantum corrections to the tree-level Higgs boson
mass m2h0 are schematically given by the following formula (where g, λ are the couplings and Λ
the cut-off):
!
Λ2
2
2
mh = mh0 1 + a(λ, g) log 2
+ b(λ, g)Λ2
(1)
mh0
In an extension of the SM different situations can be encountered:
• natural if b(λ, g) = 0 by a symmetry, as for example in unbroken super-symmetry.
• natural if λ is a physical cut-off, for example if the Higgs boson is a composite particle,
there is a natural cut-off that prevents the quadratic divergence to grow above a certain
value as the more fundamental theory will manifest itself in terms of new fundamental
states and the “size” (or the form-factor) of the bound state will set this physical scale.
• almost-natural (delayed) if b(λ, g) = 0 up to some order in perturbation theory (as for
example at 1-loop in little Higgs models).
• non-natural and tuned if b(λ, g) is non-zero.
One can also solve this situation avoiding to introduce relevant scalar operators (a “marginality
and irrelevant” strategy in terms of operator dimensions). One example is Technicolor but in this
way you also eliminate the accidental symmetries of the SM (baryon number, lepton number,
flavour) with all the following difficulties to build a completely consistent model. Looking
back to the original t’Hooft paper one can also note that “to construct models with complete
naturalness for elementary particles one needs more types of confining gauge theories besides
quantum chromodynamics”. This is certainly an interesting direction which is under active
exploration, especially now that a lot more is known about the Higgs sector, flavour, LHC
bounds on new particles and that we have detailed examples showing how strong dynamics can
be quite different from QCD. Even if naturalness is an interesting and useful concept one should
also keep in mind that it is a sort of guessing work based on our very partial knowledge: partial
knowledge because we only know the low energy effective theory and guessing because we hope
to understand from that the order of magnitude of parameters which we may one day hopefully
grasp in a more fundamental theory. Sometimes this is an accurate guess, but sometimes it is
not, as small or big parameters may have extra suppression/enhancement reasons beyond this
simple rule of thumb.
3

Top quark and BSM

Since its discovery in 1995 at the Tevatron 4,5 , the top quark has a special place in the SM and
BSM, due to its mass close to the electroweak breaking scale and its peculiar decay properties.
Before discussing the phenomenology related to BSM and top, we can spend few lines understanding what “natural” may mean in this case to see how the argument can be turned upside
down depending on the starting point. Here natural will be understood in more general terms as
the fact that the dimensionless ratios between physical quantities should be “of order 1” within
an order of magnitude. From the electroweak (EW) scale perspective one can write that:
mt ∼ vSM ∼ mZ

(2)

the top mass has the size of the EW scale so it can be considered natural from this point of view
and one should rather ask why the other quarks are so much lighter?
However assuming instead that at some scale you have mixed 4-fermion interactions (between
2 SM quarks and 2 techni-quarks which condense below some scale ΛHC above the EW scale)
one can write a mass term for the SM quarks:
1
Λ3HC
ψ̄
ψ
hQQi
∼
ψ̄L ψR
L
R
Λ2
Λ2

(3)

with ΛHC  Λ and Λ the cut-off beyond which the 4-fermion interaction has to be resolved
by a UV-completion. Neglecting all other issues which may arise in this setup (especially with
flavour) we see that now we have a “natural” small quark mass, so the question to ask is rather
why is the top so heavy?
One can stop at this point and advocate different origins for different masses. It is however
tempting to find a unique mechanism to explain all masses. An option is to consider partial
compositeness 6 . According to the partial compositeness idea, each SM fermion couples linearly
to a composite operator through a bilinear interaction. In more fundamental terms this composite operator is a fermionic bound state (like for example a top partner in the case of the bilinear
concerning the top). Therefore one can write bilinears (pre-Yukawas) which may combine to
give the SM Yukawas as a result:
yL tL OL + yR tR OR
(4)
but actually these hide in the composite fermionic operators their 4-fermionic structure
1
tQQΞ
Λ2

(5)

where QQΞ is the top partner. This also implies that the order one coefficient yL/R are rather


yL/R ∼

ΛHC
Λ

2−γ

(6)

where γ ∼ 2 is needed in order to have an order 1 coefficient required for the top quark. γ
is the anomalous dimensions. The naive value of γ is zero (naive dimensional analysis) and
obtaining large values is unusual. Recent studies of the anomalous dimensions of conformal
baryon operators in SU(3) gauge theories suggest that γ ∼ 2 is hard to achieve 7 . Anyway in
this way one can promote the effective bilinear to either a super-renormalizable or a marginal
operator obtaining a natural explanation for the mass.
On the phenomenological side top physics has very important handles on BSM, like for example four top final states, multi-top final states or on the other side, scenarios of new physics
where a single top quark can be produced, both in association with large missing energy (monotop) or with other particles (single top). All these processes offer opportunities to test and
bound BSM physics.
3.1

Single- and mono-top physics

The single top final state is produced through the weak interactions, in processes that allow
testing the chiral structure of the production vertex via spin correlations. At the LHC the tchannel amplitude is the dominant one. For example at the 8 TeV LHC the inclusive production
rates of the s-, t- and Wt channels are approximately 5, 85 and 25 picobarns respectively 8,9,10 ,
in good agreement with the SM expectations. BSM physics can provide modifications to the SM
couplings but also new interactions allowing to produce a single top quark. As an example the
decay of a vector-like T’ into top quark and Z boson (see for example the study performed in 11 )
gives a typical single top final state from a new flavour changing vertex that is quite common
in BSM extensions. A recent review of single top physics can be found in 12 .

These possibilities can be tested in precision measurement of the top quark properties in the
single top final state, but an even more striking BSM signal would be the presence of mono-top
events (events in which the top quark is produced alone, with only extra missing energy). The
production of such a final state is extremely suppressed in the SM, and also quite peculiar in
models of new physics. Two main production mechanisms can lead to a monotop state 13,14 :
the resonant production of a coloured bosonic state which decays into a top quark plus an
invisible neutral fermion, or via the production of a single top quark in association with a boson
that has flavour-changing couplings to top and light quarks and stays invisible in the detector.
Embedding the effective couplings of the top quark in an SU(2)L invariant formalism selects a
minimal model for each of the possible production mechanisms 15 . In particular a scalar field
coupling with a right-handed top quark and an invisible fermion when the monotop is produced
via a resonant channel, and a vector field mediating the interactions of a missing energy particle
to right-handed quarks for the non-resonant production mode.
3.2

Multi-top physics

As several different models can give rise to the final states with many top quarks in the final
state, I consider here models based on the assumption that new physics couples mainly to
top quarks. The topologies consist of the decay chains of pair-produced coloured particles,
which will either be “coloron”-like bosons (see for example 16 ) or T 0 vector-like fermions (see
for example 29,21 ). It is important to note that no matter how complicated the decay chain,
there is only one parameter that strongly influences the event yield: the mass of the original
pair-produced particle. Hence limits and observation windows estimated using cuts and simple
event counting with these topologies are fairly generic and can be generalised to other models
with similar signatures. The four top final state is extensively studied in the literature 22,23,24,25 ,
and searched in detail by the LHC experimental collaborations 26,27 . The four top quarks are
typically the result of the decay of a colour octet or of a coloured singlet which is pair produced
and decaying to tt̄tt̄. More recently, in the framework of composite models also the case of a
colour sextet pair produced and decaying to ttt̄t̄ was considered 28 .
4

Elementary or composite Higgs?

The Higgs boson properties are studied in detail and the situation is due to improve with the
present 13 TeV data. The results can be analysed in different ways, but all point to a good
agreement with the SM predictions within the present experimental incertitude. In more general
terms searches for a Higgs sector are performed including extended scalar sectors. However
the elementary or composite nature of the 125 GeV Higgs has not been established yet. An
elementary Higgs boson brings back the possible problem of naturalness unless extra indications
are present in the TeV range. An intriguing possibility is the Higgs boson as a light composite
state from a confining dynamics at the TeV scale. Compositeness means that the scalar field is
replaced by a bound state of fermions, whose mass is associated to a non-perturbative dynamical
mass and in order to have a light composite state this will be supplemented by the Goldstone
symmetry, associating the scalar with the massless Goldstone boson of a spontaneously broken
global symmetry. An explicit breaking is also associated to the model in order for the Higgs
Goldstone boson to have a non-zero mass, is a way closely similar to the pions in QCD. Composite
Higgs is often studied at the effective Lagrangian level (the equivalent of the chiral theory
description of QCD). This is quite useful to extract indication and parameterise in a single
effective Lagrangian the low energy content of different models. However one should keep in
mind that some assumptions are intrinsic in this approach and that a fundamental description
in terms of fundamental fermions is complementary and sometimes non-equivalent (presence of
extra light degrees of freedom, specific predictions not possible in the effective Lagrangian). To
understanding the physics of a composite Higgs in detail one has to examine the underlying

dynamics based on confining gauge interactions with matter fermions. This allows to provide
a well-defined scenario where the global symmetries and properties of the composite states
are determined. Starting with a dynamics which is invariant under a global symmetry group
G spontaneously broken to a subgroup H, the spectrum of the theory contains a number of
massless Goldstone bosons equal to dim(G/H). The dynamics is further coupled to the SM by
partially gauging the global symmetries. A minimal example including custodial symmetry (to
avoid large effects in the EW precision observables) is G ⊃ H ⊃ SO(4) ⊃ SU (2)L × U (1)Y ,
where the electroweak symmetry is extended to the custodial SO(4) ∼ SU (2)L × SU (2)R . The
possible global symmetries and a discussion of the fine tuning can be found in 17 . The minimal
coset is SO(5)/SO(4), which contains 4 states transforming as a bi-doublet of SO(4). Building
a fundamental fermionic theory requires however a larger structure. The minimal model is in
this case SU (4) → Sp(4) 18,19 .
5

Vector-like quarks and BSM

A fermion is called vector-like if its left- and right-handed chiralities belong to the same representation of the symmetry group G of the underlying gauge theory. Vector-like quarks (VLQ)
are present in many of the extensions of the SM, especially in relation with the top sector
(top partners, as for example in composite Higgs models, extra-dimensional models, little Higgs
models, gauge-Higgs models and models with an extended custodial symmetry). The CMS and
ATLAS experiments have recently devoted a considerable effort in the analyses to set bounds on
this type of particles. Phenomenologically interesting realistic scenarios are built by considering
new VLQ particles which belong to full multiplets, as required by the corresponding theoretical models. The presence of general mixing structures and the interplay of different multiplets
typically affect the tree-level and loop-level bounds, thereby modifying the results expected by
performing simplified analyses based on a single particle or a single multiplet. See for example
the review 29 .
The minimal scenarios are those in which the VLQ states interact with SM quarks and the
Higgs boson through Yukawa couplings. Classifying VLQs in multiplets of SU (2)L , it is possible
to write gauge-invariant interaction terms only for singlets, doublets and triplet representations
for this minimal scenario.
6

Conclusions

Beyond the standard model physics is actively searched experimentally and the present data
allow to put constraints on specific models and also on general effective parameterisations. I
have briefly discussed the idea of naturalness, compositeness and the role of the top quark and
new vector-like quarks in BSM physics. A lot of other topics are not covered here both because
it would exceed the time allocated for this short review and also as they are discussed in other
talks. Flavour was also briefly mentioned and experimentally it is at present the sector which
shows more discrepancies with respect to the SM. Overall all the hints and precision observables
from different sectors (flavour, Higgs, top...) need to be carefully considered when building and
studying BSM models.
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Searches for dark matter and new physics with unconventional signatures at CMS
and ATLAS
Livia Soffi on behalf of the CMS and ATLAS Collaboration
Cornell University, NY, United States
Selected results on searches for dark matter and unconventional signatures with the CMS
and ATLAS detectors at LHC are presented. Dark matter searches in channels with jets,
single photons, vector bosons, or Higgs bosons combined with missing momentum in the final
states are described. Unusual signatures such as displaced objects, disappearing or kinked
tracks, delayed or stopped particles have also been explored. The analyses were performed
with proton-proton data recorded at LHC centre-of- mass energies up to 13 TeV.

1

Introduction

Clear evidence for abundance of matter in the Universe cannot be explained by the visible matter
only. While the ordinary atomic matter accounts only for at most 5% the so called Dark Matter
(DM) constitutes about 25% of the content of the Universe. Nowadays proofs of evidence for
DM come only from the observations of the effects of its gravitational interaction with ordinary
matter. Two scenarios for producing DM at LHC can be envisaged, depending whether a
contact interaction within an effective field theory approach is appropriate or whether a mediator
between ordinary and dark matter comes into a mass range where it could be accessible at the
LHC 1 . In Sec. 2 of this paper results of searches for direct production of WIMPs with the
ATLAS 2 and CMS 3 experiments at the LHC at CERN are presented. The searches have been
performed using up to 36 f b1 of proton-proton collision data delivered during LHC Run-2 at 13
TeV centre-of-mass energy in 2015 and 2016.
Alternative ways in searching for new physics at LHC involves exploring finals states with
unusual signatures such as displaced objects, disappearing or kinked tracks, delayed or stopped
particles. An overview of relevant current beyond- the-standard-model physics searches with
displaced signatures at both ATLAS and CMS experiments is given in Sec. 3.
2

Dark Matter Searches at LHC

If produced, DM would escape the detector without leaving signs of its passage. Its production
can be inferred by measuring the amount of energy imbalance in the plane transverse to colliding
beams(ETmiss ). The presence of further objects recoiling against WIMPs in the final state can
be used to flag the interaction and identify it. A variety of signatures are exploited at LHC in
order to look for DM.
Both ATLAS and CMS look for DM production in association with jets 4,5 (mono-jet search).
The strategy followed by the two experiments is very similar: events are required to have at
least one jet with large transverse momentum (p T ) together with ETmiss . Such search strategy
is exploited to study also the production of DM candidates in association with a vector boson

(W/Z) decaying hadronically (mono-V search). In this case the jets produced in the vector
boson decay are reconstructed as a single “fat” jet with a cone size larger than what is generally
used to reconstruct jets at LHC. In addition tagging algorithms based on the jet sub=structures
are applied in order to discriminate such decays from standard multijet events. Constraints
on the mass of the “fat” are applied requiring it to be close to the vector boson mass. Both
searches observe a good agreement of data with SM background expectation. Exclusion limits
are set on the DM production cross section. These limits are then translated in lower limits on
the mass of the heavy mediator as a function of DM mass and shown in Fig. 1. A translation
to the DM-nucleon elastic scattering cross section versus the dark matter particle mass plane is
also performed to allow a comparison of LHC results to direct detection experiments and shown
in Fig. 1. Limits on DM production obtained from the mono-jet searches are easily combined
with those from dijets searches when considering models in which DM particles couple to quarks
through a DM leptophobic vector and axial-vector mediator 1 . Figure 1 right shows an example
of exclusion region in the phase space of the DM mass and the mediator mass obtained from
CMS for a given set of vector mediator simplified model parameters when performing the dijet
search 6 . Results from this search are also translated in limits on invisible branching ratio decay
of the Higgs boson. A summary of the most recent limits set by ATLAS and CMS on DM
production using the jet signatures is shown in Tab. 1.
m [GeV]

12.9 fb-1 (13 TeV)
Expected limit (± 1

ATLAS
s = 13 TeV, 3.2 fb

-1

Observed limit (± 1

Axial Vector Mediator

400

Dirac Fermion DM
g = 0.25, g = 1.0
q

10−34

)

exp

CMS
Scalar med, Dirac DM, gq = 1, g

10−35

PDF, scale
)
theory

DM

Perturbativity Limit

10−36

CMS obs. 90% CL

Relic Density

10−37

CDMSLite

10−38

PandaX-II

m

A

=2

m

2
σSI
DM-nucleon [cm ]

95% CL limits

200

=1

LUX

CRESST-II

10−39
10−40
10−41
10−42
10−43
10−44
10−45

0
0

500

1000

1500

2000
mA [GeV]

10−46
1

10

103

102

mDM [GeV]

Figure 1 – Expected and observed exclusion limits on DM produced in association with jets assuming a vector
mediator (left, CMS5 ), axial-vector mediator (ATLAS, center4 ) simplified model. On the right the interpretation
of the dijet search in terms of DM models6

Table 1: Observed excluded phase space regions on DM models obtained analyzing mono-jet and mono-V signatures at LHC
Theory interpretation
Scalar (Pseudo) Mediator
Vector (Axial) Mediator
Large Extra-Dimensions
Higgs Invisible

CMS(12.9 f b−1 mono-jet+mono-V)
Mmed < 100 (430) GeV
Mmed < 1.95 TeV

ATLAS (3.2 f b−1 )
Mmed < 1 TeV
MD < 6.58 (4.31) TeV for n =2 (6)

BR < 0.56

Although the mono-jet/V signatures are the most sensitive signatures for the most benchmarks due to the large statistics in the region of interest with high ETmiss , other DM production
processes are worth to investigate. Among them, signatures with high ETmiss and electroweak
vector bosons have lower backgrounds with respect to mono-jet signature and are sensitive to
different benchmark models. Mono-photon, mono-Higgs searches are performed by both ATLAS
and CMS. The mono-photon analyses 7,8 follow a strategy similar to the mono-jet search. Events
with a well identified high pT photon and large ETmiss are selected. Table 2 summarize the most
recent public results on mono-photon search from both ATLAS and CMS with 2015 and 2016
data.
The discovery of the Higgs boson opens a new collider probe of dark matter. ATLAS and
CMS experiments explore mono-Higgs signature with Higgs signals in three final state channels:

Table 2: Observed excluded phase space regions on DM models obtained analyzing mono-photon signature at
LHC
CMS(12.9 f b−1
Mmed < 0.76 TeV
MD < 2.6 TeV for n =6

Theory interpretation
Vector (Axial) Mediator
Additional Extra-Dimensions
Zγ production
EFT Dim 7

ATLAS (36 f b−1 )
Mmed < 1.2 TeV
UL<26-43 fb for m [2 - 5] TeV
Λ < 790 GeV

Λ < 620 GeV

H(bb̄)+ETmiss , H(γγ)+ETmiss and H(ZZ)+ETmiss . There is an important difference between monoHiggs and other mono-X searches. In proton-proton collisions, a j//W/Z can be emitted directly
from a light quark as initial state radiation (ISR) through the usual SM gauge interactions, or
it may be emitted as part of the new effective vertex coupling DM to the SM. In contrast, since
Higgs boson ISR is highly suppressed due to the small coupling of the Higgs boson to quarks,
a mono-Higgs is preferentially emitted as part of the effective vertex itself 9 . The distribution
of the ETmiss after the final selection for mono-Higgs searches are shown in Fig 2 for the so far
analyzed channels 10,11,12,13 : H(bb̄) and H(γγ) (ATLAS and CMS) and H(ZZ) (ATLAS only).
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Figure 2 – ETmiss after final selection in mono-Higgs searches for H(bb̄) (left, ATLAS10 ), H(γγ) (center, CMS13 )
and H(ZZ) (right, ATLAS12 )

Results from mono-Higgs searches are interpreted in terms of simplified models with a vector
mediator which radiates a Higgs boson, and decays into two DM particles and a two-Higgsdoublet-model (2HDM) where a vector mediator is produced resonantly and decays into a Higgs
boson plus an intermediate heavy pseudoscalar. Table 3 summarize the most recent public
results on mono-Higgs searches from both ATLAS and CMS with 2015 and 2016 data.
Table 3: Observed excluded phase space regions on DM models obtained analyzing mono-Higgs signature at LHC
Theory interpretation
Vector Mediator
2HDM
Heavy Scalar

3

H(bb̄)
ATLAS (3.2 f b−1 )
Mmed <700 GeV
Mmed <1950 GeV

H(γγ)
ATLAS (36 f b−1 )
Mmed <850 GeV
Mmed <1000 GeV
σ < 10.7 fb

H(ZZ)
ATLAS (3.26 f b−1 )
σ < 1-5 fb

H(bb̄)+ H(γγ)
CMS (3.2 f b−1 )
Mmed <1800 GeV

σ < 2-4 fb

Unconventional Signatures

Long-lived particles are predicted in many beyond-standard-model theories such as in gauge- or
anomaly-mediated supersymmetry (SUSY) breaking scenarios, in R-parity violating SUSY and
split SUSY models, or in hidden valley scenarios implying a dark sector.
An inclusive search for long-lived particles decaying to various combinations of jets and
leptons is performed by CMS with full 2015 data 15 . The analysis exploits the information

originating from the CMS calorimeters to reconstruct jets and measure their energies. The
analysis sensitivity is maximal for (10 < c0 < 1000) mm. Fig. 3 left shows for example the
excluded pair-production cross section for the Jet-Jet model. Cross sections as small as 1.2 fb
are excluded for c0 = 50 mm.

σ x BR2 upper limit 95% CL [fb]

ATLAS search for disappearing tracks 14 find its motivation under the hypothesis that a
charged SUSY particle produced in a high energy collider acquires a relatively long lifetime and
leave multiple hits in the traversed tracking layers before decaying. A track arising from a longlived chargino for example, can disappear and leave hits only in the innermost layers and no
hits in the portions of the detector at higher radius. Figure 3 right shows the exclusion limits in
the mχ̃± − τχ̃± plane for the electroweak channel, where τ χ̃±
1 is the lifetime of the chargino. For
1
1
a chargino lifetime of 0.2 ns, gluino 1.05 TeV are excluded assuming very compressed spectra
with a mass difference between the gluino and the chargino of less than 200 GeV.
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Figure 3 – Expected and Observed exclusion limits on pair produced long-lived particles decaying to jets as
presented by CMS (left15 ) and on disappearing tracks in SUSY by ATLAS (right14 )

The existing searches do not fully cover the enormous parameter space of masses, crosssections and decay possibilities of all possible new particles. Signals might be hidden in so far
unexplored kinematic regimes and final states, motivating a structured, global and automated
way to search for new physics. Therefore model-independent general searches are performed by
both ATLAS 16 and CMS 17 to detect discrepancies between data and the prediction which serve
as an alert to perform more precise and model-dependent analyses in the potentially interesting
final states. Such analyses partition all recorded events into exclusive classes according to
the number of high pT reconstructed objects: electrons, muons, photons, jets, b-tagged jets
and ETmiss . The largest discrepancy observed by ATLAS in the 1mu+1e+4b-jets+2jets class,
with a local p0-value of 5 · 104 , is expected in about 70% of the pseudo-experiments. While
the largest excess observe by CMS, with a local significance of less than 3σ is observed in
the 1e+1γ+ETmiss channel. All observed excesses are however compatible with background
expectation when considering the look-elsewhere-effect.

4

Conclusion

In the search for Dark Matter and new physics unusual signatures, the ATLAS and CMS experiments covered a huge range of final states during the 2015 and 2016 data-taking runs of the
LHC. Although observations are consistent with SM background expectation, stringent limits
have been set on different benchmark models, emphasising for what concerns the Dark Matter
investigation, the complementarity of collider searches and direct detection searches. The preliminary analyses of 13 TeV data result in a significant expansion of previous limits from Run 1
and prepare the path towards the next data taking starting in June 2017.
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SEARCHES WITH BOOSTED OBJECTS AT ATLAS AND CMS
G. BROOIJMANS, on Behalf of the ATLAS and CMS Collaborations
Department of Physics, Columbia University, New York, NY 10027, USA
The discovery of the Higgs boson confirms the validity of the Standard Model and suggests
new physics should exist close to the Higgs mass scale. Since the Higgs mass fine-tuning is
proportional to the square of the energy scale of new physics and driven by couplings to the
top quark and W , Z and Higgs bosons, searches at high energy with these particles in the
final state are of utmost priority. At the LHC, that means these are boosted, and, for their
dominant hadronic decays modes, the decay products will be reconstructed as a single jet.
Both the ATLAS and CMS collaborations now use advanced jet substructure tools in the
search for new physics at high mass. These tools and some of the searches using them, in
particular searches for vector-like quarks and diboson resonances, are described here.

1

Introduction

The discovery of the Higgs boson 1,2 completes the Standard Model of particle physics (SM).
However, the SM is a theory of interactions, and the origin of the fermions’ properties remains a
mystery. The clear structure in the fermionic sector is evidence of (a) selective principle(s) and
hidden relations – e.g. the down quark charge is exactly 1/3 of the electron’s charge. Proton
stability and the convergence of interaction strengths at high energy are suggestive of at least
one other energy scale relevant to SM particles and interactions, close to 1015 GeV. In addition,
the SM has no explanation for baryogenesis, and no candidates for either dark matter or dark
energy.
Loop corrections to the Higgs mass, dominated by top quark and W , Z and Higgs bosons, are
quadratically divergent and therefore drive the Higgs mass to the limit of validity of the theory,
suggesting new physics should exist close to the Higgs mass scale. Since the divergencies are
proportional to the square of the energy scale, it is important to look at high mass for signatures
with top quarks and W , Z or Higgs bosons. At high mass, backgrounds become smaller and the
high branching ratios of these particles to hadrons can be exploited. However, at the energies
accessible at the LHC, they are then boosted, and their decay hadrons merge into a single jet
in the ATLAS 3 and CMS 4 detectors. Such jets have substructure characteristic of the heavy
particle decays, and this structure can be used to distinguish them from jets induced by high
momentum light quarks and gluons.
The primary discriminating variable is the jet mass, but this does not distinguish between
isotropic and structured energy distribution inside the jet. On this tenth anniversary of the
first “boosted taggers” many sophisticated variables and tools are in use to refine the jet mass
determination and measure jet topology. The optimal choices partially depend on the detector,
and tuning is typically done on simulation and then validated using top quarks and W boson
signals using the large and rather pure tt̄ sample available to the LHC experiments, typically
in the lepton-plus-jets channel. For background modelling validation di-jet events are used.
As an example of variable evolution, ATLAS now uses a track-assisted jet mass calculation,
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which complements the calorimeter measurement with track-based information 5 . CMS take
advantages of pileup per particle identification (PUPPI) 6 to suppress contributions from pile-up
interactions. The jet mass distribution in ATLAS for top quark candidates in the validation
sample after all selections is shown in Fig. 1, together with the CMS jet mass distribution in
data and simulation for a diboson resonance search 7 .

600

X → VH → qqbb

×106

CMS
100

35.9 fb-1 (13 TeV)

Data

Preliminary

Background

H(bb), m =1200 GeV

H(bb), m =4000 GeV

W(qq), m =1200 GeV

W(qq), m =4000 GeV

Z(qq), m =1200 GeV

Z(qq), m =4000 GeV

X

X

W'

W'

Z'

80

W

Z

Z'

Higgs

60

400

Data/Pred.

200
0
1.5

40

50

100

150

200

250
20

1
0.5
0

50

100
150
200
250
Large-R Jet Combined Mass [GeV]

0
0

20

40

60

80

100

120

140

160

180

200

soft drop jet mass (GeV)

Figure 1 – Jet mass distributions in ATLAS 8 in tt̄ lepton-plus-jets events in data and simulation for a selection
targeted at isolating top-quark jets after requirements on jet topology variables (left) and in CMS for data and
simulated diboson resonance events 7 .

2

Top Partners

While additional chiral quark generations are excluded given the measured Higgs boson production cross-section, new vector-like quarks are still allowed. These are fermions whose left- and
right-chiral components transform the same way under SM gauge transformations, so that simple mass terms are allowed. Vector-like quarks could be heavy top (T ) or bottom (B) quarks,
but also more exotic states of charge -4/3, 5/3, . . . To match the number of degrees of freedom in the Higgs mass loop corrections, these quarks are expected to carry color, so that their
pair-production cross-section is almost model-independent.
ATLAS has searched 9 for pair-produced T quarks in final states with large missing transverse
miss ), targeting events where (at least) one T quark decays following the sequence
momentum (ET
miss > 300 GeV, one lepton (electron
T → tZ → tν ν̄. At preselection, the search requires ET
or muon), 4 (R = 0.4) anti-kt jets of which one is b-tagged. At this stage, the background is
dominated by tt̄ production. The signal region, and tt̄ and W production control regions are
then defined primarily by requiring two m > 80 and 60 GeV large-R jets, in this case obtained
by reclustering R =0.4 jets into R=1.0 jets, and selections on the mT2 variable (with branches
being the lepton and two jets with highest b-tagging weight, or the lepton and a hadronic tau
candidate). A counting experiment is then done in the signal region, where 7 events are observed
with ∼ 6 SM background events expected. Limits ranging from ∼ 800 GeV to ∼ 1.16 TeV are
set on the T quark mass as a function of branching ratio to Ht and W b, under the assumption
BR(T → Zt) + BR(T → Ht) + BR(T → W b) = 1. This is substantially beyond the limits
√
obtained using s = 8 TeV data, which reached maximal values in the 800 GeV range.
Recent CMS searches for vector-like quarks are described in Daniele Del Re’s contribution
to these Proceedings.
3

Diboson Resonances

If a new particle is to “regulate” the HW W or HW Z vertex, it is natural to look for resonances
decaying to W W, W Z, ZZ, W H, ZH, or HH. At low mass, the backgrounds have high cross-
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ATLAS Preliminary
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section and the fully leptonic channels provide the best sensitivity; at intermediate mass lepton
plus jets final states provide a good compromise between background rejection and signal yield,
while in the high mass region the background is low enough that the high branching ratio of the
hadronic boson decays can be exploited, then in the boosted regime.
To tag hadronic W , Z or Higgs boson candidates, CMS applies selections on the jet mass
and τ21 N-subjettiness of R = 0.8 anti-kt jets. τi N-subjettiness measures the compatibility of
a jet’s energy distribution with having i energy poles, and τ21 = τ2 /τ1 . The jet mass selection,
shown in Fig. 1, identifies W , Z and Higgs bosons exclusively, and the τ21 selection provides
both high and low purity candidates for each. CMS has searched 10 for qV and V V (V = W or
Z) resonances in the fully hadronic channel: either one (qV resonances) or two (V V resonances)
high-pT jets must satisfy the tag requirements described above, and the dijet invariant mass
distributions for both low and high purity tagged jets are examined for localized excesses. No
significant excess is found so limits are set, for example on σ(pp → W 0 ) × BR(W 0 → W Z).
Using as benchmark the W 0 boson from the Heavy Vector Triplet (HVT) Model B 11 , with gV
= 3, masses below 3.6 TeV are excluded.
ATLAS uses pT -dependent mass windows applied to R = 1.0 anti-kt jets to tag W , Z or Higgs
boson candidates; these mass windows overlap, making direct comparisons between ATLAS and
CMS results non-trivial. In addition to the jet mass selection, ATLAS makes a requirement
on D2β=1 12,13 , which exploits 2- and 3-point energy correlation functions to distinguish W , Z
or Higgs boson candidate jets from background. The working point typically used has 50%
efficiency for W and Z jets and 2% for background jets.
To tag Higgs boson jets, ATLAS combines the jet mass selection with a requirement that
at least one R = 0.2 b-tagged track jet match the calorimeter jet. Since for Higgs boson pT
larger than ∼ 1 TeV even R = 0.2 track jets start to merge, for resonance masses above ∼ 2
TeV doubly tagged jets have reduced efficiency. In addition to the jet substructure selection
described above, CMS tags Higgs bosons by matching secondary vertices the 2-subjettiness axes,
defining both loose and tight b-tags based on the value of the b-tagging discriminant.
ATLAS has conducted a search 14 for V H resonances in the fully hadronic channels, using
the V and Higgs taggers described above. The dominant multijet background is determined
starting from a 0-tag sample, with kinematic reweighting to account for kinematic biases due
to the b-tagging requirements. The weights are derived from the Higgs mass sidebands, and
are based on track jet kinematics. The method is then validated using the V mass sideband
data. The background normalization is obtained from the Higgs mass sidebands and the final
fit to the data. In this search, ATLAS observes a local 3.3 σ, global 2.2 σ excess around m = 3
TeV, as can be seen in Fig. 2. CMS has conducted a V H search 7 using the taggers described
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Figure 2 – Limits on σ(pp → Z 0 ) × BR(Z 0 → ZH) from ATLAS 14 (left) and CMS 7 (right).

above. In this case, the multijet background is estimated from a fit to the data, using two to
√
four parameter power-law functions of mVH / s. This approach is validated in the 40 < mj < 65
GeV sideband. Unfortunately, as shown in Fig. 2, CMS does not observe any significant excess,
and even a small deficit at the location of ATLAS’ excess.

4

Summary

Boosted signatures are key to high mass searches, and on this tenth anniversary of the first
boosted tagger developments the tools have reached an impressive level of maturity: their performance in terms of efficiency versus fake rate is now similar to modern b-tagging algorithms.
Both ATLAS and CMS conduct many searches for top quark partners, diboson resonances and
other high mass signatures, with a few dicussed here. So far, no evidence for new physics has
been uncovered, but there are many more analyses in the pipeline and hopefully a discovery will
be made in the near future.
Acknowledgments
The author would like to thank the organizers for a very stimulating conference.
References
1. ATLAS Collaboration. Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC. Phys. Lett. B, 716:1–29, 2012.
2. CMS Collaboration. Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC. Phys. Lett. B, 716:30, 2012.
3. ATLAS Collaboration. The ATLAS Experiment at the CERN Large Hadron Collider.
JINST, 3:S08003, 2008.
4. CMS Collaboration. The CMS experiment at the CERN LHC. JINST, 3:S08004, 2008.
5. ATLAS Collaboration.
Jet mass reconstruction with the ATLAS Detector in early Run 2 data.
Technical Report ATLAS-CONF-2016-035, CERN,
http://cds.cern.ch/record/2200211, Jul 2016.
6. Daniele Bertolini, Philip Harris, Matthew Low, and Nhan Tran. Pileup Per Particle
Identification. JHEP, 10:059, 2014.
7. CMS Collaboration. Search for heavy resonances decaying into a vector boson and a Higgs
boson in hadronic final states with 2016 data. Technical Report CMS-PAS-B2G-17-002,
CERN, http://cds.cern.ch/record/2256742, 2017.
8. ATLAS Collaboration. Top and Boson Tagger Signal Performance - Moriond2017. Technical report, CERN, http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM2017-004/.
9. ATLAS Collaboration.
Search for pair production of vector-like top quarks in
√
events with one lepton and an invisibly decaying Z boson in s = 13 TeV pp collisions at the ATLAS detector.
Technical Report ATLAS-CONF-2017-015, CERN,
http://cds.cern.ch/record/2257730, Mar 2017.
10. CMS Collaboration. Search for massive resonances decaying into WW, WZ, ZZ, qW and
√
qZ in the dijet final state at s = 13 TeV. Technical Report CMS-PAS-B2G-17-001,
CERN, http://cds.cern.ch/record/2256663, 2017.
11. Duccio Pappadopulo, Andrea Thamm, Riccardo Torre, and Andrea Wulzer. Heavy Vector
Triplets: Bridging Theory and Data. JHEP, 09:060, 2014.
12. Andrew J. Larkoski, Ian Moult, and Duff Neill. Power Counting to Better Jet Observables.
JHEP, 12:009, 2014.
13. Andrew J. Larkoski, Ian Moult, and Duff Neill. Analytic Boosted Boson Discrimination.
JHEP, 05:117, 2016.
14. ATLAS Collaboration.
Search for Heavy Resonances Decaying to a W or Z Bo√
s = 13
son and a Higgs Boson in the q q̄ (0) bb̄ Final State in pp Collisions at
TeV with the ATLAS Detector.
Technical Report ATLAS-CONF-2017-018, CERN,
http://cds.cern.ch/record/2258132, Apr 2017.

Searches for Supersymmetry at CMS
Rishi Patel on behalf of the CMS collaboration
Texas A&M University

Recent results on Supersymmetry from the CMS collaboration across a variety of signatures
√
are reported. The data for these results has been recorded in 2016 at s = 13 TeV and give
an integrated luminosity of 35.9f b−1 . The results are interpreted using simplified models.

1

Introduction

The Standard Model (SM) of high energy physics provides a remarkably solid description of
presently known phenomena. Yet, it remains clear that the Standard Model is a work in progress
that will have to be extended to energies much larger than the electroweak scale. One clue for new
physics is in the infamous hierarchy problem. Every particle that couples to the Higgs field results
in enormous quantum corrections from virtual effects to m2H . On the experimental frontier, one
expects to see new phenomena to extend the Standard Model. One of the attractive extensions
is Supersymmetry (SUSY), which establishes a relationship between fermions and bosons by
extending the space-time symmetry group underlying the Standard Model. In a ”Natural”
SUSY particle spectrum, the supersymmetric top (stop) would cancel quantum contributions
from the coupling to top resulting in less fine-tuning to solve the hierarchy problem. For this fine
cancellation, the SUSY particle masses would be roughly above one order of magnitude from the
electroweak scale. Even if ”Naturalness” is not realized, SUSY also provides regulating gauge
groups to preserve gauge coupling unification and in R-parity conserving models the lightest
stable SUSY particle provides a dark matter candidate. As a consequence, missing transverse
energy (MET) becomes an important experimental signature for R-parity conserving SUSY. 1
In this note a variety of preliminary SUSY searches at CMS 2 will be described. Each is
organized around a particular signature where the SM backgrounds are greatly suppressed. The
signatures are organized into simplified models where the signal cross-section depends mainly on
the mass of decaying SUSY particle and the SUSY particle decay branching fraction is 100% to
a final state of SM particles. Search regions are optimized to provide sensitivity across a range
SU SY − M SU SY where the lightest stable SUSY particle is the neutralino χ̃0 and
of ∆m = Mparent
1
lightest
results in the missing energy. The map of the observed upper limit on the cross-section can be
used to re-interpret the results for other SUSY models.

2

Searches for Gluinos and Squarks

In 2015, the LHC Run 2 started at the larger center-of-mass collision energy of 13 TeV compared
to the previous Run at 8TeV. This results in a significant enhancement of the production crosssection of heavy SUSY particles. In particular, the gain is significant for strongly produced
SUSY particles like gluinos and squarks which enables searches to exclude new regions of SUSY
parameter-space. Many inclusive searches target a range of hadronic final states with MET,
while more targeted searches focus on the phase space of stop decays. Figure 1 shows the
results for one of the gluino decay signatures g̃ → tt. The latest gluino exclusion extend to 8
times smaller cross-sections compared to the 2015 results presented at Moriond. The simplifying
assumption of off-shell stops in the decay chain is tested in final states with a single lepton in a
search with the masses of large-radius jets 3 . It confirms that the furthest excluded mass is only
SU SY where the kinematics is affected by the stop mass.
affected at very low Mlightest
One search by the CMS collaboration uses the azimuthal angle ∆Φ between the W-boson
candidate (vector sum of the lepton and the missing energy) and the lepton in the event to
separate SUSY signatures from the SM backgrounds with W-bosons decaying to leptons. This
search variable is optimized in bins of LT = p`T + M ET to maximize sensitivity across a range of
∆m for SUSY decays. The background is estimated using an ABCD method extrapolating from
low ∆Φ where the background is enriched to the signal region at high ∆Φ. The observations
are compatible with the inclusive searches as shown in Figure 1. 4

1600
1400
1200

35.9 fb-1 (13 TeV)
miss

SUS-16-033, 0-lep (HT )
SUS-16-036, 0-lep (MT2)
SUS-16-037, 1-lep (MJ)
SUS-16-042, 1-lep (∆φ)
SUS-16-035, ≥2-lep (SS)
SUS-16-041, ≥3-lep

Expected
Observed

1800

35.9 fb-1 (13 TeV)

CMS Preliminary

1600

∼
pp → ~
g~
g, ~
g → t t χ01
~ ~
∼
pp → ~
g~
g, ~
g → t1t, t1 → t χ01 (m~t1 - mχ∼ = 175 GeV)
0
1

0
1

CMS Preliminary

Moriond 2017

m∼χ [GeV]

1800

0
1

mχ∼ [GeV]

∼
pp → ~
g~
g, ~
g → t t χ01
2000

Observed

1400

Expected

1200
1000

1000
800
800
600
600
400

400

200

200
0

800

1000

1200

1400

1600

1800

2000

2200

m~g [GeV]

0
600

800

1000

1200

1400

1600

1800

2000

m~g [GeV]

Figure 1 – Summary of SUSY search results for the simplified model where g̃ → tt. (left) Decay proceeds via
off-shell stops. (right)Search results where the stops are on shell.

2.1

Stop Searches

The stop decays at small ∆m become experimentally challenging as decay products from off-shell
particles become soft. Three targeted stop searches give complementary sensitivity to different
decay modes of the stop as shown in Figure 2. The fully hadronic search 5 categorizes the top
decay products according to the boost of the top. The categories consist of the cases in which
the top can be resolved in jet cones (∆R = 0.4) or the top or W-boson can be reconstructed
in a large jet cone which happens at larger top pT . In the lowest ∆m region the analysis gains
some sensitivity by loosening the requirement on tagging bottom quarks and requiring a high
pT jet from initial-state radiation. Figure 2 shows this analysis has competitive sensitivity at
large ∆m and very low ∆m. Including a lepton in the search 6 allows to compute M (`, b) and
the transverse mass which suppresses a lot of the background from SM top and W-bosons. This
search gives competitive sensitivity for models where the stop decays to charginos and b-quarks.

600

Expected 0l analysis
Expected 1l analysis
Expected 2l analysis

102
10
1

400
10-1
200
χ∼ 0

1

t

t

m

0

~

=

m

+

m

10-2

200

400

600

800

1000

1200

10-3

800

0
~~ ~
±
±
pp → t1 t1, t1 → b ∼
χ ,∼
χ → W± ∼
χ NLO+NLL exclusion
1

600

35.9 fb (13 TeV)

CMS Preliminary
1

Observed ± 1 s.d.theory
Expected ± 1 s.d.exp.
mχ∼± = (m~ + m∼0)/2
t1

1

χ1

102

1

Expected 0l analysis
Expected 1l analysis
Expected 2l analysis

10
1

400
10-1
200

0
200

10-2

400

600

800

1000

m ~t [GeV]

1200

10-3

102

Observed ± 1 σtheory
Expected ± 1 σexperiment

80

10

70
60
50

1

40
30
20
10
300 320 340 360 380 400 420 440 460 480 500 520

10−1

m ~t [GeV]

m ~t [GeV]

1

33.2-35.9 fb-1 (13 TeV)

~~ ~
+
+
0
+
pp → t t , t → ∼
χ1 b, ∼
χ1 → ∼
χ1 W

90

1

~ ∼0
∆ m ( t, χ
) [GeV]

1

Observed ± 1 s.d.theory
Expected ± 1 s.d.exp.

-1

95% CL upper limit on cross section [pb]

1

m ∼χ0 [GeV]

0
~~ ~
pp → t1 t1, t1 → t ∼
χ NLO+NLL exclusion

1

35.9 fb (13 TeV)

CMS Preliminary
800

m ∼χ0 [GeV]

-1

95% CL upper limit on cross section [pb]

CMS Preliminary
100

95% CL upper limit on cross section [pb]

When the W’s become off-shell in this decay process the SUSY signature will look like a mono-jet
event. In this case, the background can be suppressed significantly by requiring an opposite-sign
pair of soft leptons 7 . This furthers the reach of sensitivity to very soft stop decay products.

1

Figure 2 – Summary of SUSY stop search results for simplified models where (left) t̃ → tχ̃01 (middle) and (right)
±
± 0
5 67
t̃ → bχ̃±
1 , χ̃1 → W χ̃1 (right) Zooms into the region with off shell W-bosons
10

3

6

Searches for Gauge Mediated SUSY

Conclusion

10
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In Gauge-mediated SUSY scenarios, decays to photons or vector bosons can occur along with
ETmiss depending on the Bino and Wino content of the mediating particles. Two complementary
searches with photons were presented 8 , 9 . The search that uses STγ = ETmiss + pγT is driven by
the photon momentum which is correlated to the parent neutralino mass. The sensitivity is
largest at higher neutralino masses and decreases at lower masses where the photon acceptance
is lower 8 as seen in Figure 3. If jets are included in the decay chain one can take advantage of
P
the combined jet and EM activity: EM HT = pγT + pjet
T , the jet activity now allows to boost
the signal acceptance in the low neutralino mass range as seen in Figure 3.
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4

SUSY Searches With Multiple Leptons

Final states with same-sign dileptons and three or more leptons are rare in the SM, so offer
a power handle to search for many SUSY scenarios. For multiple leptons, searches for strong
production as in g̃ → tt, can extend to lower Missing energy thresholds 11 . Of particular interest
is direct Electroweak production of SUSY, where Z and W bosons in the final state can lead to
multiple leptons. The summary of these searches is shown in Figure 4. Same-sign dileptons and
the soft opposite sign dileptons provide sensitivity to small ∆m decays where the leptons are
soft. A targeted Electroweakino search 12 , investigates the effect of the flavor of different slepton
mediators on the flavor content of the final state leptons.
5

Conclusion

√
The latest data collected at s = 13 TeV provides important constraints on a broad range of
SUSY models. Gluino exclusion extends from last year’s reach of 1.6 to 2.0 TeV for g̃ → tt.
CMS has also probed a range of stop decays in the regime of very soft decay products. GMSB
photon searches exploit the signature of high pT photons as well as jet activity. Light Higgsinos
masses are excluded between [225, 770] GeV for Higgsino decays to Higgs bosons resulting in
4 b-quarks. Multilepton searches extend strong SUSY production exclusion with lower ETmiss
thresholds and probe SUSY direct electroweak production. All results are shown in terms of
simplified models which can be reinterpreted in specific SUSY models.
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Supersymmetric models in view of recent LHC data
W. Porod
Institut für Theoretische Physik und Astrophysik, Uni. Würzburg,
Campus Hubland Nord, Emil-Hilb-Weg 22, D-97074 Würzburg, Germany
We summarize the status of various supersymmetric models in view of the existing LHC
data. A particular focus is on the implications of the measured Higgs mass on these models
which gives important constraints. We consider here minimal and non-mininal supersymmetric
extension of the Standard Model.

1

Introduction

The discovery of the Higgs boson at the LHC 1,2 marks one of the most important milestones in
particle physics. Its mass is known rather precisely: mh = 125.09±0.21 (stat.) ±0.11 (syst.) GeV 3 .
Moreover, the signal strength of LHC searches in various channels has been found consistent
with predictions of the Standard Model (SM). While this completes the SM particle-wise, several
questions still remain open, e.g. (i) Is it possible to include the SM in a grand unified theory
where all gauge forces unify? (ii) What stabilizes the Higgs mass at the electroweak scale? (iii)
Is there a particle physics explanation of the observed dark matter relic density?
Supersymmetry (SUSY) is still one of the best motivated extensions of SM addressing several
of these questions. Consequently, the search for SUSY is among the main priorities of the LHC
collaborations. Up to now no sign for supersymmetry or any significant deviation from the
Standard Model (SM) prediction has been found, e.g. in simplified models bounds on the gluino
mass of up to about 2 TeV have been set 4,5 exploiting about 36 fb−1 of data in each experiment.
These bounds depend on the spectrum and get reduced significantly if the spectrum is rather
compressed as has been noted early on 6 .
In the minimal supersymmetric standard model (MSSM) the mass of the lighter Higgs boson
is bounded to be below the mass of the Z-boson at tree level implying the need of very large
radiative corrections of about 90% and larger as m2h ' m2Z + 862 GeV. It has been known for
a long time that large radiative corrections due to the top-quark and stops, the scalar partners
of the top-quark, indeed exist as the top-Yukawa coupling is order 1. This requires that either
the geometric average of the stop masses MS2 = mt̃1 mt̃2 is large and/or the existence of a large
trilinear coupling At 7 as can be seen by inspecting the most dominant contributions which are
given by
"

3m4
MS2
∆m2h = + 2 t 2 ln
4π v
m2t

!

X2
+ t2
MS

Xt2
1−
12MS2

!#

.

(1)

Xt = At −µ cot β is a measure of the left-right mixing with µ being the higgsino mass parameter,
tan β = vu /vd the ratio of the two vacuum expectation values and v 2 = vu2 + vd2 = 4m2W /g 2 .

2

Implication for models with MSSM particle content

The question, to which extent the observed Higgs mass can be explained within a given supersymmetric high-scale model and what are the resulting implications on the spectrum has been
investigated by several authors. The main results can be summarized as follows: in minimal
gauge mediated SUSY breaking (GMSB) models one finds mt̃1 >
∼ 6 TeV with t̃1 being the light8
est among the coloured SUSY particles . The main reason is that at the so-called messenger
on finds At = 0 requiring the stops to be heavy. If this were realized in nature, the LHC at
14 TeV would not be able to discover SUSY. However, in case of extended GMSB models one
finds corners in parameter space9 with mt̃1 ' mb̃1 >
∼ 1 TeV which is the mass range explored by
the current LHC run 5 . In the constrained MSSM (CMSSM) or slightly extended versions with
non-universal Higgs mass parameters (NUHM-models) the explanation of the observed Higgs
mass implies 10,11,12 |A0 | ' 2m0 . Here A0 and m0 are the trilinear coupling and the common
scalar mass parameter, respectively, at the scale MGU T of grand unification. Fitting the CMSSM
to the Higgs mass taking into account low energy and LHC constraints one finds that the best
fit point 13 has the typical mass scales mg̃ , mq̃ >
∼ 2 TeV, ml̃R ' 600 GeV and mχ̃01 ' 450 GeV.
Thus, the up-to now negative search results is consistent with this part of the parameter which,
however, will be probed by the current and next LHC runs 4,5 . Even in more general high scale
models with non-universal parameter at MGU T one typically finds large trilinear couplings14 , e.g.
|A0 | ' (1 − 3) max(M1/2 , mQ3 , mU3 ). There is however a problem with large trilinear couplings
such as At or A0 as they potentially imply the existence of a global minimum of the scalar
potential which is colour and/or charge breaking. It has been shown that large regions of the
CMSSM parameter space with mh ' 125 GeV are indeed ruled out by color/charge breaking
minima 15 .
High scale models like GMSB or CMSSM imply a rather hierarchical mass spectrum of the
supersymmetric particles giving rise to hard jets and leptons at the LHC in combination with
large missing transverse momentum with only small/tiny SM background. However, in the
general MSSM where one can take some parts of the spectrum relatively compressed leading
to substantial reduction of mass the bounds of various supersymmetric particles 6,16,17,18 . A
particular subclass of the general MSSM are so-called ‘natural SUSY’ scenarios 19,20,21 . Here
the basic idea is to take only those SUSY particles close the electroweak scale which do give a
sizeable contribution to mh in order to avoid a too large fine-tuning of parameters of unrelated
sectors and to assign to all other particles masses at the multi-TeV scale. In particular, the
higgsinos, the partners of the Higgs bosons, and the light stop should have masses of the order
of a few hundred GeV. In addition the masses of the gluino and the heavier stop should be close
to the TeV scale. This implies a rather compressed spectrum of the lightest neutralinos and the
lightest chargino with mass differences of O(1 GeV) which are rather difficult to detect in direct
searches 22 at the LHC. While these models are interesting from the point of view of fine-tuning
they cannot explain the observed relic dark matter density as the annihilation cross sections of
higginos are rather large. Moreover, also this class of models requires large At and, thus, gets
constrained if one wants to avoid charge and colour breaking minima 23 . As already mentioned
above, data from the current LHC run imply mass bounds of up to mt̃1 ' 1 TeV assuming a
large mass hierarchy between the stop and the higgsinos 24 . However, we note for completeness
that even in Natural SUSY the higgsinos might have larger masses due to possible existence of
the soft SUSY breaking term 25 µ0 H̃u H̃d resulting in higgsino mass of order µ + µ0 .
3

Extended supersymmetric models

The requirement of having very large radiative corrections to explain mh is a hint to go beyond
the MSSM. In non-minimal extensions, the tree-level bound can be pushed to larger values due
to the extra F -contributions as in the next to minimal MSSM (NMSSM) 26 or due to extra Dterm contributions in models with an enlarged gauge group 27 close to the electroweak scale. As
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Figure 1 – Left: LHC constraints on combinations of mν̃R and µ due to chargino pair production pp → χ̃+
1 χ̃1 →
∗
l+ l− ν̃R ν̃R
. Right: LHC constraints on combinations of mν̃R and mL̃ due to slepton/sneutrino production in case
of an R-sneutrino LSP fixing µ = mν̃R + 25 GeV, M1 = M2 = 2 TeV, mνR = 20 GeV and tan β = 6. Red points
are excluded, blue ones are allowed and in case of the green ones no conclusive statement can be drawn, within
the known theoretical and experimental uncertainties. See ref. 34 for details.

examples we consider SO(10) inspired left-right symmetric models, which have several virtues:
(i) They gives an explanation of the observed neutrino masses and mixing pattern, (ii) They can
explain the conservation of R-parity as U (1)B−L is a subgroup of SO(10), (iii) The R-sneutrino,
the partner of the right-handed neutrino, is a potential dark matter candidate 28,29 . In view of
the Higgs mass, taking for example the breaking chain
SO(10) → SU (3)C × SU (2)L × SU (2)R × U (1)B−L
→ SU (3)C × SU (2)L × U (1)R × U (1)B−L ∼
= SU (3)C × SU (2)L × U (1)Y × U (1)χ
on obtains larger tree-level bounds such as 30 mh ≤ m2Z + 14 gχ2 v 2 where gχ ' gY reducing the need
for radiative corrections to about 50% which still is large but reduces the need for rather large
At and thus the danger of charge/color breaking minima. The additional particle content has
several phenomenological implications: (i) In particular in scenarios where a R-sneutrino is the
lightest supersymmetric particle (LSP) one finds an enhanced lepton multiplicity in the cascade
decays of supersymmetric particles 31 . (ii) The existence of a light additional, SM gauge singlet
Higgs boson 27,30,32 . (iii) Gauge kinetic mixing and additional Z 0 decay modes can significantly
alter the LHC bounds on the Z 0 mass 30,32 .
One might ask if the additional particle content can potentially solve the dark matter problem
of Natural SUSY. In principle, a light right-handed neutrino νR with a mass in the keV range can
do this as in the νSM 33 . We note for completeness that this is rather difficult to achieve such a
scenario in a simple SO(10) scenario. If this were the only change, then the LHC phenomenology
of Natural SUSY would not change. However, it might well be that the mechanism causing the
lightness of the νR implies also that the sleptons and sneutrinos are rather light. Assuming that
a R-sneutrino is the LSP one gets immediately constraints µ from higgsino pair production as
+
+
34
now the decay χ̃+
1 ' h̃1 → l ν̃R is allowed . Using 8-TeV and 13 TeV (with an integrated
luminosity L = 13.9 fb−1 ) LHC data one obtains a bound of about 380 GeV on µ provided
there is sufficient phase space. In case that also the usual sleptons have masses in the range of
a few hundred GeV, then they are mainly produced via pp → ˜lL ν̃L . In such a scenario one gets
constraints from LHC data on the soft SUSY breaking parameter ML̃ , which sets the mass scale
of the sleptons, of up to 580 GeV. We refer to ref. 34 for further details. Note, that these bounds
apply to any other model containing the corresponding particles.
4

Conclusions

Within the MSSM the explanation of the observed Higgs mass mh ' 125.1 GeV requires large
radiative correction. This can be either achieved via heavy stops and/or large left-right mixing. The latter can lead to charge/color breaking minima putting severe constraints on the
corresponding parameter space. Within high scale models such as CMSSM, NUHM or general

GMSB, squarks and gluinos have masses in the 1-2 TeV range in the corresponding parameter
regions which are currently probed at the LHC. If minimal GMSB were realised in nature then
the Higgs mass requires a spectrum of coloured SUSY particles beyond the reach of LHC at
14 TeV. In generic models with MSSM particle content the LHC bounds can be substantially
reduced if the spectrum is compressed. However, if this realized in Nature, this will require a
quite unusual pattern for supersymmetry breaking as the renormalisation group evaluation of
the underlying parameters yields a quite hierarchical mass spectrum in unified models.
The relatively large value of mh might be a hint to go beyond the MSSM as in non-minimal
models additional tree-level contributions to mh due to F-terms, like in the NMSSM, or due to
D-terms, like in models with extended gauge symmetries, reduce somewhat the need for large
radiative corrections. We have briefly sketched some important features of SO(10) inspired
models. Moreover, we have shown that in scenarios with an R-sneutrino LSP the LHC gives
bounds on electroweakly produced particles of up to 580 GeV.
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Search for high mass resonances with ATLAS
M.Testa On behalf of the ATLAS Collaboration
LNF-INFN, Frascati, Italy
Many theories beyond the Standard Model predict new phenomena accessible at the LHC.
These new effects may manifest themselves through the observation of new resonances decaying into hadronic and leptonic final states, or through modifications to angular and mass
distributions arising from new contact interaction scales. In this talk the most recent results
on these searches by the ATLAS Collaboration will be presented. Most of these studies are
based on the full dataset collected by the ATLAS detector at a centre-of-mass energy of 13
TeV in 2015 and 2016.

1

Introduction

The search of new physics beyond the standard Model (SM) at LHC is well motivated for
several reasons. Many experimental observations are not explained in the SM. They includes
the well known Dark Matter and Dark Energy presence, the baryon asymmetry and the neutrino
masses. From the theory point of view, issues of the SM are the unaccommodated gravity and the
unexplained hierarchical structure of the Yukawa couplings. Several models have been realized
to address the above issues. ATLAS has an extensive search program to prove or discard them.
2

Search of new phenomena in dijet events

Dijets final states are sensitive to a broad class of new phenomena and allow to search for
generic signatures of Beyond Standard Models (BSM) signals. The first signature is a localized excess in the invariant dijet mass distribution. In the SM, quantum chromodynamics (QCD) predict a smooth and monotonically decreasing distribution for the dijet invariant mass. Benchmark models used for this search are excited quarks (q ∗ ), quantum black
holes (QBH), new heavy vector bosons (W 0 , Z 0 ), excited chiral bosons (W ∗ ). The second
signature is a deviation of the dijet angular distribution from SM predictions. According to
QCD, most of dijet production occurs in the forward direction at small angles θ∗ , defined
as the polar angle with respect to the direction of the initial partons in the dijet center-ofmass frame. Many BSM theories predict additional dijet production with a more isotropic
signature, with jets produced at large θ∗ . The benchmark model used is a four-fermion effective field theory (contact interaction) characterized by a single energy scale Λ : Lqq =
2π
[η (q̄ γ µ qL )(q̄L γµ qL ) + ηRR (q̄R γ µ qR )(q̄R γµ qR ) + 2ηRL (q̄R γ µ qR )(q̄L γµ qL )]. The parameters ηij ,
Λ2 LL L
where i and j are L or R (left or right), define the chiral structure of the new interaction. Contact interactions with a non-zero left-chiral coupling (ηLL = 1, ηRR = ηRR = 0) are considedred
in this analysis. Events containing at least two jets are selected if the pT of the leading (subleading) jet is greater than 440 (60) GeV. To reduce the background from QCD dijet processes,
a requirement of |y ∗ | < 0.6 (1.2) is applied to the leading jets, where y ∗ = (y1 − y2 )/2 and y1,2
is the rapidity of the jet, for all the models except the W ∗ model (for the W ∗ model). More
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information can be found in 1 . Figure 1, left, shows the observed mjj distribution for events
passing the |y ∗ | <0.6 selection, overlaid with examples of the signals. The background estimate
is illustrated by the solid red line and is derived from a sliding-window fit which uses a set of
restricted regions of the mjj spectrum. The interval with the largest discrepancy between data
and fitted background estimates, found by the BumpHunter algorithm, is between 4326 - 4595
GeV and has a global significance of 0.63. Thus, there is no evidence of a localized contribution
to the mass distribution from BSM phenomena. For the search of anomalies in the angular dis∗
1+cos θ∗
tribution, the variable χ = e2|y | ∼ 1−cos
θ∗ , is considered, since the angular distribution dN/dχ
is approximately independent of χ. The dN/dχ distributions are analyzed in several bins of mjj .
The QCD dijet background is described by Monte Carlo simulation using Pythia calculations
at leading order in the QCD coupling constant. Mass- and angle-dependent corrections taking
into account next-to-leading order QCD and electroweak effects, are applied. The background
is normalized to data in each mjj bin. Figure 1, right, shows the angular distributions of data
in different mjj ranges, the SM prediction for the shape of the angular distributions, after it is
fit to data, and examples of the signals. The dominant uncertainty in the predictions of the χ
distributions is the jet energy scale uncertainty and the renomormalization/factorization scale
variation. No significant deviations of data from the background-only hypothesis is observed.
In Table 2 the 95% confidence level (CL) lower limits on the models are shown, as well as those
on the scale of the contact interactions for constructive and destructive interference.

2
0
−2

0.5
0
−0.5

q *, σ × 10
p -value = 0.63
Fit Range: 1.1 - 8.2 TeV
|y*| < 0.6
2

2

0.05
0.051

2

m7jj <10
4.6 TeV
34.3
4<
56
20 301
χ

2

m7jj <10
4.3 TeV
34.0
4<
56
20 30
χ

2

33.7
4<
56
20 301
m7jj <10
4.0 TeV
χ

2

33.4
4<
56
20 30
m7jj <10
3.7 TeV
χ

2

3 4 5 6 7 10

2

3 4 5 6 7 10

0.04
0.04

3

3

4

4

5
6
7 8 9
Reconstructed mjj [TeV]
5

6

7

JES Uncertainty

8

0.03
0.03
1
0.05
0.05

9

mjj [TeV]

0.04
0.04
0.03
0.03

2

3

4

5

6

7

8 9

mjj [TeV]

1

20 301
χ

20 30
χ

Figure 1 – Left: The reconstructed dijet mass distribution mjj . The vertical lines indicate the most discrepant
interval identified by the BumpHunter algorithm. The middle panel shows the bin-by-bin significances of datafit differences, considering only statistical uncertainties. The lower panel shows the relative differences between
data and the prediction of Pythia 8 simulation of QCD processes. The shaded band denotes the experimental
uncertainty in the jet energy scale calibration. Right: Reconstructed distributions of the dijet angular variable χ
in different regions of the dijet invariant mass mjj .

3

Search of new resonances decaying into a lepton and missing transverse momentum

Several BSM models introduce new heavy charged spin-1 gauge-bosons, generically referred
as W 0 . The analysis is performed in the W 0 → lν decay, characterized by a high transverse
miss
momentum lepton and significant missing transverse
qmomentum ET , searching for localized

excess in distribution of the transverse mass mT =

2pT ETmiss × (1 − cosφlν ), where φlν is the

angle between the lepton and ETmiss in the transverse plane. The Sequential Standard Model
0
(SSM) which introduces a WSSM
boson with couplings to fermions, identical to those of the

Model
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Figure 2 – The 95% CL lower limits on the masses of the new resonances of the benchmark models, as well as
those on the scale of contact interactions are shown.
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SM W boson, is used as the benchmark model. Exactly one lepton with pT > 65(55) GeV,
missing transverse energy larger than 65(55) GeV and mT > 130(110) GeV are required for the
electron and muon final state respectively. More information can be found in 2 . The fraction
of simulated signal events that pass the event selection described above amounts to 81% (77%)
for the electron channel and 50% (46%) for the muon channel for a W 0 mass of 2 TeV (4
TeV). Figure 3 displays the mT distribution in the electron and muon channels. The largest
background is due to quark-quark production of W -boson and is determined from Monte Carlo
simulation. The background from events where in which a final-state jet or photon passes the
lepton selection criteria, is determined using a data-driven method. In both the electron and
muon final state, no significant excess is observed. The observed (expected) limit on the mass
0
of the WSSM
is 5.11 (5.24) TeV, for the combination of the two final states.
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Figure 3 – Transverse mass distributions for events satisfying all selection criteria in the electron (left) and muon
(right) channels, for data and SM background estimates, as well as their ratio. As examples, expected signal
0
distributions for three different WSSM
boson masses are added to the SM prediction. The middle and lowers
panels show the ratios of data respectively to the expected background and to adjusted expected background
(“post-fit”) that results from the statistical analysis. The bands in the ratio plots indicate the sum in quadrature
of the systematic uncertainties.
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Search of new resonances in the dilepton final state
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Dileptons final states are sensitive to a broad class of new phenomena. Several BSM models
introduce new heavy spin-1 gauge-bosons, generically referred as Z 0 , whose decay would manifest
itself as a narrow resonance in the dilepton mass spectrum. Benchmark models considered in
these analysys are GUT-inspired E6 models, which predict two neutral gauge bosons mixing
to a physical state defined by Z 0 (θE6 ) = Zψ0 cos(θE6 ) + Zχ0 sin(θE6 ). Several values of θE6 are
used such that widths of these states vary from 0.5% to 1.2% of the resonance mass. Also the
0
SSM, which introduces a ZSSM
boson with couplings to fermions identical to those of the SM Z
boson, is used as the benchmark model. More information can be found in 3 . Events that have
at least two isolated electrons (muons) with ET (pT ) > 30 GeV are selected. Figure 4, left and
middle, displays the dilepton mass distribution in the electron and muon channels respectively.
The fraction of simulated signal events that pass the event selection amounts to 73% (44%) for
the electron (muon) channel for a Z 0 mass of 3 TeV. The largest background is due to Drell-Yan
production of Z-boson and is determinaed from Monte Carlo simulation. The background from
W +jets and multi-jet events where a jet passes the lepton selection criteria, is determinaed
using a data-driven method. In both the electron and muon final state, no significant excess is
observed and upper limits on the cross-section times the branching ratio for Z 0 bosons are set.
They are shown in fig. 4, right. In 4 the dilepton invariant mass spectrum has been also used to
set limit on BMS models that predict non resonant devations. The benchmark model is a fourfermion effective field theory (contact interaction) describing interactions or compositeness in
the process q q̄ → l− l+ , characterized by an energy scale Λ, as in the lagrangian of Sec. 2, where
the quarks in the final state are substituted by leptons. No deviations from SM expectations
are observed and limits on Λ between 16.7 and 25 TeV are set.

ATLAS Preliminary
s = 13 TeV, 13.3 fb-1
Z’ → ll

1

Expected limit
Expected ± 1σ
Expected ± 2σ
Observed limit

10-1

Z’SSM
Z’χ

10-2

Z’ψ

-3

1.4
1.2
1
0.8
0.6

100 200
100

200 300

10002000
1000

2000

Dielectron Invariant Mass [GeV]

Data / Bkg

Data / Bkg

10

10−2

10-2

1.4
1.2
1
0.8
0.6

10-4
0.5
100

200 300

1000

2000

Dimuon Invariant Mass [GeV]

1

1.5

2

2.5

3

3.5

4

4.5

5

MZ’ [TeV]

Figure 4 – Di-eletron(Left) and di-muon(Middle) invariant mass distributions for events satisfying all selection
criteria for data and SM background estimates, as well as their ratio. As examples, expected signal distributions
for three different Zχ0 boson masses are added to the SM prediction. The bands in the ratio plots indicate the sum
in quadrature of the systematic uncertainties. Right: upper 95% C.L. limits on the Z 0 production cross section
times branching ratio to two leptons as a function of Z 0 pole mass (MZ 0 ).
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Exotica searches in CMS
D. del Re
Università Sapienza, Rome and INFN Rome
The CMS experiment collected 36 fb−1 of pp collision data in 2016. Based on this statistics
different searches for new physics in several final states have been conducted. We present the
new results for final states with leptons and missing transverse energy, high momentum top
quarks, and high mass dijets.

1

Introduction

The increase in center of mass energy, which is now at 13 TeV, and the large luminosity delivered
by the LHC in 2016 allow for the search for new physics in an unexplored phase space. This
is particularly important for both the searches for high mass new resonances and for analyses
which require large statistics to better constraint systematic effects at lower masses. In this
report we describe the new analyses presented by the CMS experiment 1 and based on 2016
statistics. They regard the searches involving leptons and missing transverse energy in the final
states, predicted in seesaw models, searches with high momentum top quarks, predicted by
Vector-like quark models, and searches for high mass resonances, in top-bottom and dijet final
states, present in several beyond the standard model scenarios. All these searches supersede the
previous results based on both the data collected at 8 TeV center of mass energy and at 13 TeV
in 2015.
2

Search for New Physics in multileptons

The discovery of neutrino oscillations indicated that neutrinos are massive. Among the several
extensions of the standard model to address neutrino masses, the seesaw mechanism is one of the
most appealing possibility. In the type-III seesaw model the neutrino mass, which is a Majorana
particle, arises via the mediation of new massive fermions, Σ± and Σ0 , which decay in Z, W and
H bosons. In this analysis 2 these new fermions are produced in pairs and the final states with
multileptons and missing transverse energy are studied.
The sample is divided in 6 categories, depending on the number of leptons and on the value
of the reconstructed invariant mass of the dileptons present in the event, distinguishing the
cases where the mass is on, below, or above the Z boson mass. The main discriminant variable
used to check for the presence of the new massive fermions is the scalar sum of the transverse
momentum of all leptons and the missing transverse energy. An example of such variable for
the category with 3 leptons and a dilepton mass below the Z is shown in Fig.1. It can be noted
that the main backgrounds are represented by dibosons and misidentified leptons and this is
basically true for all categories. These backgrounds are extracted from control regions in data.
No significant excess is observed and upper limits on the production cross section and the
mass of the massive fermions are set under the hypothesis that new heavy fermions are degenerate

in mass and have the same couplings and branching ratios to leptons with different flavors. As
shown in Fig.1 the limit on the mass of new heavy fermions corresponds to 850 GeV, with an
improvements with respect to the previous 13 TeV limits of 400 GeV.
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Figure 1 – Left: distribution of the scalar sum of leptons transverse momentum and missing transverse energy
for events with three leptons and one lepton pair, with mass below-Z and ETmiss > 50 GeV. The total standard
model background is shown as a stack of all contributing processes. Right: 95% confidence level upper limits on
the cross section for the production of heavy fermion pairs compared to the theoretical cross section.

3

Searches involving boosted tops

Many searches for new physics involve the reconstruction of top quark decays. In the high-energy
regime, the event topology changes and top quark decay products become highly boosted, requiring the use of special identification algorithms. In the case the top decays fully hadronically,
the decay products appear as a single and wide jet. The top decays are identified first removing
low energy stuff, mainly due to pile-up using the so-called pruning algorithm. Then, jets originating from boosted electroweak bosons and top quarks are distinguished from those originating
from light quarks or gluons using the N − subjettiness variables. They exploit the fact that
the internal structure of W and top jets present subjets while the QCD jets are more standard.
In the case the top decays semileptonically the resulting lepton and jets are not separated and
modified isolation criteria need to be used. The fact that part of the jet energy may overlap
with the lepton is taken into account by an isolation cone that depends on the energy of the
lepton and become smaller for larger energies.
VLQ in Z-top final state
The first analysis is based on the Z-top final state 3 . It searches for 2/3 charge vector-like T
quarks, which are heavy partners of the top quark. The models involving these new quarks
are appealing because they solve the hierarchy problem since there are new particles running
in loops. The Z boson is reconstructed leptonically and the top fully hadronically with the
requirement of the presence of a b jet. The events are divided in 10 categories based on the
topology of the hadronic top decay, which is determined with the N −subjettiness variables, and
the possible presence of an extra forward jet. The main discriminating variable is represented
by the invariant mass of the reconstructed top and Z system. An example is shown in Fig.2
left. The main background is due to Z+jet events. It is extracted from control regions on data,
determined inverting the b tag requirement and it is properly taken into account when deriving

the signal yields. The limits on the mass of the top partner are within the range 0.85 - 1.45
TeV, depending on the production mechanism and the width of the particle.
X5/3 in Same-Sign Dilepton
The analysis searches for the production of 5/3 charge vector-like quarks (X5/3 ) in pairs 4 . Each
X5/3 further decays into a W boson and a t quark. W and t are required to decay in modes
with leptons and the final state is represented by two same-sign leptons and jets. The leptons
are selected with modified isolation to take care of the boost and the overlapping jets. The
background (mainly diboson and tt̄ events determined using simulation) is separated using the
scalar sum of the transverse momentum of all leptons and jets in the event. No significant excess
is observed and upper limits on the production cross section are set. The 95% CL limit on the
X5/3 mass corresponds to 1.16 (1.10) TeV on right- (left-) handed top partner.
W0 in tb final state
Many theories predict the existence of new heavy vector bosons (W0 ), which are connected to
new symmetries in the theories which solve the hierarchy problem. If the new resonance is
heavy enough, it can decay into W0 →tb. The search in this final state complements other W0
searches: in some models the tb decay is enhanced and it allows for a full reconstruction of the
W0 mass. In this analysis 5 the top quark decays semileptonically and the b quark is identified
with b tagging. The mass of the W0 is reconstructed after imposing the W mass constraint and
the presence of the neutrino introduces a quadratic ambiguity. The events are divided into 8
categories depending of the jet tranverse momentum, lepton flavor, and number of b-tagged jets.
No relevant excess is observed in any of the categories, thus allowing to put strong constraints
on the mass of the W0 . The results are interpreted in different scenarios. In the right-handed
case mass limits are in the range 3.4-3.6 TeV. The left- and right-handed coupling strengths to
fermions (aR and aL ) can be also varied. The resulting mass limits in the aR vs aL plane are
shown in Fig. 2 right.
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Figure 2 – Left: Z-top invariant mass for events with the Z boson decaying into muons compared with the
background estimates as derived from control regions. Right: observed limit on the W0 signal mass as function
of the left-handed and right-handed couplings. Black lines represent contours of equal mass.
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Search in dijet final state
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The dijet search represents the most sensitive search at the LHC to explore the high mass phase
space, thanks to the large cross section involving final states with jets 6 . The search is sensitive to
several scenarios of new physics, like excited quarks, strings, new heavy bosons, gravitons, and
dark matter. The analysis is simple and robust. Jets are reconstructed in wide cones (∆R=1.1)
to recover the final state radiation effects. A loose selection on kinematics is applied, basically
only a requirement on the difference in the pseudorapidity of the jets is used (∆η <1.3) to
reduce the overwhelming QCD contribution. To deal with the huge rate of selected events at
low masses (mjj <1.6 TeV), the events are reconstructed, selected, and recorded in a compact
form by the high-level trigger in a technique called data scouting.
The background contribution is extracted directly from a fit to the dijet invariant mass
distribution. The fit for the low masses is shown in Fig.3 left. No significant deviations from
the standard model are observed. The results are finally interpreted in different models, using
the proper mass lineshape for qq, gq, and gg resonances. The upper limits on the mass of the
resonance cover a wide range, as it can be seen from Fig.3 right. String resonances with masses
below 7.7 TeV, scalar diquarks below 7.2 TeV, axigluons and colorons below 6.1 TeV, excited
quarks below 6.0 TeV, color-octet scalars below 3.4 TeV, W0 bosons below 3.3 TeV, Z0 bosons
below 2.7 TeV, RS gravitons below 1.7 TeV and between 2.1 and 2.5 TeV, and dark matter
mediators below 2.6 TeV are excluded.
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Figure 3 – Left: Dijet mass spectra (points) compared to a fitted parameterization of the background (solid curve)
for the low-mass search. The lower panel shows the difference between the data and the fitted parametrization,
divided by the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon, quarkgluon, and quark-quark resonances are shown with cross sections equal to the observed upper limits at 95% CL.
Right: the observed 95% CL upper limits on the product of the cross section, branching fraction, and acceptance
for quark-quark, quark-gluon, and gluon-gluon type dijet resonances. Limits are compared to predicted cross
sections for different models.
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CP-symmetry of order 4: model-building and phenomenology
I. P. Ivanov
CFTP, Instituto Superior Técnico, Universidade de Lisboa, Portugal

We present a multi-Higgs model dubbed CP4 3HDM which, remarkably, combines the minimality in its assumptions with phenomenological richness and predictivity. It is based on a
single assumption: the minimal multi-Higgs model to incorporate CP -symmetry of order 4
(CP4) without producing accidental symmetries. It leads to a unique three-doublet model
with a constrained scalar potential which can be worked out analytically. We describe two
versions of this model: (i) when two extra doublets are inert, CP4 is conserved and leads to a
pair of scalar DM candidates with peculiar properties, and (ii) when CP4 is extended to the
Yukawa sector, leading to a few very restricted cases, which can, nevertheless, accommodate
all fermion masses, mixing, and CP -violation.

1

Building bSM models: balancing between the two extremes

Many aspects of the Standard Model (SM) leave theorists unsatisfied, including absence of dark
matter (DM) candidates, its ignorance of the origin of neutrino masses 1 and of CP -violation
(CPV) 2 , as well as quark and lepton mass and mixing hierarchies. These difficulties arise partly
due to the very minimalistic Higgs sector used in the SM, and this is why many models beyond
the SM (bSM) are based on extended Higgs sectors 3,4 . When building such models, one often
tries to balance two requirements: keeping as few extra assumptions as possible and producing
a model well compatible with experiment and sufficiently predictive to be tested in near future.
One wants to avoid two extreme cases: when one manages to describe all data at the expense of
excessively many new fields and assumptions, and the case when one produces a neat compact
bSM model with very few assumptions, which fails when compared to the real world.
A popular way to try to keep this balance is to constrain interactions with extra global
discrete symmetries 5,1 . For example, a typical N -Higgs-doublet model (NHDM) has hundreds of
free parameters in the scalar and Yukawa sectors. Imposing large non-abelian discrete symmetry
groups reduces this number to about a dozen, making the model highly predictive. It turns
out, however, that such models almost unavoidably lead to non-physical fermion sectors 6 : for
sufficiently large groups, there always remains some flavor symmetry in the vacuum, which either
leads to massless or mass-degenerate fermions, or produces insufficient mixing or CPV. On the
other hand, imposing smaller symmetry groups such as Z2 can lead to a good experimental fit

but it still leaves very many free parameters, which makes the analysis cumbersome and the
whole setting less attractive, see e.g. 7 .
Here, we report on a model developed in 8,9 which, remarkably, keeps extra assumptions
extremely minimal and, at the same time, produces a perfect fit to fermion masses, mixing, and
CPV, and has enough predictivity to be checked in the nearest future. As a bonus, it bears a
certain theoretical flair. It incorporates a feature never seen before in bSM models: a complex
scalar field which, although being CP -eigenstate, is not CP -even nor CP -odd but is, in a certain
sense, CP -half-odd.
2
2.1

CP4 3HDM
The model

The model assumes very little indeed. We just ask for the minimal NHDM implementing a CP symmetry of order 4 (CP4) without any accidental symmetries—and nothing else. This single
requirement leads to the unique 3HDM 10 based on a rather restricted potential V = V0 + V1 ,
with the phase-insensitive part
h

V0 = −m211 (φ†1 φ1 ) − m222 (φ†2 φ2 + φ†3 φ3 ) + λ1 (φ†1 φ1 )2 + λ2 (φ†2 φ2 )2 + (φ†3 φ3 )2

i

+ λ3 (φ†1 φ1 )(φ†2 φ2 + φ†3 φ3 ) + λ03 (φ†2 φ2 )(φ†3 φ3 ) + λ4 (|φ†1 φ2 |2 + |φ†1 φ3 |2 ) + λ04 |φ†2 φ3 |2 , (1)
with all parameters being real, and the phase-sensitive part
V1 = λ5 (φ†3 φ1 )(φ†2 φ1 ) +

i
λ6 h †
(φ2 φ1 )2 − (φ†1 φ3 )2 + λ8 (φ†2 φ3 )2 + λ9 (φ†2 φ3 )(φ†2 φ2 − φ†3 φ3 ) + h.c. (2)
2

with real λ5 , λ6 , and complex λ8 , λ9 . This potential is invariant under the generalized CP
transformation


1 0 0


(3)
φi 7→ Xij φ∗j , X =  0 0 i  .
0 −i 0
Since XX ∗ = diag(1, −1, −1), one needs to apply this CP transformation four times to get
the identity transformation, hence the label CP4. Higher-order CP transformations were well
known before 11,12,13 . In particular, several versions of the 2HDM incorporate CP4 in the scalar
and fermion sector 14,15,16 . However in all such models, the imposition of CP4 automatically led
to extra accidental symmetries including the usual CP . Our model is the first example which
avoids that, and it reveals new structural features arising exclusively from CP4.
Below, we will outline two variants of this model. One, dubbed DM CP4 3HDM, contains two
dark matter candidates coming from two additional inert doublets which are protected against
decay by the conserved CP4. The other is flavored CP4 3HDM, in which CP4 is extended to
the Yukawa sector but then get spontaneously broken to reproduce the physical fermion sector.
2.2

DM CP4 3HDM

Suppose φ2,3 are inert doublets: they do not contribute to the fermion and √
W/Z mass generation.
Then, their vacuum expectation values (vevs) must be zero: hφ01 i = v/ 2, hφ2 i = hφ3 i = 0.
The CP4 symmetry remains intact and it protects the lightest inert scalars from decay, making
them the DM candidates. By expanding the potential around the vacuum, we get the SMlike Higgs with mass m2hSM = 2λ1 v 2 = 2m211 , and a pair of degenerate charged Higgses with
m2H ± = λ3 v 2 /2 − m222 . The neutral inert scalar mass matrix splits into two 2 × 2 blocks with
q

the same eigenvalues M 2 , m2 = m2H ± + (λ4 ± λ25 + λ26 )v 2 /2, which are diagonalized by the
same rotation angle α defined as tan 2α = λ5 /λ6 but in the opposite directions. Denoting

the two heavier scalars as H, A and the two lighter scalars as h, a, we find that they are not
CP -eigenstates:
CP : H → A , A → −H , h → −a , a → h .
(4)
√
√
One can combine them into neutral complex fields, Φ = (H − iA)/ 2, ϕ = (h + ia)/ 2, which
are CP and mass eigenstates:
CP :

Φ(~x, t) → iΦ(−~x, t) ,

ϕ(~x, t) → iϕ(−~x, t) .

(5)

One can now quantify the CP properties with the global quantum number q defined modulo 4,
and assign q = +1 to Φ, ϕ, and q = −1 to their conjugate fields. All other neutral fields are
either CP -odd, q = 2, or CP -even, q = 0. Since CP4 remains intact, any transition between
initial and final states conserves total q. In particular, h and a (or ϕ and ϕ∗ ) are stable.
One may wonder if it is legitimate to call the very peculiar transformation law (5) the CP
rather than P transformation. The answer is that, while manipulating with the fields, we never
change the definition of the symmetry itself. The CP -transformation (5) is the same as in (3)
seen in different basis for neutral scalars. The presence or absence of complex conjugation in
the definition of how CP acts on complex scalar fields is, in fact, a basis-dependent feature in
the case of multiple mass-degenerate zero-charge fields, see details in 9 .
Concerning the DM evolution in early Universe, this model contains two mass-degenerate
DM candidates h and a which cannot coannihilate via Z boson. This is because the Z-inertinert interaction vertex always picks up the heavy sector scalar: ZHa or ZhA. The two DM
candidates can, of course, annihilate into SM particles. In addition, they can rescatter not only
via ha → ha or hh ↔ aa but also via aa ↔ ha ↔ hh, as there is no conserved quantum number
which counts h’s and a’s separately. However, the DM scattering off normal matter does not
lead to such transitions: h+SM 6→ a+SM.
2.3

Flavored CP4 3HDM

In the second version of the model we extend CP4 to the Yukawa sector. This is only possible if
CP4 involves family mixing in the fermion sector as well: ψi → Yij ψjCP , where ψ CP = γ 0 C ψ̄ T .
If we want the quark Yukawa lagrangian q̄L Γa dR φa + q̄L ∆a uR φ∗a + h.c. to be invariant under
CP4, we need to find such Yukawa matrices Γa and ∆a and such rotation matrices Y L , Y d , Y u
in the left and right quark sectors that the following conditions are fulfilled:
(Y L )† Γa Y d Xab = Γ∗b ,

∗
(Y L )† ∆a Y u Xab
= ∆∗b .

(6)

We solved these equations 9 under the simplifying assumption Y L = Y d = Y u and later without
it 17 . Let us highlight one particular case, in which Y has the same structure as X and




g11 g12 0


∗
∗
g11
0 ,
Γ1 =  −g12
0
0 g33





0
0 g13


0 g23  ,
Γ2 =  0
g31 g32 0





∗
0
0
−g23


∗
0
g13  .
Γ3 =  0
∗
∗
g32
−g31
0

(7)

Here, all parameters apart from g33 are complex. When
multiplied by vevs (v1 , v2 , v3 ), they
√
P
produce the down-quark mass matrix Md = Γa va / 2. Accompanied with the similar matrix
Mu for up-quarks, it will give the quark masses, mixing, and CP -violating phase. Since Γ1 has
degenerate eigenvalues, the unbroken CP4 with vev alignment (v, 0, 0) would lead to degenerate
quark masses. Thus, CP4 must be broken spontaneously, and the magnitude of v2 , v3 cannot
be too small as it governs the mass splitting. Γ2 and Γ3 , being very distinct from Γ1 , generate
large FCNC effects. To avoid immediate conflict with experiment, the SM-like Higgs boson must
receive only a small contribution from the second and third doublet, so a strong alignment in the
Higgs sector seems to be unavoidable. Thus, satisfying all Higgs and flavor physics constraints
becomes a non-trivial task within the particular case (7).

We have developed an efficient numerical scan of the scalar and Yukawa parameter space of
this model 17 . In the Yukawa sector, about half of our trial points produce models which are able
to fit all quark and lepton masses, mixing angles, and CP -violation. We are now implementing
it in computer packages for testing the flavor physics observables as well as the Higgs data and
the LHC searches constraints.
In summary, we proposed a multi-Higgs model which starts with a single input assumption
and leads to a well defined, analytically tractable model with very characteristic DM or flavor
sector features. The flavored version of this model is capable of describing all fermion masses,
mixing, and CP -violation, and seems to point to sizable FCNC effects, which we are now
investigating 17 .
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Magnetic monopole search in 13 TeV collisions with the MoEDAL experiment
P. Mermod, on behalf of the MoEDAL Collaboration
Département de Physique Nucléaire et Corpusculaire, University of Geneva,
1211 Geneva, Switzerland
The MoEDAL experiment at the LHC is designed to identify new physics in the form of
long-lived highly-ionising particles. Its arrays of plastic nuclear-track detectors and aluminium trapping volumes provide two independent passive detection techniques. The status
of the MoEDAL runs and analyses are presented, including the first constraints on magnetic
monopole production in 13 TeV proton-proton collisions using the innovative MoEDAL trapping detector, extending a previous publication obtained with 8 TeV data. The new search
probes monopole mass ranges previously inaccessible at colliders and sets the best collider
limits so far for magnetic charges ranging from two to four times the Dirac charge.

1

Introduction

The magnetic monopole is motivated by the symmetry between electricity and magnetism,
by grand-unification theories 1 , and by the fundamental argument advanced by Dirac that its
existence would explain why electric charge is quantised 2 . Dirac’s argument also predicts the
minimum magnetic charge that a monopole should carry, the Dirac charge gD , which is equivalent
to 68.5 times the elementary electric charge, thus implying that a fast monopole should ionise
matter at least thousands time more than a proton or electron.
Direct searches for monopoles were performed each time a new energy regime was made
available in a laboratory, including the CERN Large Electron-Positron (LEP) collider and the
Tevatron proton-antiproton collider at Fermilab, where isolated monopoles carrying one Dirac
charge were excluded up to masses of the order of 400 GeV 3,4,5 . Searches were also made in 7
and 8 TeV LHC collisions with the ATLAS and MoEDAL experiments, probing the TeV scale
for the first time and excluding masses up to about 1 TeV 6,7,8 . Since year 2015, masses up to
6 TeV can be probed in 13 TeV LHC collisions. To cover the broadest possible ranges of masses,
charges and cross sections, LHC searches for monopoles ought to use several complementary
techniques, including general-purpose detectors, dedicated detectors, and trapping 9 .

2

The MoEDAL experiment

The MoEDAL experiment 10 , which shares the LHC interaction point 8 with LHCb, is dedicated
to the search for highly-ionising particles. MoEDAL explores signatures which are difficult to
handle in general-purpose detectors as well as particle charges and masses beyond the reach of
other LHC experiments, using two complementary passive detection techniques: nuclear-track
detectors (NTDs) and trapping detectors. MoEDAL also continuously monitors the radiation
environment with a TimePix detector array.

2.1

MoEDAL NTDs

Plastic NTDs are exposed to the high-energy collisions and then etched by a chemical process
to reveal micrometer-sized regions where molecular damage occurred. The passage of a particle
undergoing energy loss above a certain threshold is observed as etch-pit cones with an optical
microscope 11 . Two different plastics with different thresholds are used, CR39 and Makrofol,
sensitive to relativistic particles with charge higher than 5e and 50e respectively (remembering
that one Dirac charge is equivalent to 68.5e). These are arranged into stacks to allow to track
candidates in successive foils.
The NTD stacks exposed to 13 TeV collisions since 2015 are placed at various locations in
the VELO cavern around the LHCb interaction point: on the walls (at a typical distance of
2 − 3 m); on a tray just above the VELO vessel (at ∼ 1.1 m); and hanging in the forward region
within the LHCb acceptance (a thin Makrofol-only stack, at ∼ 2.2 m). These are replaced about
twice a year to limit radiation damage. The samples which were exposed in 2015 and 2016 are in
the process of being analysed with the intention of taking full advantage of the great possibilities
offered by modern machine vision such as high scanning speed, high resolution, high contrast,
3D imaging, digital data storage, and pattern recognition.
2.2

MoEDAL trapping detector

The presence of a monopole which stops and remains trapped in exposed material around the
interaction points can be unambiguously revealed in the form of a persistent current after passage
through a superconducting coil. The technique assumes binding of monopoles to matter – for
instance the monopole-nucleus binding energy in the case of 27
13 Al is expected to be of the order
of 100 keV 12 .
The forward trapping detector volume was analysed using a SQUID-based magnetometer
after exposure to 13 TeV proton-proton collisions. It consists of 672 square aluminium rods
with dimension 19×2.5×2.5 cm3 for a total mass of 222 kg in 14 stacked boxes which are placed
under the beam pipe on the side opposite to the LHCb detector at a distance of ∼ 1.6 m. Two
additional identical volumes are placed at ∼ 2.5 m on the sides of the VELO vessel and exposed
to the collisions but have not yet been analysed.
While the trapping detector has a low acceptance compared to the MoEDAL NTDs, it has
the three attractive advantages of simplicity, speed of result delivery, and complementarity. A
prototype exposed to 8 TeV collisions resulted in the first MoEDAL physics publication 8 , and
the exposure of the forward trapping detector in 2015 resulted in the first LHC monopole search
in 13 TeV collisions, as described below and detailed in Ref. 13 .
3

Magnetometer data and analysis

All 672 samples of the forward trapping detector array exposed to 13 TeV collisions in 2015 were
scanned with a superconducting magnetometer located at the laboratory for natural magnetism
at ETH Zurich. For each of these, the persistent current after passage through the sensing
coil was measured, as shown in the top panel of Fig. 1. A calibration performed with two
independent methods is used to translate the magnetometer output into a magnetic charge in
units of gD . Samples with persistent current exceeding 0.25 gD (20 in total) were set aside as
candidates. As shown in the bottom panel of Fig. 1, multiple measurements performed on the
20 candidates exclude the monopole hypothesis even in those samples.
4

Results

No monopole was observed in any of the samples for an exposure of 0.371 fb−1 of 13 TeV
collisions. For various monopole masses and charges, the probability that the monopole will

Figure 1 – Top: persistent current (in units of gD after application of a calibration constant) after first passage
through the magnetometer for samples of the MoEDAL forward trapping detector exposed to 0.371 fb−1 of 13 TeV
pp collisions. Bottom: results of repeated measurements of 20 candidate samples with absolute measured values
in excess of 0.25gD .

come to rest inside the trapping volume in an event in a given pair-production process such as
Drell-Yan (DY) and uncertainties in this probability are obtained from detailed simulations 13 ,
and cross-section limits are extracted, as shown in Fig. 2.

Figure 2 – Cross-section upper limits at 95% confidence level for DY monopole production in 13 TeV pp collisions as
a function of mass for spin-1/2 (left) and spin-0 (right) monopoles. The colours correspond to different monopole
charges. Acceptance loss is dominated by monopoles punching through the trapping volume for |g| = gD while
it is dominated by stopping in upstream material for higher charges, explaining the shape difference. The solid
lines are DY cross-section calculations at leading order.

Taking the DY spin-1/2 cross sections as a benchmark, these limits translate into mass limits
of the order of 1 TeV for magnetic charges ranging from 1 gD to 4 gD .

5

Conclusions and outlook

MoEDAL is a dedicated LHC experiment for searching for new charged long-lived particles
using a robust design relying on passive detector techniques, complementary to general-purpose
experiments. The first results from the pioneering MoEDAL trapping detector set the first
monopole constraints in 13 TeV collisions, probe masses in the TeV regime for up to 4 gD , and
set the best ever collider limits for |g| > gD 13 .
The comprehensive programme of searches for monopoles at the LHC 9 is continuing in
run-2, with the ATLAS detector (covering magnetic charge up to 2 gD with a dedicated event
trigger 7 ), the MoEDAL NTDs and the full MoEDAL trapping array (covering charges up to 9
gD ), and trapping in beam pipes (sensitive to high charges, above 6 gD ).
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tt + X production at the ATLAS and CMS experiments
L. Beck on behalf of the ATLAS and CMS experiments.
Vrije Universiteit Brussel Physics Department, Belgium

After a successful Run 1 in which the top quark was rediscovered and analysed, Run 2 is
underway with many top quark analyses produced on the initial datasets collected. CMS 1
and ATLAS 2 have both collected ≈ 40 fb−1 of data at this time, with much of it still to
be analysed. Analyses of inclusive and differential tt cross sections will be presented here,
alongside studies of tt production plus extra bosons or heavy quarks. The results presented
√
√
are predominately from s = 13 TeV analyses with a number of s = 8 TeV analyses.

1

Introduction

Top quark physics is a key area to search for physics beyond the standard model (BSM) as top
quark processes are often the dominant background of BSM searches. Precision studies of tt
processes can also show deviations from the standard model (SM). Top quarks almost exclusively
decay into a bottom quark and a W boson. The W boson may decay hadronically or leptonically,
dictating the final states which can be observed. Algorithms can be used to ‘tag’ b-quark jets.
2

Inclusive tt

In the dilepton channel, both CMS 4 and ATLAS 3 produced results using events with an opposite
√
sign eµ to determine the tt cross section at s = 13 TeV. The results are
CMS : σtt = 815 ± 9 (stat) ± 38 (syst) ± 19 (lumi) pb

(1)
ATLAS : σtt = 818 ± 8 (stat) ± 27 (syst) ± 19 (lumi) ± 12 (beam) pb
√
In the single lepton channel at s = 13 TeV, a more complicated analysis has been produced
by CMS using 2.6 fb−1 of data 5 . A maximum likelihood fit is performed in three categories: the
number of events with 0 b-tagged jets, the invariant mass distribution of the lepton and b-tagged
jet (M(l,b)) in events with 1 b-tagged jet, and to the minimum value of M(l,b) distribution in
events with 2 b-tagged jets. Results are combined across the single electron and single muon
final states. This produces a measurement of σtt = 835 ± 3 (stat) ± 23 (syst) ± 23 (lumi) pb.
√
These measurements at s = 13 TeV are consistent with the SM prediction from QCD theory
calculations at NNLO, σtt = 832+20
−29 (scale) ± 35 (PDF + αS ) pb.

√
ATLAS recently published a Run 1 measurement of the tt cross section at s = 8 TeV using the
τ +jets final state 6 . In this analysis the hadronic 1-prong and 3-prong decays were used. The
result was consistent with the CMS τ +jets measurment 7 , measurements of the tt cross section
√
at s = 8 TeV in other final states, and with the theory expectation, as shown below. An upper
limit was also placed of 22(22+2
−1 ) observed (expected) on any non-SM process.
CMS : σtt = 257 ± 3 (stat) ± 24 (syst) ± 7 (lumi) pb

ATLAS : σtt = 239 ± 4 (stat) ± 28 (syst) ± 5 (lumi) pb
Theory : σtt =

3

253+13
−15

(2)

pb

Differential tt

In the CMS lepton+jets study using resolved topologies, it was found that the parton-level
distributions were dominated by the parton shower and hadronisation modelling uncertainties 8 .
The measured cross sections were also found to be slightly lower than the theoretical predication
but still within the uncertainty on the expectation. ATLAS studied the lepton+jets final state
both in the resolved and boosted topologies 9 . It was found that none of the Monte Carlo
(MC) generators could correctly predict the distributions for all variables studied. However,
powheg +pythia8 was found to best describe the observed data for the distribution of the
pT of the top quark (ptop
T ). In the dilepton channel ATLAS found that all MC generators were
consistent with the observed data except for powheg-box +herwig++, which deviates in the
10
distributions of ptop
T and the invariant mass distribution of the tt pair . In the all-hadronic final
state, ATLAS studied boosted topologies and found good agreement with the SM up to 2 TeV 11 .
CMS studied both the resolved and boosted topologies in the all-hadronic final state 12 . The two
topologies were combined and good agreement was found in the overlap region of ptop
T ≈ 500 GeV
(see Fig. 1). As found in previous studies, the observed pT spectrum falls more steeply than the
theoretical prediction from leading-order (LO) and next-to-leading-order (NLO) MC generators.
4

Studies of jet activity in tt events

The jet activity in tt events was studied by ATLAS for a number of generators 13 . The oppositesign eµ dilepton channel was used with the requirement of ≥ 2 b-tagged jets. Jets which are
in addition to the two highest-pT jets are termed ‘additional jets’. Distributions of the additional jets show that powheg +pythia6 (with RadHi tune), MG5 aMC@NLO+herwig++,
and sherpa perform the best. All prediction using the herwig7 generator have bad agreement
with the observed data, however, the settings for this generator will be optimised for future MC.
As none of the ME generators describe the data best for all PS generators and vice versa, it
has been deduced that the matching between the matrix element (ME) and parton shower (PS)
generators plays an important role in achieving good agreement between data and simulation.
In Run 1 the optimal simulation tune was found to be the LO generator MG5.1.3.30 (with
3 additional partons) + pythia6.425 (Z2* tune), which had good agreement except in the
distribution of ptop
T . In Run 2, the use of NLO generators has provided better modelling of the
signal and background processes and reduced systematics. CMS assessed the effect of tuning the
αS parameter in pythia8 and the hdamp parameter in powhegv2 14 . These parameters were
optimised on Run 1 data and used in Run 2 analyses. Optimising these parameters improved
the tt kinematics, except in MadGraph with MLM matching. The missing transverse energy
and HT distributions remained relatively unchanged which is important for not biasing searches
which fit to these distributions. However, care should be taken if searches for new physics in ttlike processes depend on the jet multiplicity, the pT of the tt system or the pT of additional jets.
Good agreement has been observed in all variables except for ptop
T , which means it is optimised to
the same extent as the Run 1 simulation. ATLAS has tuned the parton shower parameters, with

respect to the modelling of tt, on Run 2 data 15 . It was observed that the powheg +herwig++
sample has more jets and a much softer pT spectrum than other generators, which gives a worse
description of the data than the powheg +pythia6 sample (see Fig. 1). Studies from CMS have
shown that powheg +herwig++ describes ptop
T better than powheg +pythia8, however the
latter is better at describing all other variables studied 8 . Overall the new optimised powheg
+pythia8 setup has led to an improved description of the observed data and importantly the
tuning parameters are consistent between ATLAS and CMS.

Figure 1 – The pT of the hadronic top-quark for a variety of generators 15 (left). Ratio to the powheg generator
of the leading top quark 12 distribution for data and alternative generators (right).

5

tt + bosons or heavy quarks

The ttW and ttZ process were first observed in Run 1 by both the ATLAS and CMS experiments.
In Run 2, further measurements are made using a likelihood fit in regions defined by the number
of leptons (e or µ), jets and b-tagged jets. The results for CMS 16 and ATLAS 17 are shown
below.
Table 1: The ttZ and ttW cross sections at

CMS
ATLAS
Theory

√
s = 13 TeV for CMS, ATLAS and from theory

σttZ (pb)

σttW (pb)

+0.16
0.70−0.15
(stat)+0.14
−0.12 (sys)
0.9 ± 0.3
0.84 ± 0.1

+0.22
0.98+0.23
−0.22 (stat)−0.18 (sys)
1.4 ± 0.8
0.60 ± 0.06

Currently the results are dominated by the statistical uncertainty, which will be improved
as more data is collected and studied.
While ttW and ttZ are important backgrounds for searches for ttH, ttbb production is
an important background particularly for ttH where H→bb. CMS produced a result on the
opposite-sign dilepton channel 18 . After a requirement of ≥ 4 jets and ≥ 2 b-tagged jets, a
likelihood fit is made to the b-quark jet discriminator distributions of the 3rd and 4th highest
ranked jets. It is worth noting that this study was performed before the αS tuning to the
tt simulation was performed. The measurements are compatible with the expectation from
powheg +pythia8 and are shown in Table 2.
In the search for SM tttt production, there is currently not enough data to measure this
process and so limits are placed on the cross section. Similar selection requirements are made to
tt analyses but with extra jets, as tttt events tend to be higher in jet multiplicity. The general
strategy for all tttt analyses is to categorise according to the number of jets and/or b-tagged jets
and perform a likelihood fit to either a simpler variable like HT or a more complicated variable

from the POWHEG simulation (interfaced with PYTHIA) within one standard deviation. The
measured cross sections in the visible and full phase space are presented in Table 3.
Table 3: The measured cross sections sttbb and sttjj and their ratio are given for the visible phase
space defined as exclusively two leptons with pT > 20 GeV and |h | < 2.4 plus 4 jets, including
two b jets with pT > 20 GeV and |h | < 2.5, and the full phase space, corrected for acceptance
and branching fractions. The uncertainties shown are statistical and systematic, respectively,
√
for the measurements.
Table 2: The ttbb cross sections at s = 13 TeV from the CMS experiment
Phase Space
Measurement
Visible
Full
Simulation (POWHEG)
Visible
Full

sttbb [pb]

sttjj [pb]

sttbb /sttjj

0.085 ± 0.012 ± 0.029
3.9 ± 0.6 ± 1.3

3.5 ± 0.1 ± 0.7
176 ± 5 ± 33

0.024 ± 0.003 ± 0.007
0.022 ± 0.003 ± 0.006

0.070 ± 0.009
3.2 ± 0.4

5.1 ± 0.5
257 ± 26

0.014 ± 0.001
0.012 ± 0.001

such as
output discriminator of a boosted decision tree. The tttt production cross section
7 the
Summary
can be enhanced by several BSM models. Results are shown in Table 3.

A measurement of the cross section ratio sttbb /sttjj is presented using a data sample produced
p
after collisions at s = 13 TeV, corresponding to an integrated
luminosity of 2.3 fb 1 . The inSM
Table 3:
SM
tttt
production
limits
in
units
of
the
SM
prediction
σ
.
refers
a combination
tttt CMS
dividual cross sections sttjj and sttbb have also been determined.
Thecombination
cross section
ratiotowas
of three results from lepton+jets, opposite-sign and same-sign dilepton analyses.
measured in a visible phase space region using the dilepton decay mode of tt events and corrected to the particle level, corresponding
to the
detector
acceptance.
SM measured cross secSM
) Expected (×σtttt
)
Luminosity
(fb−1
) Observed
(×σThe
tttt
tion ratios in the visible
and
full
phase
space
are sttbb /sttjj = 0.024 ± 0.003
(stat) ± 0.007 (syst)
19
CMS
Combination
2.6
7.2
7.5
and sttbb /sttjj = 0.022 ±200.003 (stat) ± 0.006 (syst), respectively, requiring a minimum pT for the

ATLAS lepton+jets
CMS same-sign dilepton 21

6

36
36

6.5
4.6

9.1
3.0

Conclusion

√
There have already been many measurements of tt + X processes using s = 13 TeV data
from Run 2 at the LHC. These include inclusive and differential cross section measurements,
studies of ttZ, ttW, ttbb and tttt, and studies of the jet activity in tt. All searches so far
have been consistent with the SM expectation and the limit on the tttt process is approaching
its SM expectation as the amount of data studied is increased. The Run 1 measurement of
the tt inclusive cross section in the τ +jets final state has also been presented and agrees with
measurements in other final states and the theoretical predication.
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DETERMINING THE STRONG COUPLING CONSTANT FROM THE TOP
QUARK PAIR PRODUCTION CROSS SECTION
T. KLIJNSMA
Institute for Particle Physics, ETH Zurich, Switzerland
The top quark pair production cross section is sensitive to the strong coupling constant αs
through both the parton distribution functions as well as through the hard-scattering matrix
element. Seven measurements are compared with the latest theoretical predictions in order
to determine αs at a precision comparable to determinations currently included in the world
average value computed by the Particle Data Group. In order to obtain a best estimate,
results from individual determinations are combined using a likelihood-based approach.

1

Introduction

Considering the quark masses as fixed, the strong coupling constant αs is the only free parameter
of the quantum chromodynamics (QCD) lagrangian. It enters into every particle physics process
that involves the strong interaction. Despite the small relative uncertainty of 0.9% on the current
world average computed by the Particle Data Group 1 , αs has a significant impact on many
important observables in particle physics, such as Higgs production cross sections.
The top quark pair production cross section σtt̄ is particularly sensitive to αs . Its dependence
on αs enters in the parton distribution functions through the DGLAP evolution equations, and
in the hard-scattering matrix element. With the top quark mass considered fixed, αs can be
determined from σtt̄ measurements with a precision comparable to other αs determinations
currently included in the world average, using the latest theoretical predictions at next-to-nextto-leading order (NNLO) 8,9 .
√
Currently there exists one αs determination from σtt̄ , using data at s = 7 TeV from the
CMS detector at CERN 2 . The result of this determination is αs = 0.1151+0.0028
−0.0027 , classifying it
as one of the lower results included in the world average. Since that work, a number of new
σtt̄ measurements have been published: From both the CMS Collaboration and the ATLAS
Collaboration, there are now results available at 7, 8 and 13 TeV 3,4,5,6 , and from Tevatron a
combination of measurements from the D0 and CDF collaborations is available 7 . Besides new
measurements, also new versions of parton distribution functions have been published. The aim
of our analysis is to determine αs from σtt̄ using the latest theory predictions and including the
latest experimental results.
2

Theoretical prediction for σtt̄

The theoretical prediction for the top quark pair cross section σtpred.
as a function of αs is
t̄
(αs ) is comcomputed using cross section evaluations from the program top++ 2.0 8,9 . σtpred.
t̄
puted for all values of αs included in the PDF set, and a polynomial fit is applied to obtain a
parametrization of the cross section as a function of αs .

The renormalisation scale µR and the factorisation scale µF are set to the top quark pole
mass for the theoretical prediction. The scale uncertainty is taken into account by independently
varying µR and µF up and down by a factor of 2, under the constraint that 12 ≤ µR /µF ≤ 2.
The maximum variations are taken to represent a 68% confidence interval, in contrast to the
2
assumed 100% (flat) confidence
√ interval used in Ref . While this leads to a scale uncertainty
that is larger by a factor of 3, we believe that this more conservative choice is justified in the
context of αs determinations.
2.1

Theoretical uncertainty due to the top quark mass dependence

The measurements of the cross section σtexp.
depend on the top mass mt through the acceptance
t̄
exp.
corrections, where the parametrization σtt̄ (αs ) is given for each individual measurement. The
predicted cross section depends on the top mass as well. For convenience we combine both mt
dependencies into a single effective cross section:
pred.
σteff.
(mt ) ·
t̄ (mt ) = σtt̄

σtexp.
(mref
t )
t̄
,
exp.
σtt̄ (mt )

(1)

where the reference value of the top mass mref
t is taken to be 173.2 ± 1.4 GeV, which corresponds
to the world average value computed by the Particle Data Group 1 . The uncertainty on σtt̄ due
to the top mass uncertainty is then computed by varying the top mass in the effective cross
section.
2.2

Choice of PDF sets

We impose a number of requirements on the PDF sets to be used for the determination. Firstly,
only the latest versions of PDF sets available in LHAPDF are considered. Secondly, in order
to obtain a parametrization of σtpred.
(αs ), the PDF set should contain enough αs fit points.
t̄
Finally, the inclusion of top data in the global fit of the PDF would bias the determination,
and we thus require the PDF set to contain no top data from the experiments that supplied
the σtt̄ measurements. From all available PDF sets, these requirements yield only two options:
CT14 11 and NNPDF30 nolhc 10 . The PDF uncertainty of the CT14 PDF set is provided at
a 90% confidence level, and is scaled by √12 erf(0.90) in order to portray all uncertainties at
68% confidence level. We will be using results obtained at both plain NNLO and NNLO with
threshold resummation (NNLO+NNLL), as the necessity of threshold resummation has not been
proven without a doubt.
3

Measurements of σtt̄

In total seven measurements from the LHC and Tevatron are included in the determination.
The measurements and their experimental uncertainties are listed in Table 1.
Table 1: Cross sections and experimental uncertainties for the used σtt̄ inputs 7,3,4,5,6 .

CMS (7 TeV)
CMS (8 TeV)
CMS (13 TeV)
ATLAS (7 TeV)
ATLAS (8 TeV)
ATLAS (13 TeV)
Tevatron (1.96 TeV)

σtt̄ [pb]
182.9
242.4
792.0
173.6
244.9
818.0
7.60

Stat. unc. [pb]
3.1
1.7
8.0
2.1
1.4
8.0
0.20

Syst. unc. [pb]
4.2
5.5
37.0
4.3
5.9
27.0
0.29

Lumi. unc. [pb]
3.6
7.5
21.0
3.8
6.4
19.0
0.21

Ebeam unc. [pb]
3.3
4.2
11.6
3.0
4.2
12.0
0
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Determination of αs from σtt̄ measurements
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A two-dimensional likelihood function dependent on σtt̄ and αs is constructed by multiplication
of the probability distribution functions of the predicted and measured cross sections (drawn
in green in Fig. 1(a)). This function is marginalized by integrating over σtt̄ , yielding a onedimensional likelihood function dependent only on αs (drawn in green in Fig. 1(b)). The central
value of αs is taken to be the maximum of this function, and the error is taken to be the
68% confidence interval. The procedure is graphically illustrated in Fig. 1, using data from
√
the CMS experiment at s = 7 TeV and the NNPDF3.0 nolhc PDF set. All results with the
NNPDF3.0 nolhc PDF (at NNLO) set are shown in Table 2.
Projection on αs axis

0.03

0.11784
0.025
0.02
0.12264
(+0.00480)

0.11302
0.015 (-0.00482)

68%

0.01
0.005
0

0.11

0.115

(a)

0.12

0.125

αs
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Figure 1 – (a) The central values and 1σ deviations for the predicted (blue) and the experimental cross section
(red) and the product of the probability distribution functions (green). The markers on the predicted cross section
indicate the fit points from top++2.0. (b) Marginalisation of the joint posterior with Bayesian confidence interval.
√
This example uses data from the CMS experiment at s = 7 TeV and the NNPDF3.0 noLHC PDF set.

Table 2: Results for the strong coupling and individual uncertainty contributions. These are based on

cross sections calculated at NNLO using the using the NNPDF3.0 nolhc series of PDFs, at plain NNLO.
ATLAS (7 TeV)
ATLAS (8 TeV)
ATLAS (13 TeV)
CMS (7 TeV)
CMS (8 TeV)
CMS (13 TeV)

5

Center
0.12056
0.11651
0.11827
0.11784
0.11700
0.11575

Stat.
0.000915
0.000388
0.000692
0.000638
0.000320
0.000700

Syst.
0.001240
0.001266
0.002332
0.001289
0.001351
0.003243

Lumi.
0.001062
0.001726
0.001643
0.001154
0.001468
0.001841

Ebeam
0.000974
0.000966
0.001037
0.000912
0.000965
0.001018

PDF
0.002587
0.002534
0.002037
0.002663
0.002520
0.002068

Scale
0.002681
0.002895
0.003183
0.002758
0.002880
0.003233

mt
0.001978
0.002146
0.002391
0.002057
0.001981
0.001795

Combination of determination results

In order to combine determination results from the different experiments, the correlations between uncertainty sources have to be carefully taken into account. We have opted for a likelihoodbased approach 12 , where the correlations are included as nuisance parameters. The probability
distribution function of a nuisance parameter j is taken to be Gaussian with a mean of 0 and a
standard deviation of 1:
pdfθj = Gauss( θj , 0, 1 ) .

(2)

The probability distribution function of a determination i is taken to be an asymmetric Gaussian,
where the mean is the determination result αs,i and the standard deviation on the left (right)

side is the total down (up) uncertainty (∆± ) due to uncorrelated sources:

!2
P
j

α
+
θ
·
δ
−
α
s,i
j
s
1

j
i


√
exp
if αs ≤ αs,i


∆−
 2π∆−
pdfαs,i (αs , θ) =
!2
P

j


α
+
θ
·
δ
−
α
s,i
j
s
1

j
i


if αs > αs,i
exp
 √
∆+
2π∆+

.

(3)

Here δij is the uncertainty on determination i due to correlated uncertainty source j. The amount
by which the probability distribution function is affected is dependent on the corresponding
nuisance parameter. θ is the list of all nuisance parameters.
The global likelihood function is constructed as the product of the probability distribution
functions of the individual experiments and of the nuisance parameters:
Y
Y
L(αs |θ) =
pdfαs,i (αs , θ) ×
pdfθj .
(4)
i

j

Finally, the test statistic q is computed:
q(αs ) = −2 log

ˆ
L(αs , θ̂)
L(α̂s , θ̂)

.

(5)

Here L is maximized for variables which carry a hat. The quantity L(α̂s , θ̂) is therefore the
global maximum likelihood, which is by construction at q = 0. As q is χ2 -distributed with 1
degree of freedom, the 68% confidence interval is determined by the interval between the points
at which q = 1.
6

Results and conclusions

Due to the strong influence of the assumed correlation structure of the theoretical uncertainties
on the final result, we exclude the theoretical uncertainties as nuisance parameters and instead
apply the full theoretical uncertainty after the combination. The results of the likelihood-based
combination are shown in Fig 2. A preliminary best estimate is computed by taking the straight
average of all combination results (including those at NNLO+NNLL) :
+0.0041 (+3.5%)

25

0.1189 ± 0.0048

(+0.00415 / -0.00549)

TEV1960
CMS8000

20

CMS7000

Test statistic

Test statistic

αs (mZ ) = 0.1178 −0.0048 (−4.1%) .
25

(6)

0.1182 ± 0.0046

(+0.00465 / -0.00454)
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Figure 2 – Combination results at plain NNLO using (a) the CT14 PDF set and (b) the NNPDF3.0 noLHC PDF
set. The individual determinations are shown in grey, the darker shade representing the experimental uncertainty.
The scan of the test statistic q is plotted as a black line. The green line and band represent the combination
centre and 1σ confidence interval. The red band depicts the total uncertainty including theory uncertainties.

Acknowledgements
Thanks goes to the collaborators of this research project: Siegfried Bethke, Günther Dissertori
and Gavin P. Salam.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38 (2014) 090001.
S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 728 (2014) 496
V. Khachatryan et al. [CMS Collaboration], JHEP 1608 (2016) 029
V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett. 116 (2016) no.5, 052002
G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 74 (2014) no.10, 3109
M. Aaboud et al. [ATLAS Collaboration], Phys. Lett. B 761 (2016) 136
T. Aaltonen et al. [CDF Collaboration, D0 Collaboration], Phys. Rev. D 89 (2014),
072001.
M. Czakon and A. Mitov, Comput. Phys. Commun. 185 (2014) 2930
M. Czakon, P. Fiedler and A. Mitov, Phys. Rev. Lett. 110 (2013) 252004
R. D. Ball et al. [NNPDF Collaboration], JHEP 1504 (2015) 040
S. Dulat et al., Phys. Rev. D 93 (2016) no.3, 033006
G. Cowan, K. Cranmer, E. Gross and O. Vitells, Eur. Phys. J. C 71 (2011) 1554

Single top-quark production in the ATLAS and CMS Experiments
R.Moles-Valls on behalf of the ATLAS and CMS Collaborations
University of Bonn, Physikalisches Institut, Nussallee 12,
D-53115 Bonn, Germany
In this contribution, an overview of the measurements of production cross-sections and topquark properties in the single top-quark sector performed by ATLAS and CMS using LHC
proton-proton collision data at center-of-mass energies of 8 TeV and 13 TeV are presented.

1

Introduction

Single top-quark production was discovered in 2009 by the CDF and D0 experiments at the Tevatron. At present running conditions, the LHC produces about 10k single top quarks per hour,
opening therefore the possibility of studying the single top-quark physics with high precision.
The single top-quark production mechanism is an important tool for testing the Standard
Model (SM) of particle physics. For example, cross-section measurements permit the direct determination of the |Vtb | element of the CKM matrix. The structure of the W tb vertex including
anomalous couplings can also be studied in detail. Moreover, the production cross-sections are
sensitive to new particles, so any deviation from the predicted values would point to physics beyond the SM. In addition, single top-quark cross-section measurements can be used to constrain
parton distribution functions sets (PDFs) and tune Monte Carlo (MC) generators. On top of
that, single top-quark events are the dominant background in some Higgs and SUSY searches,
so a proper understanding of the single top-quark physics is mandatory.
The top quark is produced singly through the electroweak interaction with the exchange of a
virtual W boson as in the s-channel and t-channel and in association with an on-shell W boson
in the W t production. Figure 1 shows the leading order (LO) Feynman diagrams for the three
production modes. The theoretical cross-sections are calculated at next-to-leading order (NLO)
for the t-channel and NLO involving next-to-next-to-leading order soft gluon corrections for the
other channels. The cross-sections values calculated at different energies are:
8 TeV :

σs−channel = 5.6 ± 0.2 pb

σW t = 22.4 ± 1.5 pb

σt−channel = 87.7+3.4
−1.9 pb

13 TeV :

σs−channel = 10.3 ± 0.4 pb

σW t = 71.7 ± 3.8 pb

σt−channel = 217.0+9.1
−7.7 pb

where the theoretical uncertainty is the sum in quadrature of the scale and PDF uncertainties.
This summary focusses on the recent results obtained by the ATLAS 1 and CMS 2 Col√
laborations. It includes the evidence for s-channel production at s = 8 TeV published by
√
ATLAS 4 , the LHC combination 5 of the W t cross-section measurement at s = 8 TeV as well
√
as the W t cross-section measurement performed by ATLAS 6 at s = 13 TeV. The inclusive
√
t-channel cross-section is measured by ATLAS 7 and CMS 8 at s = 13 TeV. The fiducial and
√
√
differential cross-sections are also measured at s = 8 TeV and s = 13 TeV by ATLAS 9 and
CMS 10 respectively. Top-quark polarisation in single top-quark events is also studied by both,

√
ATLAS 11 and CMS 12 at s = 8 TeV and a search for the SM production of the single top-quark
√
in association with a Z boson at s = 8 TeV is performed by CMS 13 only.

Figure 1 – Feynman diagrams of single top-quark production: t-channel (left), s-channel (center) and W t (right).
One example of the final topology of these channels, considering leptonic top-quark decay, are also shown.

2

Cross-section measurement

Single top-quark production cross-sections have been measured in all different production channels by ATLAS and CMS. Although the strategy followed depends on the analysis, a common
procedure still holds. First, a series of cuts are applied to select interesting events. These events
are split in different regions: one enriched in signal events, called signal region; and other regions
dominated by background events. The additional regions are called control regions if they are
used to constrain the background rate and validation regions if they are used to validate the
final results. Despite having a signal region, the ratio of signal over background events is usually
quite low and a multi-variate analyses (MVA) such as Neural Network (NN) or Boosted Decision
Trees (BDT) are needed to separate better the signal from the background. A likelihood fit to
the data MVA discriminant is used to extract the cross-section value. The extraction of the
|Vtb | matrix element from single top-quark cross-section measurements is done using the relation
|fLV Vtb | 2 = σ obs. /σ th. where obs. and th. stand for observed and theoretical cross-sections respectively, and fLV is a form factor that could be modulated by new physics. This equation
assumes certain conditions: the W tb vertex interaction is an SM-like left-handed interaction and
the CKM matrix elements |Vtd |, |Vts | are negligible compared with |Vtb |. Assumptions on the
number of quark families or unitarity of the CKM matrix are not required.

2.1

Evidence for the s-channel production mode

The s-channel is the most challenging single top-quark process at the LHC. Its experimental signature, as seen in Figure 1, is characterised by one isolated lepton,missing transverse momentum
miss
(ET
) and two central jets which have been identified as containing b-hadrons (b-tagged jets).
Due to the similar final topology, the main background events come from tt̄, W +jets associated
with heavy flavour and t-channel processes. Searches of the s-channel were previously reported
by ATLAS and CMS 3 and the evidence was published by ATLAS using 20.3 fb−1 of data collected
√
at s = 8 TeV. The analysis uses a signal region, a W +jets control region and a tt̄ validation
region. The cross-section is extracted from a maximum likelihood (ML) fit to the discriminant
based on the matrix element (ME) method. The ME uses theoretical calculations to compute the
signal probability per event. The measured cross-section is σ = 4.8 ± 0.8(stat.) ± 1.6(syst.) pb,
consistent with the SM expectations and corresponding to an observed (expected) significance
of 3.2 (3.9) standard deviations (σ). The extracted value of the |fLV Vtb | is 0.93+0.18
−0.20 . The main
systematic uncertainties come from the low statistics in MC samples, top-quark modelling and
jet energy resolution (JER).

2.2

Measurement of the W t cross-section

The W t process represents the second highest single top-quark production cross-section at the
LHC. The W t topology, shown in Figure 1, consists of two oppositely charged isolated leptons,
miss
ET
and a central b-tagged jet. Background events are composed mainly of dileptonic tt̄ events.
√
ATLAS and CMS published W t cross-section measurements at s = 8 TeV. The LHC combination is extracted using a BLUE method, giving a value of σ = 23.1 ± 1.1(stat.) ± 3.3(syst.) ±
0.8(lumi.) pb in agreement with the SM expectations. The corresponding |fLV Vtb | is computed
to be 1.02 ± 0.09. The dominant systematic uncertainties come from the top-quark modelling.
√
The W t cross-section has been also measured by ATLAS using 3.2 fb−1 of data at s = 13 TeV.
The strategy consists of two signal regions and one tt̄ control region. A BDT is used to separate
signal from tt̄ background events. A ML fit to the discriminant in the signal and control region
is applied. The measured W t cross-section results in σ = 94 ± 10(stat.) ± 28(syst.) ± 2(lumi.) pb
in agreement with the SM expectations. Dominant systematic uncertainties are mainly due to
the jet energy scale (JES), JER and modelling of the top-quark processes.
2.3

Measurement of the t-channel cross-section

The t-channel has the largest cross-section and nowadays it can start to be considered as the
calibration channel in the single top-quark sector. The t-channel events, as seen in Figure 1,
miss
are selected if they have one isolated lepton, ET
, one central b-tagged jet and one forward jet.
The background events are mainly composed of tt̄ and W +jets events.
Inclusive and differential cross-sections were published by CMS using 2.3 fb−1 of data at
√
s = 13 TeV. The inclusive cross-section is measured for the top quark and the top antiquark
as well as the combination. The strategy includes one signal region, two tt̄ control regions and
one W +jets validation region. The measured total cross-section corresponds to σ = 232 ±
13(stat.) ± 28(syst.) pb in agreement with the SM expectations. Main systematic uncertainties
come from the top-quark modelling. The |fLV Vtb | is calculated as 1.03 ± 0.07(exp.) ± 0.02(th.).
The ratio between the top quark and antiquark, Rt = σ(t)/σ(t), is also measured as 1.81 ±
0.18(stat.)±0.15(syst.). Results are compatible with a broad set of PDFs. The differential crosssection is measured as a function of the pT and rapidity (|y|). In order to enrich the samples
with t-channel events a cut on the BDT is applied. Distributions are unfolded to parton level
to correct for selection efficiencies and detector effects. The data is compatible with the MC
predictions. Dominant uncertainties are low data statistics, top-quark modelling and JES.
√
ATLAS also performed the inclusive cross-section measurement at s = 13 TeV. The strategy includes a signal region, a tt̄ control region and a W +jets validation region. A NN is
used to separate signal from background events. A ML fit to the NN discriminant is applied to extract the cross-sections of σt = 156 ± 5(stat.) ± 27(syst.) ± 3(lumi.) and σt̄ =
91 ± 4(stat.) ± 18(syst.) ± 2(lumi.) with main systematic uncertainties identified as top-quark
modelling and b-tagging efficiency. The Rt value is 1.72 ± 0.09(stat.) ± 0.18(syst.), in agreement with different PDF sets. The |Vtb | is also extracted from the total cross-section being
1.07 ± 0.09. ATLAS also measured the fiducial and differential cross-section using 20.2 fb−1 of
√
data at s = 8 TeV. The fiducial cross-section is measured as σfid (t) = 9.78 ± 0.57 pb and
σfid (t) = 5.77 ± 0.45 pb, in agreement with the MC predictions. The fiducial cross-section is less
sensitive to PDF and top-quark modelling effects, and the dominant systematic uncertainty is
the JES. The fiducial cross-section is extrapolated to the full phase space and the |fLV Vtb | and
the Rt are also calculated, being 1.029±0.048 and 1.72±0.09 respectively. The observed Rt value
is compared with different PDFs predictions and most of them agree at the 1σ level. Differential
cross-sections are measured as a function of the pT and |y| for the top quark and antiquark as well
as for the forward jet. To enrich the sample with signal events a cut on the NN is applied. The
distributions are unfolded to particle and parton level. The dominant systematic uncertainties
are the top-quark modelling and the JES. The results agree with the SM predictions.

3

Top-quark polarisation in single top-quark events

ATLAS and CMS study the top-quark polarisation in t-channel single top-quark events. The
SM predicts a highly polarised top-quark in the direction of the spectator quark. The top-quark
polarisation can be determined from angular distributions of the top-quark decay products
reconstructed in the top-quark rest frame given by 1/2(1 + αl P cos θ), where θ is the angle
between the top-quark spin axis and the direction of the lepton in the top-quark rest frame, αl
is the spin analysing power, close to one for leptons, and P is the polarisation.
CMS uses a dedicated BDT to suppress tt̄, W +jets and QCD backgrounds. The differential
cross-section as a function of the cos θ is unfolded to parton level and the asymmetry, A = αl P ,
is calculated to be: A = 0.26 ± 0.03(stat.) ± 0.10(syst.). The main systematic uncertainties come
from tt̄ and W +jets modelling. The results are compatible within 2 σ with the predicted SM
asymmetry value of A = 0 44.
The ATLAS analysis uses one signal region and two control regions to control the tt̄ and
W +jets background. A series of cuts are applied in order to reduce the background contribution.
The cosθ distribution is built and unfolded to parton level and the result can be translated into
an asymmetry value of A = 0.49 ± 0.03(stat.) ± 0.05(syst.) that corresponds to a top-quark
polarisation of αl P = 0.97 ± 0.05(stat.) ± 0.11(syst.). Dominant systematic uncertainties are
top-quark modelling, MC statistics and JES. The results agree with the SM expectations.
4

Single top-quark production in association with a Z boson

The rare SM process of the single top-quark production in association with a Z boson (tZq) is
√
studied by CMS using 19.7 fb−1 at s = 8 TeV. The signature of these events in the trilepton
channel where both the top quark and the Z boson decay leptonically, contains three isolated
miss
leptons, ET
, one central jet and one forward jet. A BDT is used to separate the signal from the
main background that corresponds to diboson events. A fit to the BDT discriminant is performed
and the cross-section extracted as σ = 10 ± 8 pb with an observed (expected) significance of
2.4 (1.8) σ. The results are in agreement with the NLO SM cross-section prediction of the
three-lepton final state, σ(8 TeV) = 8.2 fb with a theoretical uncertainty of less than 10%.
5

Conclusion

ATLAS and CMS published interesting and precise single top-quark results in Run 1 and early
Run 2. The single top-quark production cross-sections are measured and top-quark properties
in single top-quark events are studied. All presented results are consistent with the SM.
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1

We present a phenomenological study of the Next-to-Next-to-Leading Order (NNLO) QCD
correctoins on t-channel single top (anti-)quark production including subsequent semi-leptonic
decay at the LHC. We find that while the NNLO corrections are generally small for inclusive
quantities, they can be larger for differential distributions.

Single top-quark production provides a great opportunity for probing directly the electroweak
W tb vertex at hadron collider. At the LHC, t-channel single top production has the largest cross
section, about 200 pb at 13 TeV. The large cross section allows precision measurement of topquark properties through this channel, and therefore poses high demand for better theoretical
accuracy of SM prediction.
There have been Significant efforts in improving the theoretical description. The next-toleading order (NLO) QCD corrections were calculated in Refs. 1,2,3,4,5,6,7,8 . Full NLO corrections
with top-quark leptonic decay were calculated in the on-shell top-quark approximation 9,10,7
and the complex mass scheme. Fast numerical evaluation code at NLO has been provided in
Ref. 11 . Soft gluon resummation has been studied in Refs. 12,13,14,15 . Matching NLO calculations
to parton showers was done in the framework of POWHEG and MC@NLO Refs. 16,17,18,19 . For
experimental analyses at the LHC, predictions from POWHEG or MC@NLO are always used
for modeling of the signal process in unfolding to parton level cross sections. The cross sections
from measurement or prediction can have a theoretical uncertainty of about 10% 20 . Thus
exclusive predictions incorporating further higher-order corrections are desirable for precision
measurements.
Previously, NNLO QCD corrections to the production of t-channel single top has been
computed in Ref. 21 , under the approximation that the color cross-talk between light-quark
line and heavy-quark line is ignored, namely the structure function approximation. Recently,
the calculation has been extended to include also the leptonic decay of top quark at NNLO 22 ,
using the on-shell top-quark approximation 23 . Under these approximation, the NNLO QCD
corrections factorized into three simpler parts: the light-quark line, the heavy-quark line, and
the decay part. A schematic diagram illustrating these approximation is depicted in Fig. 1. In
this talk we present some further results based on Ref. 24 .
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Figure 1 – Schematic diagram for t-channel single top-quark production at hadron colliders in the on-shell top
quark approximation and structure-function approximation. The full QCD corrections factorized into three different parts in these approximations.

Care has to be taken when combining QCD corrections for production and decay to avoid
double counting. Throughout to NNLO, we use the formula in Eq. (1) in our calculation,
σ LO =
δσ
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=
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where Γt
and σ (0),(1),(2) denote the Born, O(αS ), and O(αS2 ) top-decay width and production cross section, respectively. In Eq. (1) we have expanded the QCD corrections to both
production and decay to the same order consistently. Eq. (1) can be applied to fully differential
calculation. Integrating over the phase space gives the inclusive production cross section at given
order. In order to have a correct treatment of spin correlation, the production cross section dσ
and decay width dΓt must be calculated for a on-shell polarized top quark. We use the symbol
⊗ to denote the appropriate summation over polarization.
Table 1: Fiducial cross sections for top (anti-)quark production with decay at 13 TeV at various orders in QCD
with a central scale choice of mt in both production and decay. The scale uncertainties correspond to a quadratic
sum of variations from scales in production and decay, and are shown in percentages. Corrections from pure
production and decay are also shown.

fiducial [pb]

LO

NLO

NNLO

4.07+7.6%
−9.8%

2.95+4.1%
−2.2%

2.70+1.2%
−0.7%

corr. in pro.

-0.79

-0.24

corr. in dec.

-0.33

-0.13

1.78+3.9%
−2.0%

1.62+1.2%
−0.8%

corr. in pro.

-0.46

-0.15

corr. in dec.

-0.21

-0.08

total
t quark

total
t̄ quark

2.45+7.8%
−10%

We shows the predictions of the fiducial cross sections in Table 1, with scale variations shown
in percentages. We also show the QCD corrections from production and decay separately as
defined in Eq. (1). We use the anti-kT jet algorithm 25 with a distance parameter D = 0.5. Jets
are defined to have transverse momentum pT > 40 GeV and pseudorapidity |η| < 5. We require
exactly two jets in the final state, following the CMS and ATLAS analyses, meaning that events
with additional jets are vetoed, and we require at least one of these to be a b-jet with |η| < 2.4 26 .
We demand the charged lepton to have a pT greater than 30 GeV and rapidity |η| < 2.4. For the
fiducial cross sections reported below we include top-quark decay to only one family of leptons.
We note that the full NNLO correction is substantial, about -6% of the fiducial cross section
at LO. Furthermore, all three error bands from LO, NLO, and NNLO do not overlap with
each other which suggests that scale variations may underestimate the remainning perturbative
uncertainties in this case. It is therefore important to include the NNLO results into the analysis
of precision measurements.
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Figure 2 – Predicted pseudo-rapidity distribution of the charged lepton from t-channel single top-quark production at the LHC 13 TeV after applying fiducial cuts, including full corrections, with and without normalization
respectively.

It is also useful to compare theoretical predictions diretly with the experemental measurements without relying on even more complicated unfolding procedures for distributions. In Fig. 2
we plot the pseudo-rapidity distribution of the charged lepton without and with normalization
to the total rate for top quark production. For the absolute distribution, NNLO corrections
are substantial. It is easy to see that simple scale variations by a factor of two might underestimate the missing contribution from higher order. For the normalized distributions the QCD
corrections are small and within 1% in general.
In summary we have talked about the next-to-next-to-leading order QCD corrections on tchannel single top (anti-)quark production including subsequent semi-leptonic decay at the LHC.
The NNLO corrections are in general substantial for rate or distributions in fiducial volume, and
should be taken into account for precision measurements.
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TOP QUARK PROPERTIES AT CMS AND ATLAS
M. SOARES, on behalf of the ATLAS and CMS Collaborations
CIEMAT, Av. Complutense, 40,
28040 - Madrid -Spain

In this contribution, the latest measurements of top quark properties at the LHC from the ATLAS and CMS Collaborations are presented. These measurements aim to reach the ultimate
precision, and represent the latest measurements based on the 8 TeV datasets.

1

Introduction

One of the major scientific goals of the LHC is to achieve better understanding of the Standard
Model (SM), and to resolve its known issues, potentially through the detection of signs of new
physics. So far, while this goal is being pursued at the LHC in many ways, no evidence of physics
beyond the SM (BSM) has been found.
Very important tests of the SM can be performed in the top quarks sector. Considering only
the datasets of proton-proton collisions at 8 TeV collected by the ATLAS 1 and CMS 2 detectors
in 2012, more than 10 million top quarks were produced per experiment. To this number are
still to be added those produced at 7 and 13 TeV. These large samples of top quarks are being
used to investigate the limits of the SM both from the direct searches for new physics and from
the precision frontiers. In this contribution, the latest measurements of the top quark properties
from the ATLAS and CMS collaborations are summarised. The measurements are based on the
8 TeV datasets, except the Γt measurement which uses pp collisions data at 13 TeV.
2

Top quark properties from angular measurements

The mechanisms for tt̄ and single top quark productions are very different: while electroweak
processes produce highly polarised single top quarks, top quarks from strongly produced tt̄ pairs
are unpolarised, but their spins are correlated. Spin correlations and polarisation can be
measured from the angular distributions of the top quark decay products - namely, the charged
lepton in the t → W (→ `ν)b decay. The ATLAS measurement 3 uses the distribution d2 σ/dθa dθb ,
where θ is the angle between the lepton (in the top quark rest frame) and two of the three axis
k, r or n, where k is the helicity axis, r is the axis transverse to the top quark production plane
and n is orthogonal to k and r. From this distribution, the coefficients B a = 3 < cos(θa ) > and

a + θ b ) > are built, where a, b are the chosen axis and the sub-indexes /
C(a, b) = −9 < cos(θ+
+ −
−
represents the top quark charge. B and C are related to the spin correlation and polarisation,
respectively, Fig. 1 presents the measured coefficients, compared to the SM predictions.
In the CMS measurement 4 a different set of angular variables is chosen, from which four
asymmetries related to spin correlation and polarisation are measured. In particular, the difference in azimuthal angle of the charged leptons in the laboratory frame (∆Φ) is sensitive to spin
correlations, and does not require the reconstruction of the full tt̄ system. The measurement
yields A∆Φ = 0.094 ± 0.005 ± 0.012, supporting the hypothesis of spin correlation (predicted
+0.006
in the SM to be 0.107+0.006
−0.009 , against 0.202−0.009 for the no-correlation hypothesis). From these
measurement, CMS has also derived exclusion limits on the real part of the chromo-magnetic
dipole moment and the imaginary part of the chromo-electric dipole moment.

The W-boson polarisation in top quark decays is of particular interest because they
can be used to set limits on anomalous coupling on the Wtb/ vertex. The three polarisation
fractions (F0 , FL , FR ) must sum up to unity, leaving two numbers to be measured. These
two fractions are measured from one single angular distribution, the cos(θ∗ ), and are, therefore
correlated. In t → W (→ `ν)b decays, θ∗ is the angle between ` and -b directions, with ` in the
top quark and b in the W boson rest frames. Using template fits to the cos(θ∗ ) distribution in
single-lepton tt̄ events, ATLAS measures 5 the fractions to be F0 = 0.709 ± 0.012(stat.)+0.015
−0.014
(syst.), FL = 0.299 ± 0.008(stat.)+0.013
−0.012 (syst.), from which FR = −0.008 ± 0.006(stat.)±0.012
(syst.) is derived.a In a similar analysis CMS measures 6 F0 = 0.681 ± 0.012(stat.)±0.023 (syst.),
FL = 0.323 ± 0.008(stat.)±0.014 (syst.), and FR = −0.004 ± 0.005(stat.)±0.014 (syst.).

Figure 1 – Asymmetries related to the top quark polarisation (left) and spin correlations (right) measured by the
ATLAS Collaboration 3 .

3

Top quark properties from charge and mass measurements

At the LHC, tt̄ are produced mostly from gluon-gluon fusion. Therefore the t/t̄ productions
are expected to be symmetric at first order. However, for q q̄ initiated processes, the t rapidity distribution is expected to be slightly broader than the t̄ distribution, because on average
the q (valence and sea) in pp collisions carry more momentum than the q̄ (from sea). The
charge asymmetry can be quantified by counting the number of t and t̄ that are produced at
positive (negative) values of rapidity. In events with dilepton signatures, the analogous asymmetry is build for the leptons instead of the top quarks, avoiding the need of full tt̄ system
reconstruction. ATLAS 7,9 and CMS 8,10 charge asymmetry measurements are summarised in
Fig.2. All measurements are in agreement with the SM expectation, shown as vertical gray bars.
a

Here, ”stat.” includes uncertainties from statistical from the background normalization components.

While CP violation (CPV) is commonly studied in the strange and bottom quark sectors,
the abundance of top quarks produced at the LHC is leading to the first of such studies also in
the top quark sector. Since the top quark does not hadronise, CPV in tt̄ production via mixing is
not possible, restricting the SM predictions only to direct CPV, which is below current detection
capabilites. However, CPV can be enhanced in new physics models. The CMS Collaboration11
measurement is based on a few CP-odd observables, built from products of momentum vectors
of the top quark decays. Two of these variables are interesting because they do not depend
on the identification of the b quark charge, which is quite challenging. These variables are
O2 ∝ (~
pb + p~p̄ ) · (~
pl × p~j+1 ) and O7 ∝ (~
pb − p~p̄ )z (~
pb × p~p̄ )z , and their measured asymmetries
+0.3 ± 1.1 and +0.1 ± 0.8 (+0.16 ± 0.61 and +0.06 ± 0.61 if corrected by detector effects),
supporting the CP-conservation hypothesis of zero asymmetry. Similar results are found for the
other variables.
The CPV studies involving top quarks from the ATLAS Collaboration12 target CPV in the
bottom sector, using the top quark as a tagger of the charge of the b quark. The strategy is to
follow the full decay channel of the top (anti-)quarks, including the semileptonic decays of the
W boson and of the b quark after hadronization. If a b jet and charged lepton ` are correctly
associated to a parent top quark, the charge of the b quark is well known, according to the `
charge. If the b-hadron from the b jet decays into a soft muon, the charge of this outcoming
(soft) muon is compared to the ` charge, generating asymmetries of the type ”same sign” and
”opposite sign”. Those asymmetries, in turn, are directly related to the CP violating b → c and
b → b̄ transitions. In particular, ATLAS measures Abc
dir = −0.01 ± 0.011 (for an SM prediction
of < 10−7 ), the first measurement of this asymmetry, and on Acl
dir = +0.01 ± 0.01, improving
cl
previous best limits of Adir < 0.06. Although the experimental sensitivity is still far from the
SM precision, these measurements open a new door for potential CPV studies with the top quark.
In the SM the top quark width, Γt , is inversely related to its lifetime. CMS has measured13
this property in events containing at least two charged leptons, and one or two b-jets, from pp
collisions at 13 TeV. This includes both tt̄ and single tops in the tW channel. The measurement
consists on template fits to the invariant mass of the lepton+b jet with different hypothesis for
Γt , and yields 0.6 ≤ Γt ≤ 2.5 GeV at 95% CL (for 0.6 ≤ Γt ≤ 2.4 GeV expected). This is the
most precise measurement of Γt to date.
4

Top quark properties at production and decay: searches for Flavour Changing
Neutral Current

FCNC processes are strongly suppressed in the SM, whose predictions are still far away from the
sensitivity that can be reached experimentally. However, in some BSM models, these predictions
are enhanced, and can already be tested. ATLAS and CMS have searched for FCNC signs 14,15,16
in several final states, each probing different anomalous top couplings. The final states (probed
couplings) of latest FCNC searches are Wb (t→ ug,t→ cg), tHq (t→ Hc, t→ Hu), tZ (t→ Zc,
t→ Zu, t→ ug,t→ cg), and tγ (t→ uγ,t→ cγ). The expected signals are very low compared
to their SM backgrounds, therefore the searches make use of multivariate techniques such as
Neural Network and Boosted Decision Trees for signal to background separation. The limits on
the branching ratio for the probed couplings are summarised in Fig. 3.
5

Conclusions

The LHC experiments are currently completing the remaining measurements based on the 7 and
8 TeV datasets, and at the same time fully engaged on the analysis of the 13 TeV datasets.
The majority of the top quark properties presented in this contribution are independent of
the pp collision energy, and at the same time they can profit from the best possible understanding

Figure 2 – Summary17 of the LHC charge asymmetries measurements in top quark pair production.

Figure 3 – Summary17 of the LHC upper limits
on the branching ratios for FCNC processes involving the top quark.

of the detector to reach the ultimate precision. For these reasons, most of them use the data at
8 TeV, relying on their ”legacy” reconstructions and calibrations.
Several aspects of the top quark production and decay at the LHC were scrutinised: top
quark properties were derived from angular distributions, charge asymmetries, production and
decay measurements. All measurements confirm the SM predictions, and no signs of new physics
were found in the direct searches. Some of the SM measurements were used to impose limits on
new physics using EFT.
With a large number of events available for top quark studies, most of these measurements
already limited by systematic uncertainties. Now, much larger samples at 13 TeV are being
analysed by the LHC Collaborations, with a special focus in improving analyses techniques and
reducing the systematic uncertainties.
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PHYSICS POTENTIAL OF CLIC OPERATION AT 380 GeV
A. WINTER, On behalf of the CLICdp collaboration
School of Physics & Astronomy, University of Birmingham,
Birmingham B15 2TT, England

The Compact Linear Collider (CLIC) is a multi-TeV linear electron positron collider proposed
as a future project for CERN aiming to provide high precision measurements of the standard
model and discovery potential for new physics at the TeV scale. We present the physics
potential of the CLIC experiment in its 380 GeV stage, which focuses on measurement of the
Higgs boson and the top quark. In particular, the precision with which the mass, width and
couplings of each particle can be measured will be examined.

1

Introduction

CLIC is a multi-TeV e+ e− linear collider proposed for the post-LHC era at CERN. It will make
use of a novel two-beam acceration scheme and use high gradient cavities of up to 100 MeV/m
to reach collision energies of 3 TeV. This approach uses an electron linac, delay loop and two
combiner rings to produce a high current beam of low energy electrons, then extracts the energy
from this beam to power a low current beam of high energy electrons. During the first stage
√
of operation with s ∼350-380 GeV, the collider will deliver an instantaneous luminosity of up
to 1.5×1034 cm−2 s−1 , with electron polarization of ±80%. The accelerator layout for the CLIC
first stage is shown in Figure 1.
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Figure 1: Layout for CLIC accelerator at
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s = 380 GeV showing the two-beam technology 1 .

The experiment will follow a three-staged approach in which it will run at 380 GeV, 1.5 TeV
and 3 TeV taking 500 fb−1 , 1500 fb−1 and 3000 fb−1 respectively. The 380 GeV stage will also
be supplemented by a 100 fb−1 scan centered around 350 GeV to examine the tt production
threshold.
One can see from Figure 2 that the 380 GeV stage is well suited for studying the Higgsstrahlung and vector boson fusion processes while also being ideally suited for studying tt
production close to threshold. Direct searches for BSM physics can also be performed at this
stage in regions not accessible by the LHC. The 1.5 TeV and 3 TeV stages then provide additional statistics allowing for better measurement of these processes, while the increased energy
means rarer processes such as the Higgs self-coupling can begin to be studied with precision and
direct searches for BSM physics at the multi-TeV scale can be performed.

Figure 2: Cross sections for the dominant Higgs production mechanisms as a function of collision energy 2 .

2

Higgs Physics

At 380 GeV, precision Higgs physics will be one of the main focuses of the CLIC programme with
particular emphasis on the Higgsstrahlung process shown in Figure 2 (top left) which dominates
Higgs production at this energy. This process allows one to perform unbiased measurements
of the Higgs properties as candidates can be isolated independent of their decay products. By
measuring the four vector of the Z, one can determine the mass of the particle it is recoiling
against (m2rec = s + m2Z − 2EZ2 ) and use this to infer the mass of the Higgs. This is only possible
at lepton colliders where the four momentum of the colliding particles is known to a high level
of precision. Using this approach one can then perform model independent measurements of
the Higgs bosons properties. Using the clean signal from the Z→ µ+ µ− channel it is possible
to measure the recoil mass (Figure 3) and thus determine the Higgs mass to ∆mH = 110 MeV,
while using the high statistics Z→qq channel allows limits to be set on BR(H→invis.)<0.97% at
90% C.L. at a studied benchmark energy of 350 GeV. Extraction of the model independent Higgs
width is a slightly more involved process but is possible using the ratios of four measurements
involving the Higgsstrahlung and WW fusion processes 3 . From these measurements the expected
uncertainty is ∆(ΓH ) = 6.4%. Using the Higgsstrahlung measurements, the model independent
Higgs couplings can be extracted.
The expected uncertainties on these are shown in Figure 4 along with the equivalent results
for the model dependent case (where one is no longer limited by the uncertainty on the model
independent Higgs to ZZ coupling gHZZ ) for comparison with LHC expectations. In the majority
of cases the expected precision for the model independent(dependent) couplings will be <5(2.5)%
after the 380 GeV run.

CLICdp
model independent

1.2

coupling relative to SM

coupling relative to SM

Figure 3: Reconstructed mass of the Higgs boson through recoil measurement from the ZH, Z → µ+ µ−
channel at a studied benchmark energy of 350 GeV.
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Figure 4: Expected uncertainties for Higgs couplings for the model independent(left) and model dependent(right) cases 2 . The energies stated here are from an earlier staging scenario, though the results are
not expected to show much variation under the new baseline.

3

Top Physics

As well as taking 500 fb−1 of data at 380 GeV, the first stage of CLIC operation will also
include a scan around the tt threshold at 350 GeV consisting of 10 measurements of 10 fb−1 .
The variation of the cross section with energy is sensitive to both mt and αs . Figure 5 shows
the expected lineshape accounting for beam effects, and a simultaneous fit to mt vs αs . From
these results we expect a statistical uncertainty on the top width and mass of ∆Γt = 40 MeV
and ∆mt = 33 MeV, however there are also substantial systematic uncertainties from theory
(∼40 MeV at NNNLO) and the paramteric αs uncertainty (∼30 MeV) which result in a total
uncertainty of ∆mt ∼50 MeV 5 .
As well as being sensitive to mt and αs , measurements of pair production also provide access
to top electroweak couplings which can be sensitive to BSM effects. The couplings are constrained through a variety of measurements including the total cross-section, forward backward
asymmetry and helicity angle of the top decays, which can be enhanced using the different beam
polariazations available at CLIC. The expected level of uncertainty on the relevant couplings are
shown in Figure 6 along with the expected uncertainty achievable for ILC and the HL-LHC. In
almost all cases both lepton colliders are expected to be able to provide an order of magnitude
improvement over the HL-LHC.

αs

cross section [pb]

0.8

tt threshold - 1S mass 174.0 GeV
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2σ

0.120

simulated data: 10 fb-1/point
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Figure 5: Left: Cross section for ee→ tt showing effects of the initial state radiation and luminosity
spectrum. Right: Simultaneous fit of mt vs αs4 .

Figure 6: Expected electroweak coupling precisions attainable at CLIC, ILC and HL-LHC 1 .

4

Conclusion

The initial stage of the CLIC experiment provides an ideal environment for studying the properties of both the Higgs boson and top quark. The Higgsstrahlung process allows model independent measurements of the Higgs boson. For 500 fb−1 the uncertainties on the mass, width
and couplings are expected to be 110 MeV, 6.4% and ∼2.5-5% respectively. A threshold scan
for tt production will provide an uncertainty of ∼50 MeV on the top mass and combined with
measurements at 380 GeV, this allows measurements of the electroweak couplings to an order
of magnitude greater precision than what is expected from the HL-LHC.
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QCD Results from HERA
D. BRITZGER for the H1 and ZEUS Collaborations
DESY, Notkestr. 85, 22607 Hamburg, Germany
New results on measurements of the hadronic final state in neutral-current deep-inelastic scattering at HERA are presented. A combination of reduced charm and beauty cross sections
is presented and the masses of the heavy quarks are determined to mc = 1290 (+78
−53 ) MeV
and mb = 4049 (+138
−118 ) MeV. The measurement of the production of prompt photons accompanied by a jet provides a precise test of QCD predictions. Measurements of jet production
cross sections are presented and compared for the first time to next-to-next-to-leading order
predictions (NNLO). The strong coupling constant is determined from inclusive jet and dijet
production cross sections using NNLO predictions to αs (MZ ) = 0.1157 (6)exp (+31
−26 )th .

1

Introduction

At the HERA collider electrons or positrons were collided with protons at a centre-of-mass
energy of 319 GeV. The two multi-purpose experiments H1 and ZEUS collected data until 2007
with an integrated luminosity of about 0.5 fb−1 per experiment. The exploration of the hadronic
final state in neutral-current (NC) DIS events, such as the study of jets, heavy quarks or photons
produced in these events, provides precise constraints on QCD parameters.
2

Charm and Beauty Cross Sections

Multiple measurements of open charm and beauty production cross sections have been performed
by the H1 and ZEUS experiments during different data-taking periods and using different tagging
techniques. A previous combination 1 of charm cross sections is extended, taking new data into
account, and also beauty cross sections are combined for the first time 2 . This provides a
cc and σ bb , in the kinematic
consistent data set of reduced charm and beauty cross sections, σred
red
2
2
range of photon virtuality 2.5 < Q < 2000 GeV and Bjoerken-x of 3 · 10−5 < xBj < 5 · 10−2 .
The reduced cross sections which are input to the combination are obtained by extrapolating
the visible cross sections to the nearest point of a (xBj ,Q2 ) grid using NLO predictions by the
HVQDIS program. The combination algorithm accounts for all correlations of the uncertainties
and in total 209 charm and 57 beauty measurements are combined simultaneously to 52 reduced
charm and 27 reduced beauty cross sections. The combination yields a value of χ2 = 149 for 187
degrees of freedom, thus indicating good consistency of the individual data. The combined data
have significantly reduced uncertainties. The data are compared to NLO predictions using the
HERAPDF2.0FF3A or the ABM11 PDF sets, as well as to approximate NNLO predictions using
the ABMP16 PDF set in figure 1. All predictions are found to give a reasonable description of
the data, with only small differences between the studied predictions.
A QCD analysis of the combined charm and beauty reduced cross sections together with
the combined HERA inclusive DIS data 3 is performed, where the predictions are calculated
by the QCDNUM and OPENQCDRAD programs in NLO accuracy. The methodology follows
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Figure 1 – Combined reduced charm (left) and beauty cross sections (right) as a function of xBj for given values
of Q2 , displayed as ratios to NLO predictions using HERAPDF2.0FF3A.

closely the approach of HERAPDF2.0FF3A 3 , employing the fixed-flavour scheme with three
active flavours at all scales, but in addition the masses of the charm and beauty quarks are free
parameters to the fit. In this fit the running charm and beauty quark masses are determined to
+7
+62
mc (mc ) = 1290 (+46
−41 )exp (−14 )mod (−31 )par MeV and

(1)

+1
+90
mb (mb ) = 4049 (+104
−109 )exp (−32 )mod (−31 )par MeV ,

where the uncertainties indicate experimental uncertainties, model uncertainties (mod), mainly
dominated by scale variations by factors of 2, and parameterisation uncertainties (par), which
are determined using fits with extended parameterisations of the PDFs. The inclusive DIS
data alone cannot reliably constrain the quark masses. The results are consistent with other
determinations.
3

Isolated photons accompanied by jets in DIS

The production of isolated photons in events with at least one jet is measured in NC DIS in
the kinematic region of 10 < Q2 < 350 GeV2 . Photons were measured with transverse energy
4 < ETγ < 15 GeV and pseudorapidity −0.7 < η γ < 0.9, and jets with 2.5 < ETjet < 35 GeV and
−1.5 < η γ < 1.8. The analysis complements earlier measurements of isolated photon production
in NC DIS 4 , and now differential cross sections as functions xγ , xp , ∆η, ∆φ, ∆ηe,γ and ∆φe,γ are
provided, where the observables denote the fraction of the incoming photon energy that is given
to the photon and the jet, the fraction of proton energy taken by the interacting parton, and the
azimuthal angles or rapidity differences between the photon and the jet or the scattered lepton,
respectively. The cross sections are compared to Monte Carlo predictions by Djangoh+Pythia,
where the photons radiated off a quark line are scaled by a factor of 1.6. These predictions
provide a good description of the studied distributions 5 , as exemplariliy displayed in figure 2.
The cross sections are further compared to predictions based on the kT factorisation method,
which appear to have some problems in describing all measured distributions equally well.
4

Jet cross sections in DIS

Cross sections for jet production are measured in NC DIS in the Breit frame and exhibit a
direct sensitivity to the strong coupling constant and to the gluon content of the proton. New
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Figure 2 – Differential cross sections for the
production of photons accompanied by a jet
in NC DIS as a function of fraction of the
incoming photon energy that is given to the
photon and the jet, xγ , compared to MC predictions by Djangoh+Pythia.
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Figure 3 – Inclusive jet cross sections in NC DIS in comparison
to NLO, approximate NLO and full NNLO predictions.

measurements of jet production cross sections in NC DIS have been performed in the kinematic
region 5.5 < Q2 < 80 GeV and inelasticity 0.2 < y < 0.6. These are inclusive jet cross sections
measured as a function of Q2 and jet transverse momentum, PTjet , as well as dijet and trijet
cross sections measured as functions of Q2 and the average PTjet of the two or three leading jets 6 .
Furthermore, the kinematic range of an earlier measurement of inclusive jet cross sections 7 at
higher values of Q2 is extended to lower values of PTjet . The data are compared to NLO, to
approximate NNLO and to next-to-next-to-leading order (NNLO) predictions 8 , whenever available. The ratio of inclusive jet cross sections to NLO calculations together with other predictions
is displayed in figure 3. The predictions are in general found in good agreement with the data
within the experimental and theoretical uncertainties. The NNLO predictions improve significantly the description of inclusive jet and dijet cross sections as compared to NLO predictions
in particular at lower scales and they also exhibit reduced scale uncertainties. Measurements of
jet cross sections normalised to the inclusive NC DIS cross section in the respective Q2 interval
further improve the experimental precision, since experimental uncertainties cancel partially.
5

Strong coupling constant at NNLO from jet cross sections

The strong coupling constant αs (MZ ) is determined in a fit of NNLO predictions 8 to inclusive jet
and dijet cross sections measured by the H1 experiment during different data taking periods and
different center-of-mass energies 9 . Altogether five data sets of inclusive jet cross sections and four
data sets of dijet cross sections are considered and the data covers a range of momentum transfer
of 5.5 < Q2 < 15 000 GeV2 and jet transverse momenta of PTjet > 4.5 GeV. Jets are defined by
the kt jet-algorithm with a parameter R = 1 and are contained within the pseudorapidity
jet
range −1 < ηlab
< 2.5. The αs -extraction methodology accounts for the αs -dependence of the
hard coefficients, as well as the αs -dependence of the PDFs 9 . The latter is predicted by the
factorisation theorem and it is taken as such into account in the fit. This provides an increased
sensitivity to αs at lower scales, but a decreased sensitivity at higher scales.
Values of αs (MZ ) are determined in fits to the individual data sets, and in fits to all inclusive
jet and dijet measurements as displayed in figure 4. These values are found to be consistent.
The value of αs (MZ ) determined in a fit to inclusive jet and dijet cross sections is found to be
αs (MZ ) = 0.1157 (6)exp (3)had (6)PDF (12)PDFαs (2)PDFset (+27
−21 )scale ,
where uncertainties on the PDF, the choice of the PDF set (PDFset), the value of αs (MZ ) as
input to the PDF extraction (PDFαs ), the uncertainty on the hadronisation correction, and
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Figure 4 – Values of the strong coupling constant, αs (MZ ), determined in NNLO accuracy
in fits to H1 jet cross section measurements.
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Figure 5 – Results for αs (MZ ) in NNLO for fits
to data points at similar scales in comparison to
values from other experiments and processes.

uncertainties due to scale variations by factors of 2, are considered. The value of αs (MZ ) is
consistent with the world average value of αs (MZ ) = 0.1181 (11). The dominating uncertainty
arises from scale variations of the NNLO predictions.
The running of the strong coupling constant is determined by repeating the fits to groups
of data points at similar scales. The results are displayed in figure 5 and compared to other
extractions in at least NNLO accuracy. Good agreement with the QCD expectation and other
determinations is found.
6

Summary and conclusions

Several years after ending of data taking at the HERA accelerator the H1 and ZEUS experiments
have transformed their analysis frameworks into a long-term usable computational environment
and provide new measurements and also combinations of previously published results. New theoretical developments, such as full next-to-next-to-leading order calculations for jet production,
can thus be explored together with new data and precision QCD results are obtained, such
as precision determinations of the strong coupling constant, αs (MZ ), or the masses of heavy
quarks.
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We present our results for the calculation of inculsive single jet and di-jet production for
deep inelastic electron-proton scattering (DIS) to next-to-next-to-leading order (NNLO) in
QCD. The results are compared to recent H1 data where the jets were measured in the Breit
reference frame. For the first time, we also present results for NNLO QCD corrections to di-jet
production in the diffractive regime, and a comparision to measurements by H1 and ZEUS is
made.

1

Introduction

The production of hadronic jets in neutral current deep inelastic electron-proton scattering (DIS)
is described by the collision of a parton inside the proton p with a virtual photon or Z-boson
with momentum q = k − k 0 via
l(k) + p(P ) → l(k 0 ) + X(PX ),

(1)

where X is the hadronic final state and l the electron. Many such events were recorded by the
HERA experiments, H1 1,2,3 and ZEUS 4 , at DESY, where measurements were carried out in
terms of the following variables:
slp = (k + P )2 , Q2 = −q 2 , x =

q·P
Q2
, y=
.
2q · P
k·P

(2)

The events are analysed in the Breit- or ’brick-wall’-frame where the virtual boson is totally
space-like and collides head-on with the parton. At O(αs0 ) in the QCD strong coupling constant, the struck parton is a quark and stays on axis in the Breit-frame after the collision due to
momentum conservation. Di-jet production on the other hand generates non-vanishing transverse momenta in the final states and here gluons contribute in the initial states for the first time.
The sensitivity on the gluon content inside the proton for di-jet observables can be used to constrain the gluon parton distribution function (PDF). Calculating the perturbative coefficients in
di-jet production to next-to-leading (NLO) order accuracy in QCD, however, was not sufficient

to exploit the full potential of the HERA data 1 . Using the method of antenna subtraction to
handle infrared (IR) divergences coming from double unresolved phase space configurations, we
calculated the di-jet coefficients to NNLO accuracy in the QCD corrections 5,6 and references
therein. The calculation is embedded in the NNLOjet program that is a Monte Carlo process
library and currently includes Z + j, H + j and di-jet production in hadron-hadron collisions,
neutral current DIS and e+ e− → 3j production, all to NNLO accuracy in QCD. NNLOjet is
fully interfaced to the APPLfast-NNLO code and this allows the generation of grids to facilitate
the fitting of PDFs as well as fits of αs . A fit of αs was recently performed by us together with
the H1 collaboration 7 and we found the value of αs (MZ ) = 0.1157(30) to be consistent with the
world average 8 .
2

Phenomenological application

At HERA, di-jet production was studied in terms of the observables ξ2 = x(1 + M12 /Q2 ), where
M12 is the combined invariant mass of the leading and sub-leading jet, and the average transverse
momentum hpT i2 of the leading and subleading jet. At O(αs1 ), ξ2 corresponds to the Feynman ξ
parameter, the momentum fraction of the proton carried by the struck parton. In addition every
lab < 2.5,
jet was subjected to a cut on their pseudo-rapidity in the laboratory frame of −1.0 < ηjet
resulting in the possible measurement of 1-jet events in the Breit-frame. For such inclusive 1-jet
events, distributions in individual jet transverse momentum pT were examined.
2.1

DIS jets

In Fig.1 we compare the NNLO results for the ξ2 distribution in bins of Q2 against the H1
measurements 1 . In this analysis a cut of M12 > 16 GeV together with a symmetric cut of
pT > 5 GeV for all jets was applied. In a previous analysis by ZEUS 4 it was observed, studying
the NLO coefficients only, that the cross section as a function of M12 increased as more phase
space was cut out. This is an unphysical behaviour and is remeniscent of the IR sensitive
symmetric pT cut. Here, IR sensitivity is introduced because of a mismatch between real and
virtual corrections, as the real correction might not pass the symmetric cut by emission of semisoft radiation. This does not hold true for the virtual correction, being a final state that is
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Figure 1 – Measurements of the variable ξ2 by H1 compare to NNLOjet results (left), NNLOjet results using
asymmetric pT cuts (right).

symmetric in the jet pT . The M12 cut was chosen such that no increase in the cross section was
observed for higher values of the cut at NLO. At NNLO, however, we observe a reappearance
of the IR sensitivity, as it can be seen in particular for lower values of ξ2 where the NNLO scale
uncertainty bands increase considerably compared to the NLO bands. To examine the effect of
the symmetric pT cut we re-calculated the distribution for a pT cut of 5 GeV on the leading and
a cut of 4 GeV for all other jets. Here we observe a much better convergence of the perturbative
series as displayed in Fig.1.
The results 1,2 for inclusive jet production are shown in Fig.2. At higher and lower values
of Q2 we see overlapping NNLO and NLO scale uncertainty bands as well as a reduction of the
scale uncertainty. For lower Q2 values we observe that the NLO predictions fail to account for
the shape of the data, whereas this is no longer the case for the NNLO predictions. For higher
Q2 values we observe that some data points are not as well described by the NNLO predictions.
This might point to the need to re-fit the gluon distribution, and could change this picture once
this data is included in a full NNLO PDF fit.
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Figure 2 – pT distribution of the low (left) and (high) Q2 inclusive jet data from H1.

The value of χ2 /ndof in the αs fit from DIS data by H1 7 , where 136 data points for inclusive
1-jet production were compared to NNLO predictions, is approximately 1, indicating an overall
very good agreement between data and theory.
2.2

Diffractive jet production

Diffractive scattering describes events where the proton stays intact after the collisions. Schematically this is shown in Fig.3. In 1998, Collins et al. 9 proved the factorisation theorems for
diffractive scattering in DIS that allows the total cross section to be written as a partonic cross
section convoluted with a diffractive PDF (DPDF). DPDFs are currently determined to NLO
QCD accuracy only. We compared our NNLO results, calculated in the five flavour scheme, to
five measurements by H1 10,11,12,13,14 and one by ZEUS 15 . Examples of such comparisons can
be seen in Fig. 4. We observe a mild reduction in the scale uncertainty from NLO to NNLO.
This can be explained by the relatively large values of αs at typical diffractive scales of µ2r ≈ 10
GeV2 . The shapes of the distributions, however, are better described by the NNLO predictions,
but they seem to overestimate the data by approximately 30%. We suspect this effect to be due
to a mismatch between the perturbative QCD order used in the DPDFs and the acurracy of

Figure 3 – Schematic describtion of diffractive scattering in DIS (left), χ2 dependence of αs fit.

the hard matrix elements. From our perspective, a full new fit of DPDFs to NNLO accuracy is
necessary to resolve this issue.
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RECENT QCD RESULTS FROM THE TEVATRON
MICHAEL G. ALBROW
(On behalf of the CDF Collaboration)
Fermi National Accelerator Laboratory, Wilson Road,
Batavia, IL 60510, USA
More than five years after the Tevatron pp̄ Collider shut down, data from the Collider Detector
at Fermilab (CDF) on Quantum ChromoDynamics (QCD) are still emerging. New results will
be presented on direct photon production at high pT , W + jets, and charmed meson (D+ )
production at low pT . An on-going study of central exclusive hadron production (double
pomeron exchange) will also be mentioned.
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The Tevatron and CDF

The Tevatron was shut down on September 30th 2011, by which time the LHC was dominating
the high-mass, high-Q2 searches for the Higgs boson, supersymmetry, large extra dimensions, etc.
There was still much interesting low-Q2 physics, such as non-perturbative QCD and diffraction,
√
left undone. Tevatron results also remain relevant for the s-dependence of electroweak and
strong processes, and publications continue at a reduced rate (41, 26, and 20 in 2014, 2015,
and 2016 respectively, about equally from CDF and D-Zero). In the final month of operation,
√
special short low-luminosity runs at s = 300 GeV and 900 GeV were taken to supplement the
√
standard s = 1960 GeV running.
In this talk I report on some new CDF results using the full data set of about 9.5 fb−1 at
√
s = 1960 GeV. The central CDF detector comprised 1 silicon- and drift chamber-tracking in
a solenoidal field, surrounded by a barrel of time-of-flight counters, electromagnetic (EM) and
hadronic (HAD) calorimeters, and muon chambers. In both forward directions there were arrays
of gas Cherenkov counters for luminosity measurement and rapidity gap detection, and “beam
shower counters” extending to |η| = 7.4 (later reduced to |η| = 5.9).
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Inclusive high-pT photon production

Prompt, or direct, photons at high pT , namely those not from resonance decays (mostly π 0 and
η 0 ), are mainly from QCD-Compton scattering (g +q → γ +q) or q q̄ annihilation (q + q̄ → g +γ).
In addition, direct photons can be radiated off an initial or final state quark line (fragmentation),
but in this analysis 2 these are suppressed by requiring the photon candidate to be isolated,
i.e. with little energy deposition near the EM shower. The measurement provides relatively
high precision (compared to jets) tests of perturbative QCD, and information on the parton
distribution functions (PDFs) and fragmentation functions (FFs). These events can also be
a background to important processes such as H → γ + γ (H = Higgs boson), and play an
important role in searches for physics beyond the Standard Model.
Photon candidates have an EM shower profile consistent with a single photon, with |η| < 1.0
and ET (γ) > 30 GeV, and no pointing charged-particle tracks. For many bins in ET (γ) a neural

Figure 1 – Measured γ + X bin-averaged cross section as a function of leading photon transverse energy (CDF),
compared to Monte Carlo predictions.

network, ANN, was used to fit the shower information to Monte Carlo-generated templates for
either a single photon, or backgrounds such as π 0 ’s. The signal fraction rises from about 50% at
30 GeV to about 80% from 250 GeV to 500 GeV. The resulting cross section for p + p̄ → γ + X
is shown in Fig. 1, compared to pythia 6.216, sherpa 1.4.1, and NLO mcfm 6.28 calculations.
The pT -dependence is well described by all calculations, after the pythia leading-order generator
with cteq5L PDF is normalized by an overall factor 1.5.
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Production of a W -boson with 1 - 4 jets

This is another test of perturbative QCD, and the paper 3 using 9.0 fb−1 is to be submitted
soon. There are many backgrounds to the primary process (with W → eν or µν) that have to
be calculated and subtracted. These include vector-boson pairs (W W, W Z, ZZ), tt̄, single top
production, Z + jets and W → τ ν + jets. The trigger and candidate selection required one
electron or muon with pT > 25 GeV/c and |η| p
< 1.0, at least one jet with ET > 25 GeV and
EM fraction < 0.9, and no jets within ∆R = ∆η 2 + ∆φ2 = 0.4 of the lepton. Cuts on the
transverse mass of the lepton and on the missing-ET enhanced the W selection.The backgrounds
were calculated with several versions of pythia, with input from alpgen or MadEvent.
As shown in Fig.2. the electron and muon data agree well in terms of both the number
of associated jets, and the leading jet ET distribution, providing a good check on efficiencies
and systematic uncertainties. The highest ET bin for the leading jet is from 200 - 300 GeV.
The cross section decreases by a factor 10 for each extra jet, from one to four jets. The main
background events in the electron channel are QCD multi-jets, with a fake or non-prompt lepton;
this is much less in the muon channel. In the W + 4-jet channel the dominant background is
from tt̄-production, which was the top discovery channel back in 1995. There are no major
disagreements with the alpgen + pythia v.6.3 Tune A simulations. See Ref.3 for a discussion.

Figure 2 – Left: Cross section for producing a W-boson and ≥ N Jets. Right: Distribution of leading jet ET .
Both W → µ± ν and W → e± ν are shown.
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Production of low-pT charmed mesons, D+

This was covered in A.Popov’s heavy-flavor talk at this conference, but it is also a QCD topic.
Earlier published data 4 had pT (D+ ) > 6 GeV/c, while this new analysis extends the spectrum, shown in Fig.3, down to 1.5 GeV/c, with |yD | < 1.0. The cross section is high enough
that a simple zero-bias (bunch-crossing) trigger can be used, selecting D+ → K + π + π − (and
charge-conjugate) decays, which have a branching fraction of nearly 10%, and a mass resolution
σ(MD ) ∼ 6%. A secondary vertex, as measured in the five-layer barrel of silicon tracking, plus
two intermediate silicon layers, resulted in a good signal:background in the Kππ mass plots,
in different bins of pT (D), from 1.5 GeV/c to 14 GeV/c. The spectrum 5 is compatible with
the next-to-leading-log calculation (FONNL) of Ref. 6 , albeit on the high edge of the systematic
errors (as seen in the earlier data).

Figure 3 – Differential cross section as a function of pT for primary D+ mesons compared to predictions
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Central exclusive production: double pomeron exchange

This double-diffractive process is p + p → p(p∗ ) + X + p(p∗ ), where the X is a low-mass hadronic
state and the + represents a rapidity gap ∆y exceeding 5 units. The t-channel exchanges are
dominated by pomerons, at leading order a pair of gluons in a color-singlet, making this a
good channel to search for glueballs, especially as the quantum numbers of X are restricted
to I G J P C = 0+ (even)++ . In CDF the leading protons were not detected, so the signature
is GAP-X-GAP, and the so-far published data 7 has X = π + π − . Other 2-hadron final states
constitute a < 10% background, as estimated from time-of-flight identification. Studies of this
data continue, measuring other channels, such as X = K + K − , Ks0 Ks0 , 4-tracks, 4γ, etc. While
there is no detailed and accurate theoretical prediction for these spectra, there are strong signals
for the f0 (980) and f2 (1270) resonances, together with some higher mass structures, relative to
a smooth polynomial fit.
It is high time the isoscalar scalar and tensor mesons, q q̄, qq q̄ q̄, and possibly glueballs, are
understood, and these double pomeron exchange processes should be very important for that.
However a complete understanding will surely need high statistics data in several channels, with
both protons measured, allowing a partial wave analysis to be done. The dependence of the
mass spectra on t1 , t2 , and ∆φ may be very instructive. Glueballs with any quantum numbers
can also be pair-produced, opening up a new field for exotic meson studies, complementary to
e+ e− -annihilation, and photoproduction. Low pile-up data with the combined CMS + TOTEM
detectors at the LHC will be important in this regard. Existing data now being analysed, with
the protons measured and higher statistics than CDF, have excellent potential for channels such
as X = π + π − , but our goal should be to have ≥ 104 events in rare channels such as X = φ + φ,
η + η, etc.
6

Summary

Tevatron results on QCD continue to be published from CDF and D-Zero, and even though
searches for new high-mass states, top- and Higgs-physics have been taken over by the LHC,
√
the s-dependence is valuable to understand their production. Non-perturbative QCD at lowQ2 is still not well understood at a fundamental level, especially diffraction, the pomeron, and
glueballs. So there is still room for unexpected or surprising observations.
7
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QCD with jets and photons at ATLAS and CMS
Zuzana Barnovska-Blenessy, on behalf of the ATLAS and CMS collaborations
University of Science and Technology of China, Hefei, China

A selection of recent QCD measurements by the ATLAS and CMS collaborations in final
states with photons and jets is presented. New results with improved precision provide a
probe of perturbative QCD, allowing to perform PDF fits and extracting the strong coupling
constant αS .
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Introduction

QCD, as a theory, is well established and has been tested by many experiments. There are,
however, still regions of the phase space, where calculations fall short of the measured data.
At LHC, the ATLAS and CMS experiments have the possibility to probe perturbative QCD
at new energy regimes. The results of measuring kinematic and angular properties of photons
√
and jets in pp collisions at s = 8 and 13 TeV, can be compared to theoretical calculations at
the next-to-leading (NLO) and next-to-next-to-leading (NNLO) level. Constrains can be put
on parton distribution functions (PDFs) and the strong coupling constant αS can be extracted
from a global Standard Model (SM) fit at new energies, thereby measuring the running of αS .
Measurements of events with photons and jets are also important for new physics searches.
Many searches beyond the Standard Model expect a low number of signal and background
events, implying the importance of precise theoretical predictions of these backgrounds.
The ATLAS 1 and CMS 2 detectors are multi-purpose detectors, designed to detect highenergy elementary particles or their decay products, except for neutrinos. The two detectors
use different technologies but are both capable of detecting, reconstructing, identifying and
measuring the energy of photons and jets using electromagnetic and hadronic calorimeters and
tracking information 3,4,5,6 .
2
2.1

Inclusive isolated photon production
Inclusive photon production at

√

s = 13 TeV in ATLAS

Isolated photon candidates from a sample of 3.2 fb−1 of pp collisions collected by the ATLAS
detector at 13 TeV are selected with ET > 125 GeV, and the remaining jet background is
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estimated by using a data-driven method 7 . Differential cross-sections are measured in bins of
ET of the photons in four η bins using bin-by-bin unfolding to account for detector effects.
Results are compared to Monte Carlo (MC) events from leading order (LO) Pythia 8 and
Sherpa generators interfaced with parton shower. Both describe the shape of the distributions
well. Comparison to fixed-order NLO QCD predictions from Jetphox, which contains both
the direct and fragmentation components of photon production, is shown in Figure 1. Three
PDF sets are used, giving a similar description, underestimating the cross-section by up to 15%.
The inclusive cross-section is measured to be σmeasured = 399 ± 13(exp.) ± 8(lumi) pb, and the
prediction by Jetphox is σNLO = 352+36
−29 (scale)±3(PDF)±6(αS )±4(non − pert) pb, dominated
by the scale uncertainty.
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Figure 1 – Differential cross-section measured by ATLAS of inclusive isolated photons as a function of photon
γ
transverse energy ET
(left) and the ratio to NLO QCD predictions from Jetphox with three different PDF sets
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(right) .

2.2

Isolated photon plus jet production at

√

s = 8 TeV in ATLAS

In ATLAS, differential cross-sections of isolated photons with up to three jets are measured as a
function of many kinematic and angular observables, using the full 8 TeV dataset of 20.2 fb−1 .
Photons are selected with ET > 130 GeV and jets with pT > 50 GeV. The high energy regime
of QCD is probed with photons up to ET = 1.1 TeV and jets up to pT = 1.2 TeV. Measured
cross-sections are compared to Sherpa and Pythia MC generators, where Sherpa provides
a slightly better description, particularly when more jets are required to be present. Data is
also compared to fixed-order NLO QCD calculations by Jetphox and BlackHat, which give a
good description in terms of normalization as well as shape. BlackHat starts to deviate from
data for photon energies above 750 GeV 9 .
3

Jet measurements

Measuring the differential cross-sections of inclusive jets as a function of jet pT in several rapidity
(y) bins can can be used to constrain the PDFs. In all measurements, jets are reconstructed
using the anti-kT algorithm 10 , except for the last measurement, where the kT algorithm 11 is
used.

3.1

Inclusive jet cross-sections at

√

s = 8 and 13 TeV

CMS uses the full 8 TeV dataset of pp collisions of 19.7 fb−1 to measure inclusive jet crosssections 12 . Selecting high-pT jets starting at 74 GeV, differential cross-sections are measured
as a function of jet pT in several rapidity bins. Measured cross-sections are compared to NLOJet++ calculations corrected for non-perturbative (NP) and electroweak effects (EW). Using
five different PDF sets, the agreement is mostly good, except for the ABM11 PDF set, which
uses a fixed flavor number scheme contrary to the others. Ratios of cross-sections measured at
√
s = 8 TeV and 2.76 TeV or 7 TeV are presented, where some uncertainties cancel and a better
precision is achieved. CMS also fits the PDFs, showing a potential to constrain the gluon PDF
at high-x. αS is extracted and is consistent with the world average.
ATLAS uses the full 8 TeV dataset to measure the same differential cross-sections as a
function of jet pT and y. Results are compared to NLOJet++ theoretical predictions with NP
and EW corrections. Four different PDF sets are used for the comparison, with CT14 giving
the best qualitative agreement. A quantitative comparison is also performed, providing the χ2
and p−values for all pT and y bins and the different PDF inputs. In some regions, the p−values
reach over 90%, however the full integrated result compared to theory yields very low << 10−3
p−values. A thorough investigation of decorrelation scenarios and an alternative correlation
model is considered 13 .
At 13 TeV, both ATLAS and CMS collaborations show 14,15 on a smaller dataset of 3.2 fb−1
and 71 pb−1 , respectively, that the NLOJet++ calculations agree with measured values within
the uncertainties. CMS, however, observes that NLOJet++ overestimates data by 5-10% for jet
radius R = 0.4, but this is not seen with R = 0.7.
3.2

Dijet and multijet cross-sections at

√

s = 8 TeV in CMS

CMS selects jets with pT > 50 GeV and R = 0.7 from the 8 TeV dataset to measure dijet
differential cross-sections. These are measured differential in average transverse momentum
pT,avg , half rapidity separation of the two jets and their boost, as defined in the publication 16 .
The measured cross-sections are compared to NLOJet++ calculations corrected for EW and NP
effects. Discrepancies are observed at high pT,avg , and a full PDF fit places constrains on high-x
regions of the quark and gluon PDFs. The strong coupling constant is also extracted from the
fit.
CMS also measures differential cross-sections of multijets, as a function of average transverse
momentum defined as HT,2 /2 = 0.5(pT,1 +pT,2 ) using the full 8 TeV dataset with jets of R = 0.7.
The HT /2 is measured for events with ≥ 2 and ≥ 3 jets and a comparison to NLOJet++
theoretical predictions is performed. A ratio of the measured cross-sections for the two event
categories R23 is shown in Figure 2 (left). A PDF fit is performed and the strong coupling
constant is extracted. Together with previous CMS and other measurements, the running of αS
is shown in
3.3

kT -splitting scales in Z → `` events at

√

s = 8 TeV in ATLAS

A measurement of differential cross-sections as a function of kT -splitting scales is performed
by ATLAS, using the full 8 TeV dataset 18 . The kT -splitting scales are defined by the kT jet
11
clustering
which is based on sequential combination of the input
√ algorithm,
√
√ momenta . The
scales d0 - d7 can be interpreted as transverse momenta of the leading ( d0 ) and subsequent
jets. Higher scales can therefore be used as a QCD probe. Events with a Z boson decaying into
two leptons are selected to get a pure environment. Jets are clustered from charged particles
√
with
pT > 400 MeV and with |η| < 2.5, excluding the leptons coming from the Z. The d0 √
d7 scales are measured separately for the e+ e− and µ+ µ− channels and two jet radius sizes
of R = 0.4 and 1.0. Comparisons to Z+0,1,2 jets NLO+3, 4 jets LO Sherpa2.2 MEPS@NLO
predictions and Z + 0jets @NNLO PowHeg NNLOPS calculations show differences between

data and theory in a wide range of the phase space, giving the possibility to use these results to
constrain and tune MC event generators. Figure 2 (right) 17 .
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Figure 2 – Differential cross-section measured by ATLAS of inclusive isolated photons as a function of photon
γ
transverse energy ET
(left) and the ratio to NLO QCD predictions from Jetphox with three different PDF sets
17
(right) .

4

Conclusion

The ATLAS and CMS collaborations have recently provided full comprehensive measurements
of photons and jets at 8 TeV and first measurements at 13 TeV, exploring new regions of phase
space and new energies. The experiments publish data in formats allowing for PDF fits to be
performed or perform the fit themselves, placing constrains on PDFs. At the same time, the
running of αS is probed at high-Q values. New levels of precision are reached by measuring
ratios, where some uncertainties cancel. Future measurements will bring even tighter constrains
on the PDFs and put pressure on the need to improve the theoretical calculations.
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In this talk we present the recent calculation in all partonic channels of the fully differential
single jet inclusive cross section at Next-to-Next-to-Leading Order in QCD. We discuss the
size and shape of the perturbative corrections as a function of the functional form of the
renormalisation and factorisation scales and compare the predictions at NLO and NNLO to
the available ATLAS 7 TeV data. We find significant effects at low-pT due to changes in the
functional form of the scale choice whereas at high-pT the two most common scale choices
in the literature give identical results and the perturbative corrections lead to a substantial
reduction in the scale dependence of the theoretical prediction at NNLO.

1

Introduction

Single jet inclusive 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 (PDFs) in the proton and for a
direct probe of the strong coupling constant αs up to the highest new energy scales that can be
attained in collider experiments.
In the single jet inclusive cross section each identified jet in an event contributes individually
to the cross section. In particular, all subleading jets that pass the jet fiducial cuts in the same
event are booked at the histogram level together with the leading jet. This cross section has
been studied as function of the transverse momentum pT and absolute rapidity |y| of the jets and
√
precision measurements performed recently by the ATLAS and CMS collaborations at s = 8
√
TeV and s = 13 TeV have been presented at this conference 1 . The discriminating power of the
hadron collider jet data to constrain the gluon and valence quark PDFs has been demonstrated
in Ref. 2 where uncertainties on the gluon PDF at high-x (relevant to increase the precision for
Higgs, top and other SM measurements and BSM searches) are significantly reduced once the
√
CMS s = 8 TeV jet measurements are included in the determination of the PDFs.
Theoretical predictions for this observable accurate to NLO in QCD have been obtained in 3
(with the inclusion of shower effects in 4 ) while NLO corrections in the electroweak theory were
obtained in 5 . The ATLAS and CMS analysis of jet data show that QCD is a well established
theory however, many regions of phase space probed by the kinematics of jet production are
not well described by current theory predictions. In particular the level of agreement with NLO
theory varies between the different PDF sets and for many experimentally accessible cross section
bins is limited by large scale uncertainties in the NLO theory prediction. The latest theoretical
a

Speaker.

development in the description of jet production at a hadron collider is the calculation of the
NNLO QCD corrections to the single jet inclusive cross section 6 . In this talk we present these
very recent results as a new approach to look at jet data at the LHC.
2

Results at NNLO

To perform our calculation we have employed the antenna subtraction scheme 7 for the analytic
cancellation of infra-red (IR) singularities at NNLO. As demonstrated in 8,9,10 , using the antenna
subtraction scheme the explicit -poles in the dimension regularization parameter of one- and
two-loop matrix elements are cancelled in analytic and local form against the -poles of the
integrated antenna subtraction terms. All predictions presented in this talk have been obtained
with the parton level generator NNLOJET which implements the antenna subtraction scheme to
compute fully differential jet cross sections at NNLO in QCD.
The results presented here are for the experimental setup (pT and rapidity bin widths) used
√
by the ATLAS 11 collaboration for the s = 7 TeV 4.5 fb−1 data set with jets reconstructed
using the anti-kT jet algorithm with R = 0.4. The cuts imposed on the jet data include all
jets found with pT ≥ 100 GeV and |y| < 3. The theoretical calculation uses the NNPDF3.0
NNLO PDF set with αs (MZ2 ) = 0.118 for LO, NLO and NNLO contributions. Similarly to
the analysis performed by ATLAS 11 we set the renormalisation scale, µR , and the factorisation
scale, µF , in the theory prediction equal to the leading jet transverse momentum pT 1 for each
event. Additionally we present results using the individual jet transverse momentum pT at the
event level as the µR and µF scales for each jet’s contribution to the single jet inclusive cross
section. For the leading jet in the event this scale is identical to pT 1 and so its contribution
is insensitive to the scale choice between pT and pT 1 . Similarly, 2-jet events where the jets
are balanced in pT cannot generate any difference as pT = pT 1 = pT 2 . Away from these jet
configurations, the subleading jets will have smaller pT than the leading jet in the event and so
choosing the individual jet pT as the theoretical scale will mean that the scale used to calculate
the weight associated with a jet will on average be smaller than the scale pT 1 .
For these reasons at the LO the two scale choices generate the same prediction and similarly,
for all events at higher order that have LO kinematics there is no difference between the two
scale choices. In particular at high-pT the scale choices once again converge as is to be expected
for the largely back-to back configurations found at high-pT . Kinematical configurations where
the scale choices do not coincide are events with three or more hard jets and events with hard
emissions outside the jet fiducial cuts that generate an imbalance in pT between the leading and
subleading jets in the event.
In Fig. 1 we show the potential for the NNLO correction to change the shape of the distribution relative to NLO. As a function of pT in six rapidity slices we show the k-factors for
NLO/LO, NNLO/NLO and NNLO/LO for a perturbative expansion using the scale µ = pT 1
(left plot) and µ = pT (right plot). Using the pT 1 scale choice we observe that the NNLO
coefficient increases the NLO result at the 10% level at low pT for all rapidity slices while the
effects at high-pT are small. The shape of the NNLO/NLO k-factor is getting steeper in the
forward rapidity slices. On the other hand using the pT scale choice we see that at low-pT the
NNLO/NLO k-factor provides a negative 10% correction, decreases in magnitude at higher pT
and the shape of the NNLO/NLO k-factor flattens in the forward rapidity slices. The difference
in the shape of the k-factor between the two scale choices seems to indicate that there is a potential interplay between the scale choice in the theory prediction and a consistent fit of jet data
in PDF’s for all rapidity slices simultaneously. For this reason a detailed study of the effects of
the single jet inclusive datasets and NNLO theory predictions on PDF fits is required for more
substantive conclusions
In Fig. 2 we present the comparison of the theory predictions at NLO and NNLO with the
ATLAS data for the two scale choices. Looking at the results at NLO on the left side of the
figure, we find small differences in the central value of the predictions at low-pT which are inside
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Figure 1 – NLO/LO (green), NNLO/NLO (red) and NNLO/LO (blue) k-factors for jet production at s = 7 TeV.
The lines correspond to the double differential k-factors (ratios of perturbative predictions in the perturbative
expansion) for pT > 100 GeV and across six rapidity |y| slices. Lines correspond to theoretical predictions
evaluated with NNLO PDFs from NNPDF3.0 and central scale choice µ = pT 1 (left plot) and µ = pT (right plot).

the scale dependence of the NLO prediction, estimated by varying both central scale choices
by a factor of two and one half and represented by the thickness of the bands. We observe
that both scale choices show an asymmetric scale band where the central value of the prediction
sits at the top of the band. Moreover the scale uncertainty of the NLO prediction at low-pT
is underestimated due to the turnover of the NLO coefficient from negative to positive. Scale
uncertainties at high-pT are around 20% rising to 40% for forward jets. When comparing the
results with the data we do not include non-perturbative effects; they are quantified in Ref. 11
and found to be a 2% effect in the lowest pT bin and at most a 1% effect in all other bins.
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Figure 2 – NLO predictions (left plot) and NNLO predictions (right plot) normalized to data for two different scale
choices, individual jet pT (red) and leading jet pT (green). The bands correspond to the variation of µ = µR = µF
by factors of 0.5 and 2 about the central scale choice.

In the same figure on the right side we compare the data with the predictions at NNLO
in QCD. In comparison with the results at NLO we observe that both scale choices show a
more reliable symmetric scale variation. The scale uncertainty at NNLO is at the 10% level
at low-pT and at the percent level at high-pT . At high-pT the predictions with µ = pT 1 and
µ = pT coincide whereas at the low-pT we observe significant differences which are outside the

NNLO scale variation band. At low-pT we find the behaviour somewhat different to NLO: the
NNLO correction for the pT 1 scale moves the prediction away from the data, with which it was
consistent at NLO; whereas using the pT scale brings the NNLO prediction in line with the data
with which there was some tension at NLO. The significant effect of this scale ambiguity on the
NNLO predictions, and the lack of a theoretically well motivated preference motivates further
study of this issue.
3

Conclusions and outlook

In this talk we reported the first results on the NNLO QCD radiative corrections to the single
jet inclusive cross section at hadron colliders. In the single jet inclusive cross section all jets in
the event that pass the jet fiducial cuts contribute to the jet transverse momentum distribution.
For this reason two scale choices for the theoretical predictions in perturbative QCD have been
considered in the literature; the leading transverse momentum scale choice µ = pT 1 for all jets
in the event or the individual jet transverse momentum µ = pT of each jet in the event. In the
medium to high-pT jet transverse momentum distribution the two scale choices yield identical
results and the scale uncertainties are at the percent level at NNLO, a substantial reduction with
respect to NLO. At low-pT we observe significant differences in the NNLO prediction outside the
NNLO scale variation band. This motivates further studies using LHC jet data to understand
jet production at hadron colliders, including studies of scale choice, jet shape, cone size and
different PDF sets. In particular it would be desirable to have a consistent description of jet
data at NNLO for all jet datasets at low and high-pT in the central and forward rapidity regions
for multiple jet R cone sizes.
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Inclusive and differential W /Z cross-section measurements at ATLAS and CMS
Marcin Wolter, on behalf of the ATLAS and CMS Collaborations
Institute of Nuclear Physics, Polish Academy of Sciences, Kraków, Poland
The ATLAS and CMS collaborations presented recent measurements on the differential and
inclusive cross-sections of the W and Z bosons production in association with jets and heavy
flavour quarks at the LHC at center-of-mass energies of 7, 8 and 13 TeV. The measurements
are compared to NLO and NNLO calculations and Monte-Carlo predictions.

1

Introduction

The production of vector bosons (Z and W ) in association with jets gives a unique opportunity
to perform precision tests of perturbative Quantum Chromodynamics (pQCD) calculations and
is giving inputs for improving parton distribution functions (PDFs) and for tests of Monte Carlo
(MC) event generators. Production of a vector boson and associated jets is also an important
source of background for several Standard Model (SM) processes and for beyond the SM (BSM)
searches such as supersymmetry (SUSY) and dark matter.
2

Inclusive cross-sections

The ATLAS 1 and CMS 2 collaborations presented the latest measurements of inclusive and
differential W and Z boson production cross-sections in pp collisions at center-of-mass energies
√
( s) of 7, 8 and 13 TeV 3,4,5,6 . Thanks to the huge statistics and a clean signature of events, as
well as the excellent calibration and control of systematic effects the experimental uncertainties
are about 1% only. The additional uncertainty of 2% to 3% is due to the luminosity measurement,
therefore the most precise measurements are the ratios of cross-sections.
The analysis of the ATLAS data collected at 7 TeV shows, that the proportion of strange
sea quarks in the proton is comparable to that of down and up sea quarks at low x ' 0.023 and
low Q2 = 1.9 GeV2 (see Figure 1, left plot) 4 . This is a confirmation and improvement of the
previous observation 7 of an unsuppressed strange-quark density in the proton, which had not
been expected from previous analyses of dimuon production in neutrino scattering 8 .
The right plot of Figure 1 shows the result of the ATLAS measurement of the CKM matrix
√
element |Vcs | based on the W ± data collected at s = 7 TeV. The measurement reached the
precision comparable to that achevied in the analysis of charm meson decays by the CLEO-c,
BABAR, and Belle experiments 9 .
The CMS experiment presented the measurement of the differential Drell-Yan cross-section
√
based on the full 2015 dataset collected at s = 13 TeV in Z/γ ∗ → µ+ µ− channel 11 . The
dimuon invariant mass spectrum covers the range from 15 to 3000 GeV. The results are in a
good agreement with the SM predictions (NNLO predictions calculated with FEWZ 12 and NLO
with MadGraph5 aMC@NLO 13 ).

Figure 1 – Strange-to-down sea quark fraction Rs (ATLAS-epWZ16: latest result 4 , ATLAS-epWZ12: previous
result 7 ) (left plot) 4 . |Vcs | as determined from the global CKM fit 9 (blue vertical line) compared to ATLASepWZ16 fit results, extractions from Ds → `ν and D → K`ν decays and to NNPDF1.2 fit 10 (right plot) 4 .

Both CMS and ATLAS experiments have also studied the transverse momentum spectra
and cross-sections of W/Z bosons at 8 TeV. The ATLAS data are compared to predictions
from perturbative and resummed QCD calculations 14 . The predictions from the Monte Carlo
generator ResBos 15 , based on the analytic resummation, are generally consistent with the
data for lower values of lepton pair transverse momentum. The CMS experiment collected the
data during the special low-pileup run at 8 TeV 16 . The measured normalized cross-sections are
compared to various theoretical predictions, which provide a good description of the data.
√
The ATLAS experiment has measured the ratios of tt̄/Z cross-sections at s = 7, 8 and
13 TeV 5 . The experimental results are compared to the theoretical predictions, which are
computed at NNLO (with NLO EW corrections) and NNLO+NNLL accuracy for the Z boson
and tt̄ production, respectively. Excellent agreement between data and predictions is observed.
The electron-muon universality was tested by both ATLAS and CMS experiments at different
energies4,17,18 by calculating the ratios of cross-sections in two different lepton final states (muon
and electron) for two independent processes W ± → `± ν and Z/γ ∗ → `+ `− . The results are in
a good agreement with the SM predictions.
3

Z+jets and W +jets differential cross-sections

√
The ATLAS and CMS experiments have measured Z+jet differential cross-sections at s =
13 TeV 19,20 . The differential measurements of both experiments were performed in several
variables and compared to various simulations. They provide a sensitive probe of different MC
approaches allowing precise MC tuning. All measured cross-sections are well reproduced by the
simulation, some tension is observed by ATLAS for large jet-pT > 200 GeV and also for higher
jet multiplicities.
√
Similar measurements were performed by the CMS experiment using data collected at s =
8 TeV 21 . Differential cross-sections for inclusive jet multiplicities up to five jets have been
measured. Apart from few discrepancies, the measurements show an overall very good agreement
with the multileg NLO predictions.
The measurements of the W +jets differential cross-sections at 8 and 13 TeV are the fundamental tests of the QCD radiation 25 description. At both energies the W (→ µν)+jets channel is
measured 26,27 . This channel is an important background to a number of SM and BSM processes.
The differential cross-sections are compared to various theoretical models, and in general a good
agreement is observed. Some discrepancies are seen, for example for the rapidity difference
between jets (see Figure 2, left plot).
The measurement of W produced with two forward jets was performed by CMS at 8 TeV 28 .
The electroweak fiducial cross-section is in a good agreement with the SM predictions. ATLAS
also measured the electroweak W + jj cross-sections, both total and differential 29 . The electroweak signal is extracted with a binned likelihood fit to the dijet invariant mass distribution.

The total cross-sections measured at 7 and 8 TeV are in a good agreement with SM predictions,
as shown in Figure 2 (right plot).

Figure 2 – Differential cross sections in the rapidity difference between rapidity-ordered jets ∆y(jF , jB ) compared
to the predictions of MadGraph 22 , MadGraph5 aMC@NLO 13 , sherpa 2 23 , and Black-Hat+sherpa 24 (left
plot) 26 . The measurements of the cross-section times branching fractions of electroweak production of a single
W , Z, or Higgs boson at high dijet invariant mass, divided by the SM predictions (right plot)) 29 .

4

Z and W production in association with heavy flavour quarks

The CMS experiment reported the measurements of Z and W production in association with c
and b quarks at 8 TeV. The presence of an intrinsic-charm component inside the proton would
manifest itself by an enhancement of Z + c production, mainly at large values of the transverse
momentum of the charm-quark jets. The measured total and differential cross-sections 30 are in
agreement with the LO predictions from MadGraph and NLO predictions from MG5 amc, as
shown for the differential cross-sections in Figure 3 (left plot).

Figure 3 – Differential Z + c cross section as a function of the transverse momentum of the Z boson (left plot) 31 .
Comparison between the measured W (`ν) + bb̄ cross section and various QCD predictions (right plot) 32 .

The cross-section for the production of a W boson in association with two b jets was measured
√
at s = 8 TeV by the CMS experiment 31 . This measurement is a test of perturbative QCD
description of b-hadron production in various MC generators. The W bosons were reconstructed
via their leptonic decays, W → `ν. The measured cross-section agrees within one standard
deviation with SM predictions, but all predictions are systematically below the measured value

(see Figure 3, right plot). The Z + b and Z + bb production cross-sections measured by CMS at
8 TeV are in a good agreement with the theoretical predictions 32 .
5

Summary

An impressive effort has been done by the CMS and ATLAS collaborations to produce new
results and to improve the previous measurements. Data are compared to the most recent theory
calculations in order to exploit limitations and deviations of the currently available models and
to validate them. This allows to verify the PDF’s used in models and test multileg NLO and
NNLO calculations. Most precise measurements are based on 8 TeV data collected in 2012 due
to the lower pileup.
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MULTI-BOSON PRODUCTION AT ATLAS AND CMS
R. COVARELLI, on behalf of the ATLAS and CMS collaborations
Department of Physics, Via Pietro Giuria 1,
10125 Torino, Italy
We present studies on production of pairs or triplets of gauge bosons in proton-proton collisions
at 8 and 13 TeV center-of-mass energies, using data from the ATLAS and CMS experiments.
Results are given as inclusive and differential cross-sections, from which constraints on anomalous tri- and quadri-linear gauge couplings are extracted, with specific focus on the most recent
results from the two collaborations.

1

Introduction

There are two main direct production modes for pairs of gauge bosons V (V = γ, W ± , Z 0 ) in
proton-proton collisions, i.e. not proceeding through an intermediate resonance like the Higgs
boson.
The main production mode is through the tree-level electro-weak (EWK) process q q̄ → V V ,
at the leading order in Quantum Chromo-Dynamics (QCD) and with additional strong vertices,
that exhibits typical cross-sections of o(10 pb) at LHC energies. Higher-order corrections in
QCD are relatively large, because new initial states come into play (qg at the Next-to-LeadingOrder, NLO and gg at the Next-to-Next-to-Leading-Order, NNLO). Theory predictions at the
NLO have been known for years, e.g. from the POWHEG method 1 , while those at NNLO
became available very recently for basically all processes, e.g. 2,3 . Consistency of data with these
predictions can be translated in limits on a possible contribution of a fully-EWK t-channel and
therefore on the possibility of anomalous triple gauge couplings (aTGCs) with respect to the
Standard Model (SM).
Multi-boson production with two additional hadronic jets in the event includes diagrams
with gauge self-interactions (“Vector-Boson Scattering”, VBS). These production modes have
typical cross-sections of o(10-100 fb) at LHC energies. Precise NLO QCD calculations are
available for such processes, e.g. 4,5 , but experimentally their detection is very challenging: a
large contamination is present from QCD production associated to two jets and other EWK
processes, such as tri-bosons with a weak boson decaying to q q̄. Measurements of VBS helps in
understanding the nature of EWK symmetry breaking and is the main experimental probe of
anomalous quartic gauge couplings (aQGCs).
2

Summary of inclusive cross-sections

Fig. 1 summarizes the total cross-section measured by CMS 6 and ATLAS 7 for different gauge
boson species, final states and center-of-mass energies, in fiducial phase space regions matching
the geometry of the detecting apparati 8,9 . Overall, a very good agreement with SM expectations
is found. Theory uncertainties are about 5-10% for NLO predictions, while they are much smaller
than 5% for NNLO predictions. The recent V γ calculations at NNLO improve significantly

agreement with data. In experimental uncertainties the systematic-to-statistical ratio depends
mostly on the visible weak-boson decays, since the vast majority of analyses use leptonic finalstates only. Z → ν ν̄ decays are used in some cases to add statistical power to the cleaner Z → ``¯
final states. The moderate WZ deficit at 13 TeV observed by CMS is not confirmed by ATLAS.

Figure 1 – Ratio for several diboson total and fiducial production cross section measurements over best available
theory predictions, corrected for leptonic branching fractions, in the CMS 8 (left) and ATLAS 9 (right) experiments.

For di-boson production associated to two jets and tri-bosons, also a variety of measurements
√
exist at s = 8 TeV, but many of them still lack statistical significances for a 5σ observation
and some final states (most importantly ZZ + 2 jets) are not yet investigated. ATLAS reports
modest excesses in the V γγ cross-sections, smaller in the 0-jet bin, which are not confirmed by
CMS 10,11 .
3

Limits on Anomalous Gauge Couplings

Limits on anomalous triple and quartic gauge couplings are extracted by comparing observed
cross-sections to the SM expectation. Differential distributions largely increase sensitivity to
aTGCs and aQGCs, since processes with anomalous couplings tend to produce boson pairs with
large invariant mass and transverse momenta.
Anomalous couplings are defined in different approaches 12 :
1. by modifying couplings in SM Lagrangian (∆g1V , ∆κV ,λV etc.) or, equivalently, introducing effective extra vertices (hV3 , hV4 , f4V , f5V etc.)
2. in effective field theory, in terms of Wilson coefficients ci and New Physics scales
When anomalous couplings are introduced, a form factor αs (ŝ) = αs (0)/(1 + ŝ/ΛF F )n is
needed to preserve tree-level unitarity. ΛF F is often set to infinite (no form factor) in comparing
experimental results for consistency, but a finite form factor can in reality have a substantial
weakening effect on aGC limits if ΛF F = o(TeV).
Fig. 2 shows a sample summary 13 of the limits on the W W Z aTGC, using a specific parameterization in approach 1. (“LEP parameterization”).
4

Selected recent ATLAS and CMS results

CMS has recently published searches 14,15 for EWK-produced W γ and Zγ pairs associated to
two jets at 8 TeV. In these analyses the EWK signal is isolated by selecting events with two
jets at high invariant mass mjj . Backgrounds other than QCD Vγ production (described using
Monte Carlo), mainly from jets faking photons or electrons in the final states, are estimated with
data-driven methods. aQGC limits are extracted from the distributions of pT (W ) (W γ) or mZγ

Figure 2 – Limits on charged aTGC WWZ couplings 13 . The presence of a possible charged aTGC contribution
is parameterized in the so-called “LEP parametrization”. Limits are generally set without the use of form factors
or equivalently with the form factor scale set at infinity.

(Zγ). Fiducial cross sections for EWK production are measured to be 10.8±4.1(stat.) ±3.4(syst.) ±
+0.34
0.3(lumi.) fb for W γ (VBFNLO prediction is 6.1±1.2 fb) and 1.86+0.90
−0.75,(stat.) −0.26,(syst.) ±0.05(lumi.)
fb for Zγ (MadGraph prediction is 1.27 ± 0.13 fb).
A similar search for EWK-produced Zγ is performed in ATLAS 16 , but employing the centrality ξ of the Zγ system with respect to the tagging jets to isolate the signal (ξ = |ηZγ − η̄jj |/∆ηjj ),
as shown in Fig. 3 left. aQGC limits are derived from the ET,γ distributions. The measured
fiducial cross-section is 1.1 ± 0.5(stat.) ± 0.4(syst.) fb (VBFNLO prediction: 0.94 ± 0.09 fb). The
reduction in the statistical uncertainty compared to CMS is achieved by combining the Z → ν ν̄
and Z → ``¯ final states.
CMS has recently published a measurement of the sum of the W W and W Z production
cross-sections at 8 TeV using the semileptonic `νq q̄ final state 17 , where the two quarks form a
single, large-radius hadron jet (J). The use of a “pruning” algorithm to compute the invariant
mass of jet constituents and of jet substructure variables reduce huge W +jets and tt̄ backgrounds
in this measurement. aTGC limits are extracted from pT (J) distributions.
Several ATLAS and CMS measurements are using already LHC 13 TeV data. ATLAS
¯ 0ν
measured the W W and W Z cross-sections at 13 TeV separately 18,19 using the eµν ν̄ and ```
final states. In the W W analysis, the inclusive fiducial cross-section, corrected by branching
ratios, is measured to be 529 ± 20(stat.) ± 50(syst.) ± 11(lumi.) fb and found to be in agreement
with NNLO calculations. The W Z fiducial cross-section is measured differentially in pT (W ) and
mW Z , obtaining updated aTGC limits.
CMS published the first di-boson result with full 2016 dataset (35.9 fb−1 ) at 13 TeV, using
the 4` final state 20 . This is almost a background-free sample, with a small contribution from
Z+jets with fake leptons, estimated in control regions. In the Z resonant region, CMS measures
−6
BF (Z → 4`) = (4.74 ± 0.16(stat.) +0.18
−0.17,(syst.) ± 0.08(theo.) ± 0.12(lumi.) ) × 10 . In the ZZ region
(including ZZ ∗ ) the fiducial cross-section is measured and aTGC limits are extracted from the
mZZ distribution (Fig. 3 right).

Figure 3 – Left: Distribution of ξ in the ATLAS Zγ analysis 16 for the ``¯ channel, comparing data (black
points), the signal process and various background components (coloured templates). Right: Two-dimensional
exclusion limits at 68% (dashed contour) and 95% (solid contour) CL on the ZZZ and ZZγ aTGCs from CMS
ZZ preliminary result 20 . The plot shows the exclusion contours in the (f4Z ,f4γ ) parameter plane.

5

Conclusions

Numerous multi-boson production measurements in ATLAS and CMS performed so far show
good agreement with the SM, with total experimental uncertainties and balance between statistical and systematic uncertainties varying a lot depending on the final states. Recent improvements in theory tools include NNLO QCD calculations available for almost all processes
with possibility to compare to “fiducial” experimental results. Future data collected by the two
experiments will allow measurements like the establishment of electro-weak diboson production
in all channels, the search for triple weak-boson production and precise differential cross sections
(e.g. at high invariant mass, large jet multiplicities and so on).
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B. Jäger et al., Phys. Rev. D 80, 034022 (2009).
CMS Collaboration, JINST 3 S08004 (2008).
ATLAS Collaboration, JINST 3 S08003 (2008).
Summaries of CMS cross section measurements, https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsCombined.
Summary plots from the ATLAS Standard Model physics group, https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/.
ATLAS Collaboration, Phys. Rev. Lett. 115, 031802 (2015).
CMS Collaboration, arXiv:1704.00366, submitted to JHEP.
C. Degrande et al., Ann. Phys. 335 (2013) 21.
Limits on anomalous triple and quartic gauge couplings, https://twiki.cern.ch/twiki/bin/
view/CMSPublic/PhysicsResultsSMPaTGC
CMS Collaboration, arXiv:1612.09256, submitted to JHEP.
CMS Collaboration, arXiv:1702.03025, submitted to Phys. Lett. B.
ATLAS Collaboration, arXiv:1705.01966, submitted to JHEP.
CMS Collaboration, arXiv:1703.06095, submitted to Phys. Lett. B.
ATLAS Collaboration, ATLAS-CONF-2016-043, https://cds.cern.ch/record/2206093.
ATLAS Collaboration, arXiv:1702.04519, submitted to Phys. Lett. B.
CMS Collaboration, CMS-PAS-SMP-16-017, https://cds.cern.ch/record/2256100.

Next-to-leading order corrections to V V production through gluon fusion a
Raoul Röntsch
Institute for Theoretical Particle Physics, KIT, Karlsruhe, Germany
I describe recent calculations [1–3] of the production of two massive vector bosons in gluon
fusion to next-to-leading order (NLO) in QCD. The impact of these corrections on both the
hadroproduction of ZZ and W W , as well as on the interference with offshell Higgs in the
H → ZZ and H → W W decay channels is described. For the former studies, massive
two-loop amplitudes are neglected, while for the latter studies they are computed in a heavytop expansion. The NLO corrections are found to be quite large and therefore relevant for
phenomenology.

1

Introduction

Diboson production is an important process at the LHC, both in the context of Higgs physics in
the H → V V decay channel, and in its own right, for example as a probe of trilinear electroweak
gauge couplings. Such studies require high precision both from experiment and theory. Progress
in the latter has been impressive in recent years, and now all pp → V V processes are known
to next-to-next-to-leading order (NNLO) in QCD, leading to theoretical uncertainties which are
typically a few percent. This is matched by experimental measurements, meaning we are in the
era of high precision diboson studies.
With this in mind, it is interesting to consider the production of dibosons through gluon
fusion, gg → V V . On the one hand, this can be viewed as a loop-induced contribution to pp →
V V whose leading-order (LO) amplitudes first appear in NNLO corrections. These corrections
are expected to be significant, as they are enhanced by the large gluon flux. Indeed, 60% of the
NNLO corrections to pp → ZZ is due to the gg → ZZ process, which translates into roughly
9% of the total cross section at NNLO [4]. In W W production the gluon fusion contribution
makes up 35% of the NNLO corrections and 4% of the total NNLO cross section [5].
On the other hand, this is the first order at which interference with gg → H → V V appears.
This effect is important for offshell Higgs production, where unitarity arguments imply that
the interference be strong and destructive. Since about 10% of H → V V events lie above
the 2mV threshold [6], this presents an opportunity to study the Higgs in a new kinematic
regime. Indeed, since offshell Higgs production is independent of the Higgs width, in contrast to
onshell production, the Higgs width can be constrained by comparing the off- and onshell cross
sections [7]. Using this method, ATLAS constrains the Higgs width to be ΓH < 23 MeV [8],
while CMS finds ΓH < 13 MeV [9]. While these bounds are still larger than the Standard Model
prediction of ΓH ≈ 4 MeV, they are also around two orders of magnitude better than direct
constraints, which are limited by detector resolution to give ΓH ∼ 1 GeV.
By analogy with other gluon-induced processes, such as Higgs production, large QCD corrections to gg → V V are expected, which could impact the pp → V V predictions at the level
a
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of a few percent. Furthermore, the LO-like scale dependence in gg → V V is expected to be the
largest contribution to the residual NNLO scale dependence for these processes. Furthermore,
offshell Higgs studies have previously approximated the NLO corrections to the interference by
those to the Higgs signal, and while this is reasonable, it is unclear to what extent this approximation impacts the width constraint. Therefore, the NLO QCD calculation of gg → ZZ and
gg → W W is desirable.
2

Outline of calculation

The NLO calculation of gg → V V comprises of two-loop corrections to gg → V V , as well as
radiative corrections to the one-loop process, gg → V V + g. The latter can be handled without
much trouble using modern one-loop techniques, while the former are only known for massless
quark loops [10, 11]. Therefore, when considering pp → ZZ, we neglect the top quark loop and
consider five massless flavors, and when considering pp → W W we neglect the third generation
entirely. We estimate the effect of these missing contributions as 1% for ZZ and 10% for W W .
On the other hand, neglecting massive loops is not satisfactory when studying the interference
with the Higgs; instead we expand both the real radiation and virtual corrections in s/m2t [12].
By comparing LO results obtained using the expansion with those obtained using the exact
mass dependence, we confirm that the expansion is accurate provided the invariant mass of the
diboson pair m4` < 2mt , and provided that we restrict all jets to pT,j < 150 GeV. This is not a
major setback, as this still leaves a large window mH . m4` . 2mt in which interference effects
can be studied at NLO accuracy.
3
3.1

Results
Results for ZZ and W W production

I begin by considering gg → ZZ → e+ e− µ+ µ− to NLO at the LHC. We use a central factorization and renormalization scale µF = µR = 2mZ , which is varied by a factor of two in either
direction to estimate the scale uncertainty. We obtain cross sections at center-of-mass energies
√
√
s = 8 TeV and s = 13 TeV
8 TeV
σgg,LO
= 0.97+0.3
−0.2 fb,
13 TeV
σgg,LO
= 2.8+0.7
−0.6 fb,

8 TeV
σgg,NLO
= 1.8+0.2
−0.2 fb,
13 TeV
σgg,NLO
= 4.7+0.4
−0.4 fb.

The NLO corrections reduce the scale dependence by a factor of 2-3, while the cross section
√
√
at the central scale is enhanced by a k-factor of 1.85 at s = 8 TeV and 1.67 at s = 13 TeV,
leading to respective increases in the NNLO corrections from 12% to 18% and from 16% to
√
23%. Taking the s = 8 TeV results of Ref. [4] as a baseline, the NNLO cross section increases
from 8.284 fb to about 8.7 fb as a result of this correction. While this is outside the predicted
scale variation at this order, we caution against reading too much into this fact, as other O(αs3 )
corrections could act in the opposite direction. Nevertheless, it is clear that this correction is
essential when aiming for percent-level precision in ZZ production.
I now consider gg → W + W − → νe e+ µ− ν̄µ , using the same setup as above other than a
different central scale µF = µR = mW . The cross sections are
8 TeV
σgg,LO
= 20.9+6.8
−4.8 fb,

8 TeV
σgg,NLO
= 32.2+2.3
−3.1 fb,

13 TeV
σgg,LO
= 56.5+15.4
−11.5 fb,

13 TeV
σgg,NLO
= 79.5+4.2
−5.9 fb.

The reduction in scale dependence is similar to that observed for gg → ZZ, as are the k-factors
√
√
of 1.54 at s = 8 TeV and 1.4 at s = 13 TeV, taking the different central scale choice into
account. Using the results of Ref. [5], we estimate that the NLO corrections to gg → W W
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Figure 1 – Four-lepton invariant mass distributions in gg → ZZ process at the 13 TeV LHC. The full result is
shown as well as contributions of signal, background and interference separately. LO results are shown in yellow,
NLO results are shown in blue, and scale variation is shown for m4` /4 < µ < m4` with a central scale µ = m4` /2.
The lower pane shows the k-factors.

√
will increase the pp → W W cross sections at s = 13 TeV by about 2% relative to their
NNLO values. While this is smaller than the effect in ZZ, and is covered by the NNLO scale
uncertainty, it is still clearly relevant for precision W W studies.
3.2

Results for Higgs Interference

I turn now to offshell Higgs production, and present results for gg → ZZ → e+ e− µ+ µ− produc√
tion at s = 13 TeV, to NLO in QCD. We use a dynamic scale µR = µF = m4` /2 which we
vary by a factor of two in either direction to estimate the scale uncertainty, and use minimal
cuts 150 GeV ≤ m4` ≤ 340 GeV and pT,j < 150 GeV to ensure the validity of the expansion,
and 60 GeV ≤ m`` ≤ 120 GeV to remove the contributions of offshell photons.
We write the cross section as σfull = σsigl + σbkgd + σintf , where σsigl and σbkgd arise from
Higgs and gg → V V amplitudes squared, respectively, and σintf is the interference term. The
LO and NLO cross sections for these contributions are
sigl
σLO
= 0.043+0.012
−0.009 fb,

sigl
= 0.074+0.008
σNLO
−0.008 fb,

bkgd
= 2.90+0.77
σLO
−0.58 fb,

bkgd
σNLO
= 4.49+0.34
−0.38 fb,

+0.031
intf
σLO
= −0.154−0.04
fb,

full
σLO
= 2.79+0.74
−0.56 fb,

intf
σNLO
= −0.287+0.031
−0.037 fb,

(1)

full
σNLO
= 4.27+0.32
−0.35 fb.

The interference is negative and about 5% of the total cross section, which is quite large
considering the relatively low mass scale. As seen in the previous subsection, the scale is reduced
from about 20%-30% at LO to 10% at NLO. This implies that it would be difficult to observe the
interference effect; however, it is possible to design specialized cuts to enhance the interference
relative to the signal and background. We note also that the signal k-factor Ksigl = 1.72 is
slightly larger than that for the background Kbkgd = 1.55, and that interference k-factor is
slightly larger than the geometric mean of the signal and background k-factors, Kintf = 1.86.
The distributions in the invariant mass of the dibosons m4` is shown in Fig. 1 for these
four contributions. The k-factors are relatively flat, with the exception of the interference
contribution around the 2mZ threshold, where the k-factor drops p
from about 2.5 at 160 GeV to
about 2.0 at 200 GeV, and then flattens out, becoming close to Ksigl Kbkgd in the tail. This
effect is driven by gg → V V amplitudes with massless quark loops: removing these amplitudes

leads to a flat k-factor for the interference, including around the 2mZ threshold (see Fig. 7 of
Ref. [3]).
A qualitatively similar picture was observed in Ref. [13], which also uses conformal remapping
and Padé approximants to extend the results beyond the 2mt threshold, where a relatively flat
interference k-factor is found. However, these results should be treated with caution, as it is
unclear whether this approach is justified in this case. Ultimately, the only way to address this
issue is by studying the NLO corrections with full mass dependence. As stated previously, this
requires massive two-loop corrections to gg → V V , which is extremely challenging.
A similar analysis was performed for interference effects in the W W channel, where destructive interference was again observed, reducing the cross section by around 2%. The k-factors
in this channel are also similar to those observed in the ZZ channel; in particular, we see a
similarly large k-factor around the 2mW peak in the transverse mass of the W W system, which
decreases rapidly with increasing transverse mass. As before, the third generation is neglected
entirely; however, in contrast to the situation for pp → W W production, the contribution of the
neglected loops to the interference with the Higgs is significant, and these results for W W are
therefore necessarily incomplete.
4

Conclusion

I have described the NLO corrections to gg → ZZ and gg → W W considering massless loops
only. The k-factors are 1.4-1.7, and increase the pp → ZZ and pp → W W cross sections by
approximately 4% and 2% respectively. Extending these calculations by using an expansion
in s/m2t for the massive loop amplitudes, the NLO corrections to Higgs interference effects in
gg → ZZ and gg → W W were computed. These lead to large k-factors of approximately 1.85,
which also show strong shape dependence in the region around the 2mV threshold, driven by
massless gg → V V amplitudes. These provide the best estimate of gg → V V interference effects
for offshell Higgs, until the massive two-loop amplitudes are computed.
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MEASUREMENTS OF INTEGRATED AND DIFFERENTIAL CROSS
SECTIONS FOR ISOLATED PHOTON PAIR PRODUCTION IN 8 TEV
PROTON-PROTON COLLISIONS AT THE ATLAS EXPERIMENT

M. SAIMPERT, ON BEHALF OF THE ATLAS COLLABORATION.
DESY, Hamburg and Zeuthen, Germany.

A measurement of the production cross section for two isolated photons in proton–proton
√
collisions at a center-of-mass energy of s = 8 TeV is presented. The results are based on
an integrated luminosity of 20.2 fb−1 recorded by the ATLAS detector at the Large Hadron
Collider. The measurement considers photons with pseudorapidities satisfying |η γ | < 1.37 or
γ
γ
1.56 < |η γ | < 2.37 and transverse energies of respectively ET,1
> 40 GeV and ET,2
> 30 GeV
for the two leading photons produced in the interaction. The fiducial cross sections are corrected for detector effects and measured differentially as a function of six kinematic observables. The measured cross section integrated within the fiducial volume is 16.8 ± 0.8 pb. The
data are compared to four calculations with relative uncertainties varying from 5% to 20%.

1

General description of the measurement

More than 99% of the high-energy photon pairs produced at the Large Hadron Collider originate
from processes predicted by perturbative quantum chromodynamics (pQCD), offering a natural
testing ground for strong interactions. We present in this document ATLAS 1 cross-section
√
measurements for isolated photon pair production in s = 8 TeV proton–proton collisions 2 .
Significant improvements in the analysis were achieved so that the uncertainties were reduced
√
by up to a factor of two compared to the previous ATLAS publication 3 based on s = 7 TeV
data.
Integrated fiducial and differential cross section measurements are performed. Both require
the determination of the number of background events in the selected sample (Nbkg ), the corrections related to detector inefficiencies and resolution, and the integrated luminosity of the
√
s = 8 TeV ATLAS data sample 4 , L = 20.2 ± 0.4 fb−1 . The critical part of the measurement
consists in getting accurate estimates of Nbkg . Six observables of interest are studied: the diphoton invariant mass mγγ , the absolute value of the cosine of the scattering angle with respect to

ATLAS Simulation
s = 8 TeV

p

T,γ γ

aT (x 2)

Events / 0.4 GeV

0.1

φη* (x 2mγ γ )

0.05

×103
35
30
25
20
15
10
5

0

−1

−0.5

0

(a)

0.5
1
Residual [GeV]

Data / Model

Fraction of events / 0.04 GeV

the direction of the proton beams a | cos θη∗ |, the diphoton transverse momentum pT,γγ , the opening angle between the photons in the azimuthal plane ∆φγγ , and two observables which were
not included in the previous analysis, aT and φ∗η . The aT and φ∗η observables 5,6 are less sensitive
to the energy resolution of the individual photons and therefore are more precisely determined
than pT,γγ , as shown in Figure 1 (a). Hence, they are ideally suited to probe the region of low
pT,γγ , in which QCD resummation effects are most significant. Measurements of pT,γγ , aT and
φ∗η for diphoton production (which originates from both the quark–antiquark and gluon–gluon
initial states) are important benchmarks to test the description of the low transverse-momentum
region by pQCD and complementary to similar measurements performed for Drell-Yan events 8
(in which quark–antiquark initial states dominate).
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Figure 1: (a) Distributions of pT,γγ , aT and φ∗η residuals using simulated diphoton events 7 in the selected
sample. Since aT is a component of pT,γγ and φ∗η is approximately aT /mγγ when both photons are
√
√
back-to-back, the residuals of aT and φ∗η are scaled, respectively, by 2 and 2mγγ for comparison. (b)
iso
in the selected sample. Also shown are the projections of the signal and various backDistribution of ET,1
ground components used in the two-dimensional template fit and the full model, corresponding to their
sum, after fit. The ratio of the data to the model after the fit is also shown, including the uncertainties
on the full model, shown as a gray band. The data is shown only with statistical uncertainties.

2

Event selection

The data used in this analysis were recorded using a diphoton trigger with transverse energy
thresholds of 35 GeV and 25 GeV for the ET -ordered leading and subleading photon candidates, respectively. The shapes of the energy depositions in the electromagnetic calorimeter are
required to match those expected for electromagnetic showers initiated by photons 9 . Photons
reconstructed within |η| < 2.37 are retained, while those near the region between the barrel and
end-caps (1.37 < |η| < 1.56) are excluded from the analysis. After the final energy calibration 10
has been applied, only events with ET,1 and ET,2 greater than 40 GeV and 30 GeV, respectively,
and angular separation between the two photons ∆Rγγ > 0.4 are selected. In addition, the two
photon candidates must be isolated from additional activity in the detector. For this purpose,
the track isolation energy piso
T is defined as the scalar sum of the pT of tracks with pT > 1 GeV
and within a cone of size ∆R = 0.2 around the photon candidate, and the calorimeter isolation
iso is defined as the scalar sum of the E of positive energy topological clusters 11 within
energy ET
T
iso
a cone of size ∆R = 0.4. Photon candidates satisfying piso
T < 2.6 GeV and ET < 6 GeV are
selected.
a
The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the
center of the Large Hadron Collider 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
p is defined in terms
of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R = (∆η)2 + (∆φ)2 . The
transverse energy is defined as ET = E/ cosh(η).

3

Sample composition
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The main background in the selected sample originates from high pT neutral mesons such as
π 0 → γγ carrying most of the energy of the associated jet. About 22% of the events in the
selected sample include such objects among the selected photon candidates. Another source of
background originates from misreconstructed electrons and represents typically 3% of the events
in the selected sample. It is dominated by Z → ee decays and thus located in terms of invariant
mass near the Z boson mass.
Two data-driven methods giving compatible results, and validated using pseudo-data generated with known signal and background composition, are used to substract the jet and electron
background. The method used to derive the final results is an extended maximum-likelihood fit
iso , E iso ) of events
to the two-dimensional distribution of the calorimeter isolation variables (ET,1
T,2
passing the signal selection. The yields associated with five components are extracted simultaneously: diphoton (γγ), γ + jet (γj), jet + γ (jγ), jet + jet (jj) and dielectron (ee) events. The
fit is performed in the integrated signal region and in each bin of the observables studied. The
iso for photons. Figure 1 (b),
main uncertainty in the signal yield arises from the modeling of ET
iso in the integrated signal region and the projections of the five
shows the distributions of ET,1
components after the maximization of the likelihood. The composition in the different bins for
which the mγγ differential cross section is measured is shown in Figure 2 (a).
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Figure 2: (a) Distribution of the reconstructed invariant mass in the selected sample, together with the
yields associated with the various components estimated using the two-dimensional template fit method.
(b) Measured fiducial cross section compared to the predictions from the four event generators described
in the text.

4

Final results and comparison to theory

The cross sections are measured in a fiducial region defined at particle level to closely follow the
criteria used in the event selection. The same requirements on the photon kinematics are applied.
The photons must not come from hadron or τ decays and the transverse isolation energy of each
photon at particle level must be below 11 GeV. The estimated number of diphoton events in
each bin is corrected for detector resolution, reconstruction and selection efficiencies using an
iterative Bayesian unfolding method 12,13 . The measured fiducial cross section is:
fid.
σtot
= 16.8 ± 0.1 (stat) ± 0.7 (syst) ± 0.3 (lumi) pb = 16.8 ± 0.8 pb.

(1)

The main uncertainties originate from uncertainties in the photon identification efficiency
(±2.5%), the modeling of the calorimeter isolation (±2.0%) and the integrated luminosity
(±1.9%). The measurements are compared to fixed-order predictions at NLO (Diphox) 14 and
NNLO (2γNNLO) 15 precision in pQCD, and to computations combining NLO matrix elements
and resummation of initial-state gluon radiation to NNLL (Resbos) 16 or matched to a parton
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shower (Sherpa 2.2.1) 17 , see Figure 2 (b) and Figure 3. The theoretical uncertainties are dominated by missing higher-order corrections. Fixed-order computations are unable to describe the
regions sensitive to soft gluon emissions (e.g. low φ∗η ), whereas the inclusion of soft-gluon resummation or a parton shower provides a good description of the latter. Sherpa 2.2.1 provides
an improved description of the data for all observables compared to the other computations and
gives predictions in good agreement with all the measurements.

1.5

0
−2

10

0.1
−1

10

1

10

102

103

104

1
0.5

2

DIPHOX (qq/qg at NLO, gg at LO)
RESBOS (NLO + NNLL)

1
10−2

10−1

1

10

102

103

104

φη*

(b)

Figure 3: (a) mγγ and (b) φ∗η differential cross section measurements, compared with the four QCD
predictions described in the text.
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SOFT QCD AT ATLAS AND CMS
MERIJN H F VAN DE KLUNDERT on behalf of the ATLAS and CMS Collaborations
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A subset of soft QCD results of the ATLAS and CMS Collaborations is presented. The
phenomenology of the underlying event is briefly discussed, followed by a selection of results
of ATLAS and CMS in p+p collisions at 13 TeV. The main conclusions found by both experiments are summarised, and prospects for future tunes outlined. Next, double parton
scattering is succinctly introduced, and measurements at ATLAS and CMS are presented in
p+p collisions at 7 and 13 TeV respectively. The ATLAS search was performed using four-jet
events, while CMS exploited the same-sign W W channel. No significant deviations between
the measurements and model predictions were observed.

1

Introduction

The ATLAS 1 and CMS 2 Collaborations study diverse QCD phenomena in hadron-hadron colli√
sions for a variety of reasons. Firstly, the high centre-of-mass energy s of the collisions at the
LHC allows for intriguing and unprecedented searches for signals of nonlinear QCD and parton
dynamics alternative to the conventional DGLAP evolution. Secondly, in certain regions of phase
space used in searches for new physics, no data-driven corrections can be performed. Thus, they
need to rely entirely on the precise description of Monte Carlo models for specific corrections.
Furthermore, ATLAS and CMS are planning upgrades for the high-luminosity phase of the LHC,
and need precise estimates of the expected dose in various locations of the detector.
A correct modelling of the QCD aspects of p+p collisions is therefore of paramount importance
for a successful current and future research program of ATLAS and CMS. In this report we
review studies of the underlying event and double parton scattering of ATLAS and CMS.
2

Results on the Underlying Event

The hard part of hadron+hadron collisions can be described by perturbative QCD. All QCD
reactions except for the hard interaction constitute the Underlying Event (UE) 3 . The soft nonperturbative interactions result in an energy density that is approximately uniform in rapidity.
This uniform density is perturbed by three sources: multi-parton interactions (MPI) 4 (these are
semi-hard parton interactions; their amount depends strongly on the centrality of the collision),
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initial and final state radiation, and beam-remnant interactions 5 .
√
Various hypotheses on the UE can be tested, for example its dependence on s and the universality w.r.t. the hard event scale. The contribution of initial and final state radiation is sensitive
to different parton evolution hypotheses.
To quantify the UE, usually the acceptance of the detector is divided into three azimuthal regions. The towards region is defined using the φ coordinate of the leading object (|∆φ| < 60◦ ).
The transverse regions (60◦ < |∆φ| < 120◦ ) are orthogonal to the towards region and sensitive
to MPI and radiative contributions. The trans-dif region can be defined as the difference in UE
activity of the transverse region with the highest pT object minus the other transverse region; it
has enhanced sensitivity to radiative effects since the MPI contributions approximately cancel.
The away region (|∆φ| > 120◦ ) is opposite of the towards region. For these regions a charged
P
particle density hNch /δηδφi and mean scalar pT sum h pt /δηδφi can be defined.
The ATLAS Collaboration measured the UE in 13 TeV p+p collisions 6 . The hard scale of
the event was estimated by the pT of the leading track.
A strong increase of the UE activity as function of the pT was observed in the transverse region
up to pT ∼5 GeV, after which the UE approximately saturated. This is consistent with the
hypothesis that above 5 GeV the collisions become central, while for lower scales peripheral
collisions can also occur.
In fig. 1 we display the UE dependence in the trans-dif region as function of the leading track pT
P
for hNch /δηδφi (left) and h pT /δηδφi (right). We observe that the charged particle density is
generally overshot by 10% by all models (except EPOS). Further, the description of the transition
from soft to hard events could be improved. The scalar mean pT sum is described best by the
Pythia8 Monash and A2 tune, which were tuned to earlier LHC data, while EPOS deviates by
more than 20% w.r.t. the data.
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Figure 1 – The dependence of the underlying event on the pT of the leading
Ptrack in the trans-dif region . Left:
the charged particle density hNch /δηδφi. Right: the mean scalar pT sum h pt /δηδφi.

The CMS Collaboration measured the UE in Drell-Yan events (with the Z decaying to muons)
in p+p collisions at 13 TeV 7 . In these events the hard scale was obtained from the pT of the
Z boson. This measurement has the interesting feature that the events are central (due to the
requirement that the invariant mass m of the di-muon system satisfies 81 ≤ m ≤ 101 GeV), thus
having a maximal MPI contribution, while simultaneously the pT of the Z can be zero, resulting
in a minimal radiative contribution.
A small increase of the UE in the transverse region was observed with increasing pT , which is
mainly caused by initial state radiation.
√
In addition, the dependence of the UE on s was investigated in the transverse region for
13/7 TeV (using CMS results) and 7/1.98 TeV (using CMS and CDF results), see fig. 2 for
√
P
hNch /δηδφi (left) and h pt /δηδφi (right). It was found that the dependence on s was modelled
better between 7 and 13 TeV (∼25% increase) than between 1.98 and 7 TeV (∼70% increase).

The dependence is described best by Powheg interfaced with Pythia8. Powheg with Herwig++
overestimates the UE at all energies.
√
Also, the dependence on s was investigated for events with a small pT of the Z (which have
a minimal radiative contribution). For these events it was found that the (MPI dominated) UE
√
√
contribution depends on s as ∼ln( s), which was qualitatively reproduced by the models.
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Figure 2 – The dependence of the underlying event on the pT of the Z boson and
P s in the transverse region .
Left: the charged particle density hNch /δηδφi. Right: the mean scalar pT sum h pt /δηδφi.

Certain common conclusions can be extracted from the ATLAS and CMS results. In general, the generator descriptions significantly deviate by ∼5% w.r.t. the data. Furthermore, the
centrality dependence of the UE (via the pT of the hard interaction) is reasonably reproduced
by the models, although the generator description of the transition of soft (pT < 5 GeV) to hard
events could still be improved.
The MPI contribution to the UE seems universal as well, i.e. it only depends on the scale of
√
the hard process. Furthermore, the MPI dependence on s is qualitatively reproduced by the
generators, while the discrepancy in scale could be revised (which was also observed at a CMS
measurement of the forward UE 8 ).
In both collaborations various tuning efforts are ongoing to model the 13 TeV data: CMS is
preparing a new Pythia tune with an improved UE description, while ATLAS is working, amongst
others, on an improved minimum bias tune.
3

Results on Double Parton Scattering

Double parton scattering (DPS) is the simultaneous hard interaction of two parton pairs in a
hadron+hadron collision (it is thereby also part of the previously discussed MPI). A proper
understanding of the DPS cross section is necessary, amongst others, since it is a background
to SUSY signals at the LHC. In addition, a measurement of angular distributions in same sign
W W DPS would allow for testing if longitudinal parton correlations occur in hadrons 9 . If we
DP S factorises
assume no transversal or longitudinal parton correlations the DPS cross section σAB
to
DP S
σAB
=

1
σA σB
·
1 + δAB σef f

(1)

in which σef f describes the effective transversal overlap between the spatial distributions. The
√
parameter σef f has been measured in many channels at various values of s.
The ATLAS Collaboration performed a measurement of DPS in four-jet events at 7 TeV 10 .
The cross section for dijet σ2J and four-jet σ4J production was measured simultaneously. Only
DP S = f DP S · σ .
a fraction fDP S of the four-jet events comes from actual DPS events: σ4J
4J
Thus, σef f can be calculated as:

σef f =

A σB
σ2j
1
1
2j
·
·
1 + δAB fDP S
σ4j

(2)

The main experimental challenge consists of obtaining a precise estimate of fDP S . To obtain
this parameter, an elastic neural network (ENN) was trained using twenty one kinematic input
variables to distinguish the four-jet events originating from a DPS event. The output distributions of the ENN were successively used to make template fits to the real data.
+5.1
The final value of σef f was reported to be 14.91.2
is consistent
−1.0 (stat)−3.8 (sys) pb. This value
√
with the hypothesis that σef f is a universal parameter, i.e. independent of s or the process
in which the parameter is measured. Furthermore, results on the unfolded distributions were
included in the paper for (future) model comparison.
The CMS Collaboration measured DPS in same sign W W production at 13 TeV p+p collisions 11 . This provides a good channel to test DPS hypotheses, since the leptonic decay channel
yields a relatively clean experimental signal. Further, the single parton scattering background
contributions are accompanied by jets, which are absent for the signal. Also, the dominant background processes (WZ, Wγ, ZZ, fake leptons, and rare processes) are relatively well understood
and can be corrected for (these backgrounds were weighed to the data).
A boosted decision tree was used to select good lepton candidates. To distinguish the signal
from the background, another boosted decision tree was applied using ten input variables.
The final value of the measured cross section is depicted in table 1 and compared to predictions
of Pythia8 and a factorised approach. The latter used a NNLO inclusive W production cross
section combined with σef f =20.7 mb; the latter was obtained from a previous measurement. The
measurement is compatible with both predictions at the 95% confidence level. It should be noted
though that the consistency between the factorised prediction and the measurement depends on
the assumption on the value of σef f .
Table 1: The measured value of the DPS in same sign W W cross section with predictions of Pythia8 and a
factorised approach 11 .

Quantity
σ(pb)
sign.
Lim. no signal:

Pythia8
1.64
3.27
<0.97

factorised
0.87
1.81
<0.97

meas.
1.09+0.50
−0.49
2.23
<1.94
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The consistent description of hadronic interactions at all scales is a long standing problem.
The best description of minimum bias events and underlying events are usually obtain using
either different parameter tuning for a given event generator or even using different models.
In the hadronic interaction model EPOS, it is now possible to take into account the number
of elementary scattering in a unified way between proton-proton and nuclear collisions to
compute the saturation scale with the only assumption to recover factorization at the highest
scale. The hard scatterings are then dependent on the number of parton scatterings event by
event. Thanks to this new treatment and to the collective hadronization of the high density
core, both non-perturbative and perturbative QCD scales can be described consistently for
any mass or center-of-mass collision energy.

1

Introduction

Before LHC run, it was usually accepted that hydrodynamical phase expansion due to the
formation of a quark gluon plasma (QGP) for instance was possible only in central heavy ion
(HI) collisions. Proton-nucleus (pA) collisions was then used as reference to probe the effect of
such collective behavior (final state effect) but with some nuclear effect at the initial state level,
while proton proton (pp) interactions were free of any nuclear effect. With LHC run in pp,
pPb and PbPb mode it is now possible to compare high multiplicity pp or pPb events with low
multiplicity PbPb events (which correspond to the same number of particles) and surprisingly
the very same phenomena are observed 1,2 .
One of the most striking feature observed in all systems is the long-range two-particle correlations and the evolution of the particle flow as described in 3 . In 4 the author demonstrate
how these data from the CMS collaboration can be reproduced and explained using an approach
combining standard perturbative calculations for initial conditions and hydrodynamical calculations for the final state interactions. This study is based on the Epos model version 3.111 in
which a parametrized saturation scale is used. In this paper we will present a new approach to
calculate the saturation scale in Epos which allows better initial conditions to test the effect
of collective hadronization on underlying event analysis in proton-proton interactions. We will
demonstrate that this effect which was attributed to heavy ion collisions only is very important
to describe pp data in particular for strange particle production.
In Section 2 the basic principles of the initial condition calculation will be presented. In
Section 3 a new way of calculating the saturation scale on an event-by-event basis will be
introduced. Finally in Section 4 we will show the consequence on the underlying event activity.

2

Initial Conditions: EPOS 3

In order to make a hydrodynamical evolution calculation, proper initial conditions are needed.
In our approach the Epos 3 5 model is used to determine the energy density tensor and flavor
content of the thermalized matter and to solve the differential equations of the hydrodynamical
calculation.
Epos 3 is a minimum bias monte-carlo hadronic generator used for heavy ion interactions.
It is the last generation of a long development of the Epos model 6,7,8 . It is the only hadronic
model which has a consistent treatment of cross-section calculation and particle production
taking into account energy conservation in both cases thanks to the parton-based Gribov-Regge
theory 9 . In this approach, the basic ingredient is the purely imaginary amplitude of a single
Pomeron exchange which is the sum of a (parametrized) soft contribution (Regge-like after
Fourier transformation from t space to impact parameter b space) G0 (ŝ, b) = α0 (b)ŝβ0 and a
semi-hard contribution based on the convolution of a soft pre-evolution, a DGLAP 10 based hard
evolution and a standard leading order QCD 2→2 cross-section (mini-jet). The latter (called Ĝ)
needs complex calculations but can be fitted to a simple Regge-like term: G1 (ŝ, b) = α1 (b)ŝβ1 .
ŝ = sx+ x− is the fraction of the center-of-mass energy squared (mass) carried by the Pomeron
and b the impact parameter of the nucleon-nucleon collision. Details can be found in 9 .
P
Both cross-sections and particle production are based on the total amplitude G = i Gi via
a complex Markov-Chain monte-carlo. The particle production has two main components: the
strings composed from the Pomerons (2 strings per Pomeron (Initial State Radiation and Final
State Radiation and the soft contribution from the non-perturbative pre-evolution (below the
fixed scale Q20 ) are included) and at high energy many Pomerons can happen in parallel for each
event (multiple parton interaction (MPI))) which cover the mid-rapidity part and the remnants
which carry the remaining energy and quarks and cover mostly the fragmentation region. A
remnant can be as simple as a resonance or a string elongated along beam axis if its mass is too
high, and is treated the same way for both diffractive and non-diffractive events.
The string fragments are then used to compute the energy density tensor on an even-byevent basis. If the energy density is higher than some threshold, string segments are merged
locally into the so-called “core” to form the initial conditions of a system of hydrodynamical
differential equation with an equation of state based on lattice QCD. Details can be found in 7 .

3

Saturation scale

To correct the limitation observed for instance in Epos LHC 6 for high transverse momentum
(pt) particles in particular in proton-nucleus (pA), a new saturation scale has been introduced
which can be different for each Pomeron. In Epos LHC and previous versions, non-linear effects
due to Pomeron-Pomeron interactions were treated by a simple correction on the βi exponent
of the Gi contributions of the Pomeron amplitude 8 . But this approach was changing both soft
(multiplicity) and hard component (high pt) the same way. Since strong nuclear effects are
needed to reproduce both cross-section and multiplicity of pA interactions leading to a strong
correction on β, a strong suppression of high pt particles was observed in Epos simulations.
Instead of applying the correction on β to the real Pomeron amplitude Ĝ, it is possible to
change Ĝ itself to reproduce the modified G (called G̃) simply by changing the scale at which
the perturbative calculation is done: Q20 . Q20 is replaced by Q2s (x+ , x− , s, b) to calculate each
Pomeron amplitude. It is in fact possible to calculate Q2s by the generation of Pomerons using
the effective G̃ which reproduce the cross-section and the multiplicity observed in the data.
Since we want to recover the binary scaling at high pt we can use
G̃(x+ , x− , s, b) ∝

NIP
Ĝ(Q2s )
hNIP (s)i

(1)
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to compute Q2s Pomeron-by-Pomeron. hNIP (s)i is the average number of Pomerons for a nucleonnucleon interaction at this energy s while NIP is the actual number of Pomerons connected to
each nucleons of the considered pair (so taking into account connection with other nucleons
outside this pair in case of nuclear collisions). Integrating over all minimum bias events, the
NIP
factor hN
is reduced to 1 in case of pp but to A for pA leading to a perfect binary scaling
IP i
(beyond Q2s ).
To illustrate the fact that a change of Q2s is a way to reduce the soft parton production
without changing the hard ones (above Q2s ), the deviation between Epos 3.223 calculation of
the jet transverse momentum distribution rescaled by the number of binary collisions and a
pure pQCD calculation using Cteq6 11 parton distribution functions can be observed in Fig. 1
for central pPb collisions at 5 TeV. The high pt part is in perfect agreement while a strong
suppression is observed at low pt.
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Figure 1 – Born parton pt distribution normalized
by the Glauber number of binary collisions from
pPb collisions at 5.02 TeV for 0-10% centrality bin.
Epos 3.223 simulations are shown with stars and compared to the normalized inclusive cross-section (full
line).
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Figure 2 – CMS measurement 12 of the number of
λ particles with pt ≥ 1.5 GeV produced in the underlying event, i.e. a region of 60◦ ≤ |∆φ| ≤ 120◦
around the leading particle as a function of the
leading charged-particle jet transverse momentum.
Epos 3.223 simulations are shown (see text for details).

The same scheme to compute Q2s is of course used for pp interactions and with enough MPI
it solves the problem observed in Epos LHC 6 with high pt leading particles in underlying event
(UE) activity. The measurement of the UE activity has been initiated by the CDF collaboration
more than ten years ago 13 to understand multiple parton interaction and test the capability of
the event generators to reproduce real events. This analysis has been generalized to more recent
collider data including the main LHC experiment ATLAS 14 and CMS 15 . In fact, the effect of
using NIP in Eq. 1 instead of a direct equality is very important and can be observed in Fig. 2
by the difference between the dashed line (NIP not taken into account) and the dash-dotted line
(NIP taken into account). In both cases MPI is the same and the inclusive jet cross-section is
correct, but using NIP in Eq. 1 means to take into account MPI in the saturation scale too and
is necessary to reproduce the data (for all charged particles for instance).
4

Collective hadronization and underlying events

Another UE analysis is of particular interest when focusing on the effect of collective hadronization since it is based on the strange particle production 12 . Indeed the strange particles and
in particular strange baryons are more sensitive to hydrodynamical effects since statistical
hadronization which occur at the surface of the fluid leads to an increase of strangeness production compared to usual string fragmentation and the transverse momentum flow due to the

fluid evolution is larger for heavier particles.
In Fig. 2 we can compare the λ production in underlying event activity in Epos 3 with
(full line) or without (dash-dotted line) collective hadronization. Without this effect the strange
baryon production is clearly underestimated as observed for other monte-carlo generator in 12
while the data can be nicely reproduced if the formation of a core which hadronizes statistically
is taken into account. We can conclude that underlying event activity measurements, and in
particular whose related to strange particles, can be used to test collective hadronization effects
in proton-proton collisions.
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A comprehensive measurement of the multiplicity dependence of identified particle production
in proton-proton (pp) collisions is important for the understanding of small and large colliding
systems. The transverse momentum (pT ) dependence of particle ratios and the integrated
yield ratio of various particles such as π, K, K0S , K∗0 , p, Λ, Ξ, Ω in pp collisions at 7 TeV
are reported. The measurements are also compared with the results obtained in proton-lead
√
(p–Pb) and lead-lead (Pb–Pb) collisions at sNN = 5.02 TeV and 2.76 TeV, respectively.
The production of strange and multi-strange hadrons in pp collisions exhibits a significant
increase with the average charged particle multiplicity similar to the increase observed in pPb collisions. None of the common QCD-inspired models (DIPSY, EPOS, PYTHIA8) are
able to simultaneously describe the observed multiplicity dependent particle ratios.

1

Introduction

Recent measurements have drawn the attention on features of p–Pb collisions 1,2,3,4 that are
similar to those observed in heavy-ion reactions, where they are associated with the presence
of collectivity arising from the formation of a strongly interacting medium. For instance, the
pT -differential baryon-to-meson particle ratios (such as p/π) in p–Pb show an evolution with
centrality qualitatively similar to that in Pb–Pb collisions 5 . Identified particle observables
are well suited to investigate the presence of collective phenomena. Strangeness enhancement
in heavy-ion collisions with respect to minimum bias pp collisions is a well known effect, which
historically has been proposed as a signature of Quark-Gluon Plasma (QGP) formation in nuclear
collisions 6 . The observation of an enhancement in the strange to non-strange production rate
with increasing centrality in p–Pb collisions 7 has opened the way for further studies in small
systems. A comprehensive study of identified particle production in pp collisions has been
performed by the ALICE experiment.

2

ALICE Detector and Analysis Details

ALICE is one of the main LHC experiments and it is optimised for heavy-ion physics, with the
aim to study the formation and properties of the QGP. The excellent particle identification capability of ALICE allows the measurement of identified hadron production in a wide momentum
range down to very low pT (∼100 MeV) in pp, p–Pb, and Pb–Pb collisions. ALICE can provide
an important contribution to the LHC pp physics program in the soft (non-perturbative) and
hard (perturbative) regimes of QCD. It can also probe QCD in a wide range of particle densities.
The particle identification is performed via specific energy loss measurement in the Inner
Tracking System (ITS) and in the Time Projection Chamber (TPC). The particle velocity is
measured by Time Of Flight (TOF) detector. The High Momentum Particle IDentification
(HMPID) detector identifies particles by measuring the angle of Cherenkov light emission 8 . The
multiplicity selection is performed via the sum of the signal amplitudes of V0 plastic scintillator
arrays at forward and backward rapidity (V0M). In this analysis, the production of non-strange,
strange and multi-strange hadrons (π, K, K0S , K∗0 , p, Λ, Ξ, Ω) at mid-rapidity (|y| < 0.5) is
studied. The pions, kaons and protons are identified by using the information of the specific
energy loss dE/dx from ITS and the TPC, as well as the TOF measurement. The weak decay
topology is used for the detection of short lived particles like K0S , Λ, Ξ, Ω. The K∗0 resonance
is reconstructed via the invariant mass (πK) method.
√
The s = 7 TeV pp collisions events have been collected in 2010 having low pile-up with
minimum bias trigger and requiring at least one charged particle in |η| <1 (INEL>0). The data
sample collected is divided in ten V0M event multiplicity classes from highest (I) to lowest (X)
multiplicity.

(p + p) / (π+ + π-)
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Results
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Figure 1 – pT dependent p/π ratio for different V0 multiplicity event classes in pp (left), p–Pb (middle), Pb–Pb
√
(right) collisions at sNN = 7 TeV, 5.02 TeV and 2.76 TeV, respectively.

The pT -spectra of different identified particles (π, K, K0S , Λ, Ξ, Ω) for various event multiplicity
√
classes at mid-rapidity in pp collisions at s = 7 TeV have been measured 9 . The pT -differential
p/π ratios for different multiplicity classes in pp, p–Pb and Pb–Pb collisions are shown in
Fig. 1. In all three colliding systems a qualitatively similar multiplicity dependence and an
enhancement at intermediate-pT (∼2-3 GeV/c) are observed. The magnitude of enhancement
in the p/π ratio from low to high event multiplicity is larger in Pb–Pb followed by p–Pb and

pp collisions. In Pb–Pb collisions, the increase in p/π at the intermediate-pT is attributed to
radial flow or recombination 10 . A similar observation is found for the pT -dependent Λ/K0s ratio
with a depletion at low and enhancement at intermediate-pT for pp, p–Pb and Pb–Pb colliding
systems 5 .

Figure 2 shows the pT -integrated yield ratio
of hadrons having one or more strange valence
quark to π for pp, p–Pb and Pb–Pb collisions.
A multiplicity-dependent increase in the relative yield of particles having a net strangeness
content is observed with a smooth evolution
across different colliding systems. Furthermore
the relative increase seems to depend on the
number of constituent s quarks, as the increment is higher for multi-strange hadrons.
These particle ratios in pp collisions are similar to those found in p–Pb collisions at the
same multiplicity densities. The Monte-Carlo
(MC) event generators DIPSY and EPOS LHC
describe the relative increase qualitatively, but
fail to predict quantitatively its magnitude. In
contrast to this, PYTHIA8 does not show any
strangeness enhancement.
In pp collisions, the increase of yield ratio to pion might be due to (i) mass (ii)
baryon/meson nature of the particle or (iii)
strangeness content. In order to factorise
these potential contributions, Fig. 3 (left panel)
shows the pT -integrated baryon-to-meson ratio
having equal number of strange quark (Λ/K0s )
or not having any strange quark (p/π) as a
function of average charged particle multiplicity in pp and p-Pb collisions. Both the ratios are almost independent of event multiplicity, which indicates that the increase in
strange particle production is not related to
baryon/meson nature or the mass difference
of the particles. None of the MC models
(DIPSY, EPOS LHC, PYTHIA8) satisfactorily describes both the particle ratios simultaneously.

Figure 2 – pT -integrated K0S , Λ, Ξ and Ω ratios to π for
pp, p–Pb and Pb–Pb collisions as a function of event
multiplicity density. The Monte-Carlo models prediction of PYTHIA8 (solid line), DIPSY (dashed line) and
EPOS LHC (dotted line) are shown.

Furthermore, the integrated baryon (p, Λ, Ξ, Ω) to pion yield ratios, normalised to their
corresponding yield ratio in 0-100% multiplicity class, are shown in Fig. 3 (right panel) for
pp, p-Pb and Pb-Pb collisions as a function of charged particle density. This ratio is almost
independent of event multiplicity for protons (no strange quark). However, the multi-strange
hadrons experience a steeper increase towards high-multiplicity events, indicating the observed
increase is driven by strange (s) quark content of the particles.

ALI-PUB-106925

Figure 3 – On the left panel, Λ/K0s and p/π ratio as a function of average charged particle multiplicity in pp and
p–Pb collisions. On the right panel, ratios of baryons (p, Λ, Ξ, Ω) to pions, normalised to the corresponding ratio
in the 0-100% multiplicity class as a function of average charged particle multiplicity in pp and p–Pb collisions.

4

Conclusion

The ALICE Collaboration has presented the results of identified light flavour hadrons production
√
as a function of the charged particle multiplicity in pp collisions at s = 7 TeV. The baryonto-meson ratio (p/π) shows qualitatively similar evolution in different multiplicity classes as a
function of pT and the baryon enhancement at intermediate pT is also observed in pp collisions
analogous to p-Pb and Pb-Pb collisions. The integrated yield ratios to pions show a relative
increase in the production of strange and multi-strange particles as function of event multiplicity
in pp collisions. This behaviour is not reproduced by any of the commonly known MC models which suggests that further tuning is needed to understand the strangeness production in
high-multiplicity pp collisions. There is no significant increase observed when comparing the
production of particles with the same number of constituent strange quark. This indicates that
is due to the strangeness content rather than the particle mass or its baryon number.
All together the results presented in this proceeding show that the similarity between pp,
p–Pb, and Pb–Pb collisions extends to the production of strange particles.
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Collinear and TMD densities from Parton Branching Method
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We present a solution of the DGLAP evolution equations, written in terms of Sudakov form
factors to describe the branching and no-branching probabilities, using a parton branching
Monte Carlo method. We demonstrate numerically that this method reproduces the semianalytical solutions. We show how this method can be used to determine Transverse Momentum Dependent (TMD) parton distribution functions, in addition to the usual integrated
parton distributions functions. We discuss numerical effects of the boundary of soft gluon
resolution scale parameter on the resulting parton distribution functions. We show that a
very good fit of the integrated TMDs to high precision HERA data can be obtained over a
large range in x and Q2 .

1

Motivation

Appropriate use of parton distribution functions (PDFs) (see e.g. 1,2,3 ) and a proper treatment
of the transverse momentum kinematics in the parton showers (see e.g. 4,5,6 ) are important for
comparisons of theoretical predictions with experimental measurements at the Large Hadron
Collider and future colliders experiments. One of the approaches to address these issues is the
transverse momentum dependent (TMD) PDFs formalism (see e.g.7 ). The goal of our project is
to determine TMD PDFs sets for all flavours, applicable over a broad kinematic region in x, µ2
and kt . We study in particular the effects of the soft gluon resolution scale in QCD radiation 8
on the obtained distributions. Previous results were reported in 9,10 .
2

Introduction to the method

We start the discussion from the DGLAP evolution equation for momentum weighted parton
densities xfa (x, µ2 ) = fea (x, µ2 )
dfea (x, µ2 ) X
=
d ln µ2
b

Z

1

x



2

dz Pab z, µ





fe

b

x 2
,µ
z



(1)

where a, b denote quarks (nf flavours, nf ≡ nf (µ2 )) or gluons, x is the longitudinal momentum
fraction of the proton carried by a parton a, z is the splitting variable and µ is the evolution
variable. The splitting functions Pab have the following structure










Pab z, µ2 = Dab µ2 δ(1 − z) + Kab µ2
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+ Rab z, µ2
(1 − z)+

(2)

where Dab µ2 = δab da µ2 , Kab µ2 = δab ka µ2 and the function Rab does not contain any
power divergences (no pieces ∼ (1 − z)−n for n = 1, 2, ...) when z → 1 but it can contain








logarithmic divergences ln(1 − z) which can be however integrated and give finite result. The
piece with a delta function and plus prescription corresponds to the virtual and non-resolvable
emissions. As long as Pab z, µ2 has this structure, the formalism presented here can be applied
(LO, NLO, NNLO). Introducing the soft gluon resolution scale zM 8 , defining the Sudakov form
factor as
!
2

∆a (µ ) = exp −
and using momentum sum rule (
dfea (x, µ2 ) X
=
d ln µ2
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dzzPca z, µ2 = 0), Eq. 1 can be rewritten
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R z, µ2 = R
2 +K
2
where Pab
ab z, µ
ab µ 1/(1 − z) is the real part of the splitting function.
Terms skipped by introducing zM are of order O(1 − zM ).







Eq. 4 has an iterative solution which can be solved by a parton branching method. More
details can be found in 8 and 11 .
3

Collinear PDFs from parton branching method

xf(x)

xf(x)

In this section we show the results for collinear PDFs (or integrated TMDs - iTMDs) coming
from the parton branching method. In the left hand side of the Fig. 1 we show the results for
the gluon density using NLO splitting functions. The evolution is performed with the parton
branching method up to the evolution scale µ2 = 10, 103 , 105 GeV2 for zM = 1 − 10−5 . The
obtained distributions are compared with the pdfs calculated from QCDNUM 12 using the same
initial distributions. We illustrate a very good agreement between these two methods. In the
right hand side of the Fig. 1 we show the results for the down quark density with the NLO
splitting functions for different values of the parameter zM = 1 − 10−3 , 1 − 10−5 , 1 − 10−8 at
the evolution scale µ2 = 105 GeV2 . We show that as long as zM is close to 1, the results are
independent of zM .
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Figure 1 – Upper part of the plots: pdfs from the parton branching method for the gluon density at the evolution
scale µ2 = 10, 103 , 105 GeV2 for 1 − zM = 10−5 (left) and for the down quark density at µ2 = 105 GeV2 for
zM = 1 − 10−3 , 1 − 10−5 , 1 − 10−8 (right). Lower part of the plots: ratios of the results from the parton branching
method and QCDNUM.
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Figure 2 – Illustration of a general splitting process: b → a +
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Figure 3 – TMDs from the parton branching methods for different values of the
zM parameter for qt -ordering (left) and angular ordering (right).

TMD densities

With the iterative procedure, each resolvable branching is generated and the kinematics in each
branching is calculated. Thanks to that, the parton branching method has the great advantage
that the transverse momentum kt of the propagating parton can be calculated and a TMD
Aa (x, kt , µ) can be determined. However, a prescription is needed to relate the evolution variable
µ with the transverse momentum of the emitted (qt,c ) and propagating (kt,a ) parton (notation
is explained in the Fig. 2). It has been observed 8 that when qt -ordering is used
2
qt,c
= µ2 ,

(5)

the obtained TMDs depend on the zM parameter. zM plays an important role in the large z
region- region where soft gluons are emitted. The zM dependence is a signal that the soft gluons
are not treated
properly. However, if angular ordering condition is used to associate µ and qt,c
1
2
qt,c
= (1 − z)2 µ2 ,

(6)

the soft gluons emissions are treated properly - there is no dependence on zM . This effect is
shown in the Fig. 3.
It is important to stress that the collinear pdf distributions are independent of zM parameter
regardless of the choice of prescription to associate µ and qt,c .
In the Fig. 4 we illustrate that the TMDs for all flavours can be obtained from this method.
5

Fit to precision DIS data

The initial parton density distributions have to be determined from a fit of the free parameters to
describe inclusive cross sections. We performed the fit within xFitter package 13 with a method
developed in 14,15,16,17 .
We used precision measurements in neutral and charged current interactions at various beam
energies from HERA 1+2 18 of σred = d2 σ ep /dxdQ2 · Q4 x/(2πα2 (1 + (1 − y)2 )) (which is the
DIS cross section where the photon flux is removed) in the range 3.5 < Q2 < 30000 GeV2 , with
αs (mZ ) = 0.118, at a starting scale µ20 = 2 GeV2 , masses for heavy quarks as mc = 1.73 GeV,
mb = 5.0 GeV and mt = 175 GeV together with a fixed zM = 1 − 10−5 . The fit of integrated
TMDs was performed at LO and NLO with experimental uncertainties, for all flavours. A very
good χ2 /ndf was obtained for 3.5 < Q2 < 30000 GeV2 . In the Fig. 5 we show an example
of the comparison of the σred , obtained from a fit using xFitter, compared to the precision
measurements from HERA.
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Figure 4 – TMDs for different flavours from the parton branching method using angular ordering condition from Eq. (6).

6

Figure 5 – Example of a result of the fit of iTMDs from
parton branching method to precision DIS data within
xFitter.

Summary

We presented a new approach to solve the DGLAP evolution equation with a parton branching
method. We showed that it can reproduce exactly collinear pdfs. We explained how the TMD
distributions can be obtained in our method. We discussed how one could associate the evolution
variable µ with transverse momentum of the emitted and propagating partons to treat properly
soft gluon emissions. We showed that with qt -ordering TMD PDFs are not consistently defined
whereas a consistent set of TMD PDFs can be obtained from the parton branching with angular
ordering. We determined TMDs with xFitter package from the fit of integrated TMDs to σred
precision measurements from HERA 1+2 data at LO and NLO, with experimental uncertainties,
for all flavours, in a wide kinematic range of x, Q2 and kt .
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OVERVIEW OF RECENT HEAVY FLAVOR RESULTS FROM STAR
Rongrong Ma (for the STAR Collaboration)
Department of Physics, Brookhaven National Laboratory
PO Box 5000, Upton, NY 11973, USA
In relativistic heavy-ion collisions, a new state of matter, consisting of deconfined quarks and
gluons, is created, which is also believed to have existed in the early universe ∼ 10−6 s after
the big bang. Among various probes used experimentally to study the medium properties,
heavy flavor quarks are a special one since they are dominantly produced at the early stages
of the collisions and subsequently experience the entire evolution of the system. In these
proceedings, an overview of the latest heavy flavor results from the STAR experiment at the
RHIC will be presented. Charm hadrons are found to exhibit significant yield suppression at
high transverse momenta (pT ) and strong collective behavior, indicating strong interactions
between charm quarks and the medium. Moreover, suppression of high-pT J/ψ as well as the
sequential melting of the bottomonium family due to the color screening effect is observed,
providing evidence for the presence of deconfined partons in the medium.

1

Introduction

A phase transition from confined hadrons to the Quark-Gluon Plasma (QGP), in which quarks
and gluons are the relevant degrees of freedom, is predicted by lattice QCD calculations 1 , and
can be realized via relativistic heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). Due to the extremely short lifetime of the QGP phase
(< ∼10 fm/c), probes produced within the collisions are used exclusively to study the properties
of the medium. Among the various probes, heavy flavor quarks make a special one thanks to
the following features: i) their masses originate almost entirely from coupling to the Higgs field
in the electroweak sector and therefore stay unaltered in the medium; ii) the production crosssection can be calculated with perturbative QCD; and iii) the thermal production is negligible.
Experimentally, both open heavy flavor hadrons and quarkonia, sensitive to different aspects of
the medium properties, are measured.
2

Experimental setup

The STAR experiment 2 at the RHIC is a general-purpose detector covering the full azimuth
within the pseudorapdity range of |η| < 1. It consists of the Time Projection Chamber (TPC),
the Barrel ElectroMagnetic Calorimeter, and the Time-Of-Flight detector to provide charged
track reconstruction and particle identification. To harvest the beam time dedicated to heavy
flavor physics at the RHIC from 2014 to 2016, two detector updates, the Heavy Flavor Tracker
(HFT) 3 and the Muon Telescope Detector (MTD) 4 , were deployed at STAR for measuring open
heavy flavor hadrons and quarkonia, respectively. The HFT, sitting at the heart of the STAR
experiment, is a silicon detector featuring state-of-the-art monolithic active pixel sensors and
provides excellent track pointing resolution down to low momenta. The MTD, located outside of
the magnet, is used to trigger on and identify muons from quarkonium decays. Results presented

√
in this manuscript are for Au+Au collisions at sNN = 200 GeV, and most of the data were
taken in 2014 with the HFT and MTD installed.
3
3.1

Results
Open heavy flavor

The parton energy loss, due to interactions with the medium, is sensitive to the transport
coefficients of the QGP 5 , and depends on the parton color charge and mass, i.e. ∆Eg >
∆Eu,d,s > ∆Ec > ∆Eb 6 . It is conventionally measured through the nuclear modification factor
(RAA ):
1 dNAA /dpT
(1)
RAA =
hNcoll i dNpp /dpT

1.8

RAA

where dNAA /dpT and dNpp /dpT are the invariant yields of hadrons in A+A and p+p collisions,
and hNcoll i the average number of binary nucleon-nucleon collisions per A+A collision. The
left panel of Fig. 1 shows the D0 RAA (filled circles) as a function of transverse momentum
(pT ) in 0-10% central Au+Au collisions. A significant suppression of the yield is seen above
2.5 GeV/c, indicating substantial charm quark energy loss in the medium. Also shown in the
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Figure 1 – Left: D0 RAA in 0-10% central Au+Au collisions, compared to that of pions. Right: RAA of electrons
from B and D hadron decays in 0-80% central Au+Au collisions.

panel is a similar measurement for pions (blue open circles) 7 , which is consistent with the D0
results for pT > 3 GeV/c. Taking into account the shapes of parton distribution functions and
fragmentation functions, the observed consistency can be explained by the expected energy loss
hierarchy for gluons, light and charm quarks 8 . Figure 1, right panel, shows the RAA for electrons
from B (filled circles) and D (open circles) hadron decays in 0-80% Au+Au collisions. The RAA
of B-decayed electrons is about a factor of 2 larger than that of D-decayed electrons, which
again follows the expectation that heavier quarks lose less energy.
The collective behavior of charm quarks can be measured through the second Fourier coefficient (v2 ) of the D0 meson distribution in the momentum space with respect to the reaction
plane. Specifically, Fig. 2 shows v2 /nq as a function of (mT − m0 )/nq for D0 (filled circles) and
light hadrons (open markers) in 10-40% Au+Au collisions,
where nq is the number of constituent
q
quarks in hadrons, m0 the rest mass and mT = m20 + p2T 9 . The large non-zero D0 v2 again
indicates strong interactions between charm quarks and the QGP. Furthermore, the D0 meson
v2 follows the empirical nq scaling as light hadrons as shown in Fig. 2, suggesting that charm
quarks might have gained similar amount of flow as light quarks.
Thanks to the HFT, the first ever Λc signal in heavy-ion collisions is reconstructed, and the
ratio of its yield to that of D0 is shown in Fig. 3 for the 10-60% centrality bin to study the
hadronization mechanism of charm quarks in the hot and dense matter. The measured value is
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Figure 2 – D v2 in 10-40% central Au+Au collisions,
compared to those of light hadrons.

Figure 3 – Λc /D0 ratio as a function of pT in 10-60%
Au+Au collisions along with model predictions.

significantly larger than the PYTHIA prediction, which can be attributed to the participation
of charm quarks in the coalescence hadronization as previously observed for light quarks. The
Ko model calculation 10 for the 0-5% centrality bin with thermalized charm quarks taking part
in the coalescence is consistent with the measurement.
3.2

Quarkonium

Quarkonium dissociation due to the color screening of the potential between quark and antiquark was proposed as a direct evidence of the QGP formation 11 . However, besides cold nuclear
matter (CNM) effects, a competing mechanism due to the regeneration of quarkonia by deconfined quarks and anti-quarks further complicates the interpretation of the measured quarkonium
suppression in heavy-ion collisions. The left and right panels of Fig. 4 show the J/ψ RAA as a
function of the average number of participating nucleons (Npart ) per A+A collision at the RHIC
(stars and circles) and the LHC (blue squares) 12,13 for pT > 0 GeV/c and high pT , respectively.
At both pT ranges, the J/ψ RAA at the RHIC decreases towards more central collisions, where
2
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Figure 4 – J/ψ RAA as a function of Npart at the RHIC and the LHC for pT > 0 GeV/c (left) and high pT (right).

larger medium effects are expected. In central collisions, the strong suppression of high-pT J/ψ,
for which CNM effects and the regeneration contribution are small, is a clear evidence of J/ψ
dissociation in the medium. Comparing to the LHC results, the smaller J/ψ RAA for pT > 0
GeV/c in central collisions at the RHIC could arise from a smaller regeneration contribution due
to the smaller charm quark cross-section. On the contrary, the J/ψ RAA is larger for high-pT
J/ψ at the RHIC, which might be a result of a lower medium temperature leading to a lower
dissociation rate.
For bottomonia, the three Υ states of different binding energies are expected to dissociate
at different temperatures, and the measurement of this “sequential melting” was envisioned as
a thermometer for the QGP. The RAA for the ground (left) and excited (right) Υ states as a
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√
function of Npart are shown in Fig. 5 for Au+Au collisions at sNN = 200 GeV and Pb+Pb
√
collisions at sNN = 2.76 TeV 14 . For Υ(1S), there is decreasing trend for RAA towards central
collisions at both RHIC and LHC energies, and the magnitudes of suppression are compatible at
the two energies. It is worth noting that the feed-down contributions are not subtracted in these
results, and CNM effects could be different. For the excited states, they are significantly more
suppressed than the ground state in central collisions, which is consistent with the “sequential
melting” picture. There is also a hint that the excited states might be less suppressed at the
RHIC than at the LHC.
4

Summary

The heavy flavor program launched at the RHIC during 2014-2016, accompanied by the STAR
HFT and MTD upgrades, has generated a series of high impact physics results with the 2014
data. The measured D0 RAA and v2 reveal strong interactions between charm quarks and the
QGP, resulting possibly in charm quark thermalization. An enhancement to the baryon-tomeson ratio in the charm section is observed for the first time, which is consistent with the
expectation by the coalescence hadronization. For quarkonia, the clear suppression of high-pT
J/ψ and Υ provides a strong evidence of deconfinement, which is further backed up by the
observation of the “sequential melting” for excited Υ states. With the 2015 and 2016 data to be
analyzed, the understanding of QGP properties is expected to be further advanced using heavy
flavor probes.
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Anisotropic flow of charged and identified particles in Pb–Pb collisions at
√
sNN = 5.02 TeV with ALICE
Jacopo Margutti (for the ALICE Collaboration)
Nikhef, Science Park 105, 1098 XG Amsterdam, Netherlands
Utrecht University, Domplein 29, 3512 JE Utrecht, Netherlands
Anisotropic flow, i.e. azimuthal anisotropies in particle production, is a key observable to
characterise the properties of the Quark–Gluon Plasma (QGP), as it is sensitive to both
its transport coefficients and equation of state. In this contribution, the first measurements
√
of anisotropic flow of charged and identified particles in Pb–Pb collisions at sNN = 5.02
TeV with ALICE are reported, in a broad range of particle transverse momenta and in the
pseudorapidity range |η| < 0.8. The results can provide further constraints to the current
models of heavy-ion collisions.

1

Introduction

Anisotropic flow quantifies the azimuthal anisotropies of particle production in momentum space
with respect to the reaction plane, i.e. the plane spanned by the impact parameter and the beam
axis. By using a general Fourier series decomposition of the distribution in azimuthal angle ϕ
of final-state particles
+∞
X
dN
vn cos [n(ϕ − Ψn )],
∝1+
d(ϕ − Ψn )
n=1

anisotropic flow is quantified with the Fourier coefficients vn (so-called “flow coefficients”) and
corresponding symmetry planes Ψn 1 . The observation of such anisotropies in high-energy heavyion collisions, where they reach values of O(0.1), has been most commonly interpreted as a result
of the hydrodynamic behaviour of the QGP. In this picture, initial-state spatial anisotropies,
coming from both the geometry of the collision and fluctuations in the system of colliding
partons, are converted into final-state momentum anisotropies, just as pressure gradients are
converted into velocity gradients in classical fluids. Flow coefficients are sensitive to the transport
parameters (shear and bulk viscosity) and the equation of state of the system, both in its
QGP phase and after hadronisation, and they have therefore been used to constrain these
properties. In this contribution, the first measurements of anisotropic flow of inclusive and
√
identified particles, namely π ± , K ± , p(p̄) and φ, in Pb–Pb collisions at sNN = 5.02 TeV are
reported.
2

Analysis

The data sample used for this measurement was recorded with the ALICE detector 2 in November
√
2015, during the Run 2 of the LHC, at a center of mass energy per nucleon of sNN = 5.02
TeV. A sample of ∼ 6 × 107 Pb–Pb collisions passed the event selection criteria, which include
coincidence of signals between two forward detectors (V0A and V0C), a reconstructed primary

vertex within ±10 cm of the nominal interaction point and collision centrality within 5-60%.
Charged particle tracks within transverse momentum 0.2 < pT < 50 GeV/c and pseudorapidity
|η| < 0.8 are used in this analysis for unidentified particles, while for identified particles tracks
within 0.2 < pT < 15 GeV/c and rapidity |y| < 0.5 are used. These tracks are reconstructed
using combined information from the Inner Tracking System (ITS) and the Time-Projection
Chamber (TPC). The forward event plane is reconstructed using the V0C detector, located
at −3.7 < η < −1.7. The flow coefficients are measured either with multi-particle cumulants,
according the Q-cumulant method 3 , using only tracks at mid-rapidity, or with the scalar product
method 4 , correlating tracks at mid-rapidity with the forward event plane reconstructed with
the V0C detector, according to
,s
vn {SP, V0C} = hhun · QV0C∗
ii
n

hQV0C
· QTPC∗
i hQV0C
· QV0A∗
i
n
n
n
n
,
TPC
V0A∗
hQn · Qn
i

where un = exp(inϕ) is the flow vector of a single particle with azimuthal angle φ and Qn is the
V0A/V0C
flow vector reconstructed with either the V0A/V0C (Qn
) or all tracks at mid-rapidity
(QTPC
).
Brackets
h·
·
·
i
denote
averaging
over
all
events;
double
brackets indicate that first an
n
average within all tracks in an event is computed. Particle identification is performed using
the specific energy loss in the TPC and timing information from the Time of Flight (TOF)
detector. The φ-meson is reconstructed through the decay channel φ → K + K − , using the
method outlined in 5 .
3

Results

Figure 1 shows the flow coefficients v2 , v3 and v4 of inclusive charged particles as a function of
pT for various centrality classes. The approximate ordering v2 > v3 > v4 at low pT (pT < 5
GeV/c) is consistent with the expectations of a collective expansion of the medium, such as it
is assumed by hydrodynamic models. The differences between v2 {2} and v2 {4} are mostly due
to the different sensitivities of the 2- and 4-particle correlations to flow fluctuations. Finally,
the non-zero value of v2 at high pT , up to 50 GeV/c is attributed to the path-length dependent
in-medium energy loss of high-pT partons.
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Figure 1: Flow coefficients v2 , v3 and v4 of inclusive charged particles as a function of pT for various centrality
classes. In addition to results with the scalar product method, the 4-particle cumulant estimate of v2 (v2 {4}) is
shown. Statistical uncertainties are shown as bars and systematic uncertainties as boxes.

The same flow coefficients of identified particles (π ± , K ± , p(p̄) and φ) are shown in figure 2.
A mass ordering among the different particle species is observed at very low pT (pT < 2 GeV/c),
suggesting that radial flow has a predominant role in this regime. At higher pT , the flow
coefficients of the different particle species seem to group according to their number of valence
quarks, which is consistent with the hypothesis of hadronisation via quark coalescence 6 within
a collectively expanding medium. The ordering among different harmonics is similar to the one
observed for inclusive charged particles. Overall, the values of flow coefficients are similar to
√
those measured at a center of mass energy per nucleon of sNN = 2.76 TeV 5 7 8 . Comparing
the results to predictions from an hydrodynamic model 9 using IP-Glasma initial conditions and
including a hadronic rescattering phase, one observes a quantitative agreement only at pT < 1
GeV/c, above which the model clearly overestimates the data (not shown).
4

Summary

In this contribution the first measurements of anisotropic flow of inclusive and identified particles
√
in Pb–Pb collisions at sNN = 5.02 TeV are presented. For inclusive charged particles, nonzero v2 is observed up to pT = 50 GeV/c, consistent with path-length dependent in-medium
energy loss of high-pT partons. For identified particles, at low pT (pT < 2 GeV/c) mass ordering
is observed, while at higher pT approximate quark number ordering seems to hold. These
measurements can provide important constraints on the modelling of heavy-ion collisions.
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Figure 2: v2 (top), v3 (middle) and v4 (bottom) of π ± , K ± , p(p̄) and φ as a function of pT for various centrality
classes. Statistical uncertainties are shown as bars and systematic uncertainties as boxes.

A penetrating look at Quark-Gluon Plasma physics
Probing the QCD phase transition with heavy quarkonia
Carlos Lourenço, on behalf of the CMS collaboration
CERN, CH-1211 Geneva 23, Switzerland

A small fraction of the results recently released by CMS in the field of quarkonium production
in pp and Pb-Pb collisions are briefly presented.

The theory and experimental studies of quarkonium production and suppression as a laboratory to understand the QCD phase transition were triggered by Matsui and Satz 1 , just before
the first heavy-ion collisions at the CERN SPS took place. Today we know that the statement
“J/ψ suppression in nuclear collisions should provide an unambiguous signature of QGP formation” was somewhat naive, but the basic idea has survived: screening the QCD potential
“dissolves” the charmonium and bottomonium bound states; and quarkonium states of different
binding energies should dissolve at successive thresholds in the temperature of the medium,
leading to a sequential suppression pattern2 that should work as a “thermometer” of the QCD
matter. The following years much more has been understood regarding quarkonium production
as a laboratory to understand hadron formation and QCD confinement (for recent reviews, see
Refs. 3,4 and references therein). But the mechanisms behind quarkonium production remain
a challenge, even in the “elementary” case of pp collisions, the non-perturbative QCD aspects
preventing a clear understanding of the strong interactions binding the quarks into hadrons.
Non-relativistic QCD (NRQCD) 5 is seemingly our best path towards efficient progress in this
area of QCD phenomenology. In this framework, quarkonia are produced from the binding of
quark-antiquark pairs created with a variety of quantum numbers, in colour singlet or octet
configurations. These terms are characterized by significantly different kinematic dependences
and polarizations, determined by the short-distance cross sections (SDCs), presently calculated
at next-to-leading order (NLO). They contribute with probabilities proportional to long distance
matrix elements (LDMEs), extracted from fits to experimental data 6,7,8,9 . Traditionally, these
“global fits” only consider the measured cross sections and then predict that quarkonia produced
with high transverse momentum should be transversely polarized, in clear conflict with measurements, a situation dubbed “the quarkonium polarization puzzle”. The reluctance in using
polarization data in the fits reflects the observation that most of the pre-LHC measurements
are incomplete and ambiguous 10 . Indeed, polarization measurements are very complex and
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require exceptional care in the corresponding data analyses. The experimental situation has
dramatically improved with the availability of high quality polarization measurements, using
much-improved analysis approaches 11,12 : by CMS for the five S-wave quarkonium states 13,14 )
and by LHCb for the charmonia 15,16 . These results are at the basis of a new understanding of
[8]
quarkonium production 17 , dominated by the unpolarized 1 S0 pre-resonance octet term.
The CMS experiment 18 has an excellent performance for studies of quarkonium production
in the dimuon decay channel, both in pp and in Pb-Pb collisions, mostly thanks to its very large
and high-granularity silicon tracker, very strong magnetic field, broad acceptance in absolute
rapidity |y| and in transverse momentum pT , flexible trigger capabilities, and powerful data
acquisition system. It is worth mentioning the good vertexing capabilities, allowing for a reliable
subtraction of charmonium events resulting from B meson decays, so that the measurements
always refer to “prompt” production. However, except for the ψ(2S) case, all measured S-wave
states add to the directly produced mesons a contribution from feed-down decays of heavier
quarkonia, sometimes through several cascade steps. While the J/ψ peak is always well above
the underlying dimuon continuum, the ψ(2S) peak is harder to see, especially at forward rapidity
(worse dimuon mass resolution) and low pT (larger background) 19 . The Υ(1S) peak is also
easy to identify, with a good signal-to-background ratio, as shown in Fig. 1-left. The Υ(2S)
resonance, well visible in the pp data, is much harder to see in the Pb-Pb data, clearly affected
by a significant suppression; and there are no signs of Υ(3S) production in Pb-Pb collisions,
in the data samples collected so far by CMS 20 . It is worth noting that the nucleon-nucleon
integrated luminosity of the existing Pb-Pb samples (351 µb−1 scaled by 208 squared) is not
negligible, being more than half of that of the pp sample (25.8 pb−1 ). Figure 1-right shows the
Υ(2S) over Υ(1S) “double ratio”, comparing Pb-Pb to pp production in nine Pb-Pb centrality
bins, including three bins in the “peripheral region” (50 to 100% centrality percentile). It is
remarkable that this suppression pattern is essentially flat, at around 0.35, and the drop from
pp to Pb-Pb occurs at very peripheral collisions. Also the ψ(2S) is significantly more suppressed
than the J/ψ, even in the most peripheral Pb-Pb collisions probed by CMS, for |y| < 1.6 and
pT > 6.5 GeV. Finally, the Υ(3S) over Υ(1S) double ratio is not significantly higher than zero,
even in the most peripheral bin available to CMS with the current level of Pb-Pb integrated
luminosity.
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Figure 1 – Left: Dimuon mass distribution in the Υ mass region, comparing the Pb-Pb data with the shape
extrapolated from pp data, to illustrate the magnitude of the suppression affecting the excited states. Right:
Υ(2S) over Υ(1S) and ψ(2S) over J/ψ double ratios as a function of Pb-Pb centrality.

The CMS collaboration has also reported results on “normalized single ratios”, denoted
by RAA , where the Pb-Pb and pp yields are directly compared for individual quarkonia 21,22,23 .
Figure 2-left shows the measured Pb-Pb to pp suppression levels, from data collected at 2.76 TeV,

for the five S-wave quarkonia, as a function of their binding energy. The most loosely bound state
and the only one not affected by feed-down decays, the ψ(2S), shows a very strong suppression.
To appreciate how the suppression fades away as the binding energy increases, one would need
to account for the feed-down contributions of the other onia states: maybe none of the directly
produced Υ(1S) are suppressed and we are seeing a strong suppression of the heavier (S- and
P-wave) bottomonia.
A clear and unambiguous understanding of quarkonium suppression also needs to account
for polarization effects: we could observe quarkonium suppression simply because the mesons
would be produced more transversely polarized in Pb-Pb than in pp, given that the acceptances
are corrected assuming identical polarizations for all collision systems. So far, no measurements
exist of quarkonium polarization in Pb-Pb collisions. CMS took a first step in that direction by
measuring how the polarizations of the Υ(nS) states change with the number of charged particles,
Nch , produced in pp collisions 24 . The measurements do not show significant variations of λϑ
with Nch , but the large Υ(2S) and Υ(3S) uncertainties preclude definite statements in these
cases and the interpretation of the result for the Υ(1S) state, shown in Fig. 2-right, is blurred
by potential effects of the P-wave feed-down contributions, presently impossible to evaluate for
lack of information regarding the χb (nP) polarizations and their feed-down fractions. The curves
in the figure illustrate how the inclusive polarization might change as a function of Nch if the
directly-produced component (of polarization λ0 ) is complemented by a feed-down component
(of polarization λ1 ) that contributes with a fraction f , decreasing linearly with Nch from 50%
to 0 in the 0 < Nch < 60 range. The six curves correspond to different assumptions for λ0
and λ1 , reported in the legends, with λ1 representing an effective average of the χb1 and χb2
polarizations (the χb1 and χb2 λϑ values must verify λϑ > −1/3 and λϑ > −3/5, respectively 25 ).
In these scenarios the feed-down fraction is assumed to become negligible at high Nch , where
the inclusive λϑ tends to the direct λ0 value. At low Nch , where the feed-down contribution
is, hypothetically, the highest, the inclusive λϑ parameter crucially depends on the assumed χb
polarization.
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Figure 2 – Left: RAA vs. binding energy, for prompt quarkonia. Right: Υ(1S) polarization as a function of Nch
in pp collisions.

In conclusion, very interesting measurements have been made at the LHC, in particular by
the CMS experiment, in the field of quarkonium production, both with pp and Pb-Pb data samples. Future results, especially involving the P-wave states (polarizations, feed-down fractions),
are eagerly awaited. The improved understanding of quarkonium production in pp collisions
will certainly help using quarkonia as probes of the QCD phase transition in Pb-Pb data.
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Latest ALICE results of photon and jet measurements
Rüdiger Haake
CERN,
CH-1211 Geneva 23, Switzerland

Highly energetic jets and photons are complementary probes for the kinematics and the topology of nuclear collisions. Jets are collimated sprays of charged and neutral particles, which
are produced in the fragmentation of hard scattered partons in an early stage of the collision. While traversing the medium formed in nuclear collisions, they lose energy and therefore
carry information about the interaction of partons with the medium. The jet substructure is
particularly interesting to learn about in-medium modification of the jets and several observables exists to probe it. In contrast to jets, photons are created in all collision stages. There
are prompt photons from the initial collision, thermal photons produced in the medium, and
decay- and fragmentation photons from later collision stages. Photons escape the medium
essentially unaffected after their creation.
This article presents recent ALICE results on jet substructure and direct photon measurements
in pp, p–Pb and Pb–Pb collisions.

1

Introduction

Jets can conceptually be described as the final state produced in a hard partonic scattering.
Therefore, jets are an excellent tool to access a very early stage of a heavy-ion collision. The jet
constituents represent the final state remnants of the fragmented partons that were scattered in
the reaction. While all the detected particles have been created in a non-perturbative process
(i.e. by hadronization), ideally, jets represent the kinematic properties of the originating partons.
Thus, jets are mainly determined by perturbative processes due to the high momentum transfer
and the cross sections can be calculated with pQCD. This conceptual definition is descriptive
and very simple, the technical analysis of those objects is complicated though.
Since photons do not interact strongly, they essentially pass through the medium without
being affected. While the jets carry information about the medium due to their in-medium
energy loss and modification, photons retain the properties they had at their production. Direct
photons, which are all photons except for decay photons, allow to test pQCD and to constrain
PDFs. Thermal photons, which are produced by the medium, carry information about bulk
properties like the temperature.

2

Experimental details

The data were recorded with ALICE, the dedicated heavy-ion experiment at the LHC studying
properties of the quark-gluon plasma and the QCD phase diagram in general. The detector is
designed as a general-purpose heavy-ion detector1 to measure and identify hadrons, leptons, and
also photons down to very low transverse momenta.
Charged jets have been measured in pp, p–Pb, and Pb–Pb collisions, using mainly data from
the TPC2 , which is a time projection chamber, and the ITS3 – a six-layered silicon detector.
The signals in these detectors are used to form charged-particle tracks that serve as the basic
ingredient to jet reconstruction. By adding clusters measured by the EMCal4 , an electromagnetic
sampling calorimeter, full jets can be reconstructed with charged and neutral particles. To
measure jets, the anti-kT algorithm5 implemented in FastJet6 is used in the present analyses.
The track selection for those particles are chosen in order to obtain a uniform charged track
distribution in the full η − φ plane for tracks with pT > 150 MeV/c within pseudorapidity
|η| < 0.9.
The mean background density is calculated on an event-by-event basis, using the median of
clusters found by the kT algorithm, leaving out the two highest-pT clusters. In the p–Pb system,
the particle occupancy is also taken into account.7 Depending on the observable, this density
is corrected with the area-derivatives method8 , constituent subtraction method9 , or jet-by-jet
based on area. Residual background fluctuations and detector effects are corrected for in a
two-dimensional unfolding procedure.
Photons can be measured by three approaches. On the one hand, they can be directly
measured by two calorimeters in the ALICE central barrel: The EMCal mentioned above and
the homogeneous calorimeter PHOS, which consists of highly segmented PbWO4 crystals. In
addition, photons can also be reconstructed from charged tracks using the Photon Conversion
Method (PCM). Here the secondary vertices of e+ e− pairs from photons which converted in the
material of ALICE are reconstructed.
A statistical measurement of the direct photon signal can be achieved by subtracting the
decay photons from all known hadronic sources from the inclusive photon sample. To extract
γdec
inc
the photon excess and to study its significance, we use the double ratio Rγ = γγdec
= γπinc
0 / π0 ,
where correlated systematic errors cancel. Here γinc and γdec are the inclusive and decay photon
spectra and π 0 is a parametrization of the measured π 0 spectrum.11
Isolated photons allow a very precise measurement of direct photons (excluding fragmentation photons) using an isolation criterion. The criterion is applied on the total energy in a cone
radius R = 0.4 around the photon candidates.12
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Figure 1 – Left: Radial moment g for Pb–Pb collisions hinting to the collimation of charged jets with R = 0.2.
Right: N-subjettiness τ2 /τ1 measuring the 2-prongedness of charged jets with R = 0.4. 13,14

3

Results

In Fig. 1, radial moment g and N -subjettiness with N = 2 are presented for the 10% most central
√
Pb–Pb collisions at sNN = 2.76 TeV.13,14 Both quantities shed light on the jet substructure
and its changes in a medium. While the radial moment is a measure for the collimation of the jet
momentum, the N -subjettiness observable τ2 /τ1 indicates how 2-pronged the jet is. Due to color
coherence effects, the probability for 2-pronged jets could be different in Pb–Pb compared to pp.
The measurement of g indicates that the jet core is more collimated in the medium, compared
to PYTHIA15 . Also the medium-modified jets in JEWEL16 qualitatively agree with the data.
Within the uncertainties, τ2 /τ1 indicates no strong quenching effect on the jet substructure.

dN
1
(c 2/GeV)
N jets dM ch jet

Figure 2 shows another quantity connected to the jet substructure: The jet mass in Pb–Pb,
compared to p–Pb collisions.17 We observe an indication for a shift in jet mass to lower values
comparing Pb–Pb and p–Pb collisions. This difference cannot be explained by the difference in
√
sNN of both measurements and could hint to a higher collimation of the jet core in Pb–Pb.
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Figure 2 – Jet mass for p–Pb and the 10% most central Pb–Pb collisions for charged jets with R = 0.4. 17
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Figure 3 – Left: Direct photon double ratio for Pb–Pb collisions at sNN = 2.76 TeV for several centrality
√
bins compared to pQCD calculations. Right: Direct photon spectra for Pb–Pb collisions at sNN = 2.76 TeV
measured by ALICE compared to PHENIX data. 18,19

Photon measurements are depicted in Figs. 3 and 4. In Fig. 3, direct photon production
√
at sNN = 2.76 TeV in Pb–Pb collision is presented. The left plot shows the direct photon
double ratio Rγ , which already indicates an enhancement at low pT for more central collisions.
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This enhancement can be interpreted as thermal photons. In the right plot, the direct photon
spectrum with its excess at low pT is shown. A comparison to PHENIX data reveals the higher
effective temperature of the medium at the LHC compared to RHIC.18,19
√
A measurement of isolated photons in pp collisions at s = 7 TeV is shown in Fig. 4. A good
agreement of the data with pQCD calculations is shown in the right plot. This measurement
is a first step to an application in Pb–Pb collisions. In addition, isolated photon measurements
might be of particular interest for photon-jet events in Pb–Pb collisions.
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Figure 4 – Left: Isolated photon cross section for pp collisions. Right: Isolated photon theory comparison.

4

Summary

The jet shapes, in particular the radial momentum, are sensitive to the interaction with the
medium produced in nuclear collisions. In Pb–Pb collisions, there is an indication for a stronger
momentum collimation. In addition, the 2-pronged subjet structure is not strongly affected.
The measurement of direct photons in Pb–Pb collisions shows an excess at low transverse
momenta hinting to the presence of thermal photons. The thermal radiation indicates a higher
effective temperature at the LHC than at RHIC.
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Anomalous evolution of the near-side jet peak shape
in Pb-Pb collisions with ALICE
MONIKA KOFARAGO for the ALICE collaboration
MTA Wigner RCP, Hungary 1525 Budapest Pf. 49.

Two-particle angular correlations are sensitive probes to study the interaction of jets with
the flowing medium produced in heavy-ion collisions. These interactions may appear as modifications of the near-side jet peak compared to pp collisions. In these measurements, the
associated per-trigger yield is calculated from the relative azimuthal angle and pseudorapidity
between a trigger particle with higher pT (1 GeV/c < pT < 8 GeV/c) and an associated
particle. Subsequently, the near-side peak width and shape are extracted as a function of
pT and centrality. Results obtained by the ALICE detector from Pb–Pb and pp collisions
are presented. In Pb–Pb collisions, a significant broadening of the peak in central events at
low pT is observed in the data, and is more pronounced in the ∆η direction than in the ∆ϕ
direction. A novel feature is also observed at low pT in central events: the peak departs from
the Gaussian shape, and a depletion around its center appears. To put the broadening and
the depletion in context with the strength of longitudinal, radial and elliptic flow, the results
are compared to AMPT simulations, which suggest that radial and longitudinal flow play a
significant role in the appearance of the observed features.

1

Motivation

In the collisions of heavy-ions, a hot and dense medium, the so called quark-gluon plasma, is
created. Jet pairs produced from hard scatterings occurring during the collision, traverse this
expanding medium. Jets lose energy in the medium by induced gluon radiation and elastic
scatterings, which can result in jet pairs with highly asymmetric energies 1,2 .
The reconstruction of jets below a certain transverse momentum (p T ) becomes problematic
due to the large fluctuating background in heavy-ion collisions. Instead, at low p T , angular correlation measurements can be used to study the interaction of jets with the produced medium.
In these measurements, the azimuthal angle (∆ϕ) and the pseudorapidity (∆η) difference between particle pairs are calculated. Back to back jets manifest themselves as a peak around
(∆ϕ, ∆η) = (0, 0) and as an elongated object in ∆η at ∆ϕ = π. The interaction of jets with the
medium causes a change in the shape of this peak compared to the shape in pp collisions 3,4,5 .
Such a modification has been seen by the STAR collaboration in central Au–Au collisions at
√
sNN = 200 GeV 6 . This paper extends these measurements in energy and p T reach by the
ALICE detector at the LHC. The full details of the presented analysis are described elsewhere 7,8 .

2

Analysis

√
For the current analysis, Pb–Pb and pp events taken at sNN = 2.76 TeV by the ALICE detector
are used 9 . To build two-particle correlations, a trigger particle from a certain p T window within
1 GeV/c < pT,trig < 8 GeV/c and an associated particle from a certain p T window also within
1 GeV/c < pT,assoc < 8 GeV/c are taken. The p T window of the associated particle can be
either lower or the same as for the trigger particle in which case only pairs with pT,assoc < pT,trig
are used to avoid double counting. From these pairs the following per trigger yield histograms
are built:
1 d2 Nassoc
S(∆ϕ, ∆η)
=
(1)
Ntrig d∆ϕd∆η
M (∆ϕ, ∆η)
where S(∆ϕ, ∆η) is the sibling histogram, originating from particles taken from the same event,
while the division by M (∆ϕ, ∆η) accounts for the limited detector acceptance and for pair
inefficiencies in the detector. M (∆ϕ, ∆η) is constructed from particle pairs, where the two
particles are originating from different events, and it is normalized such that it is unity at
(∆ϕ, ∆η) = (0, 0). Several selection criteria and corrections were applied to the per trigger yield
histograms, which are described elsewhere 7,8 .
These per trigger yield histograms contain the jet signal, but they also contain the background originating from combinatorics and from the flowing medium. To extract the signal, the
2-dimensional histograms are fitted with a function, which describes both the background and
the signal:
F (∆ϕ, ∆η) = C1 +

4
X

2Vn∆ cos(n∆ϕ) + C2 · Gγ∆ϕ ,w∆ϕ (∆ϕ) · Gγ∆η ,w∆η (∆η)

(2)

n=2

  γx 
γx
|x|
Gγx ,wx (x) =
exp −
2wx Γ(1/γx )
wx

(3)

In this function, the background is described by four parameters: C1 is responsible for the combinatorial background, while the Vn parameters describe the background coming from anisotropic
flow 10 . The peak is described by a generalized Gaussian (Gγx ,wx (x)) function in both the ∆ϕ
and the ∆η directions. The generalized Gaussian has two parameters, one responsible for its
width (w), and one for its shape (γ). The shape of the generalized Gaussian function changes
between an exponential and a normal Gaussian function in the range 1 < γ < 2. The fitting of
a per trigger yield histogram is illustrated in Fig. 1.
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Figure 1: An example of the fit of the per trigger yield histograms. Panel (a) shows a per trigger yield
histogram, panel (b) the background part of the fit, while panel (c) the signal part.

3

Results

To describe the peak, its width is calculated as the variance of the generalized Gaussian function.
In Fig. 2a, this width is shown for both the ∆ϕ and the ∆η direction from Pb–Pb and pp
collisions. At high p T , where both pT,trig and pT,assoc are above 4 GeV/c, the peak is symmetric
in both pp and Pb–Pb collisions at all collision centralities. This symmetry disappears at lower
p T in Pb–Pb collisions, while it remains in the case of the pp collisions down to the lowest
measured p T bin (1 GeV/c < pT,trig , pT,assoc < 2 GeV/c). In the case of Pb–Pb collisions at
lower p T , the peak is broader in the ∆η direction than in the ∆ϕ direction.
A broadening towards central events at low p T is also observed. A small broadening in the
∆ϕ direction is present, while a more significant broadening can be seen in the ∆η direction,
which persists to all except the highest two p T bins. The increase is quantified in Fig. 2b by the
ratio of the width in the most central bin and the most peripheral one. It is compared to the
same ratio measured in three different settings of generator level AMPT simulations 11,12 . The
setting with string melting turned off, but hadronic rescattering turned on correctly describes
the p T and centrality evolution of the peak, while the other two settings underestimate the
broadening at intermediate p T in the ∆η direction.
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Figure 2: Panel (a) shows the width of the jet-peak in Pb–Pb collisions as a function of centrality together
√
with the width in pp (rightmost points) for all measured p T bins at sNN = 2.76 TeV. Panel (b) shows
the ratio of the width in the most central (0-10%) and the most peripheral (50–80%) bins from data,
together with simulation results from AMPT.

Apart from the broadening at low p T a novel depletion around (∆ϕ, ∆η) = (0, 0) is also seen
in the data (Fig. 3a). The area of this depletion is excluded from the fit to give an unbiased
characterization of the width of the peak. The depletion is characterized by the difference of
the fit and the histogram in the excluded area, and this difference is normalized to the full yield
of the peak. In Fig. 3b, this depletion yield is overlaid with results from AMPT simulations,
which describe the results within the uncertainties of the measurement if hadronic rescattering
is turned on, independent of string melting.
4

Interpretation and conclusions

To study whether the observations could arise form an interplay of the jets with the flowing
medium, the radial flow velocity and the elliptic flow parameter is extracted from both data
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Figure 3: Panel (a) shows an example per trigger yield histogram after the subtraction of the background,
√
while panel (b) shows the depletion yield measured in Pb–Pb collisions at sNN = 2.76 TeV by the ALICE
detector (points), compared to simulations form AMPT (lines).

and the AMPT simulations. The exact values can be found elsewhere 7,8 . The best description
of the radial flow is given by the AMPT setting with string melting turned off, but hadronic
rescattering turned on. This setting describes both the relative evolution of the width and the
depletion successfully. The elliptic flow parameter is described by two AMPT settings, when
either string melting or hadronic rescattering is turned on. Out of these two, only the latter
describes the relative evolution and the depletion properly. From this comparison and from
previous work 13 , it can be concluded that longitudinal and radial flow are more likely the cause
of the presented effects than elliptic flow.
In conclusion, two-particle angular correlation measurements from Pb–Pb and pp collisions
√
at sNN = 2.76 TeV measured by the ALICE detector were shown. A significant broadening in
the ∆η direction and a smaller broadening in the ∆ϕ direction at low p T towards central events,
together with a novel feature, a depletion around (∆ϕ, ∆η) = (0, 0) were presented. The results
were compared to AMPT simulations, which show that radial and longitudinal flow are more
likely the cause of the observed effects, as opposed to anisotropic flow. From these measurements
we conclude that the broadening and the depletion can be interpreted as an interplay of the
traversing jets and the flowing medium.
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Hard probes with pPb and PbPb collisions and fixed target results at LHCb
Francesco Bossù on behalf of the LHCb Collaboration
Laboratoire de l’Accélérateur Linéaire (LAL),
Université Paris-Sud, CNRS/IN2P3,
Orsay, France
Since 2013, LHCb has been developing an ambitious heavy ion physics program which is
highly complementary to the other LHC experiments, thanks to the coverage of the forward
rapidity region and the detector specialized capabilities on the reconstruction of heavy flavour
hadrons. In addition, LHCb has the unique capability to operate as a fixed target experiment.
By using its System for Measuring Overlap with Gas (SMOG), reactions of incident LHC
proton beams on noble gas targets have been recorded at a centre-of-mass energy of 110
GeV. These proceedings report an overview of the recent results in fixed-target mode as well
as measurements of open and hidden heavy-flavour hadron production in pPb and PbPb
collisions.

1

Introduction

The LHCb experiment 1 is designed to study heavy-flavour hadron decays in proton-proton
collisions. LHCb is a single arm spectrometer that covers the forward pseudorapidity region
2 < η < 5 equipped with a 4 Tm dipole magnet, it is composed of a silicon strips detector, the
vertex locator (VELO) close to the interaction point, tracking stations before and after the dipole
magnet, two ring-imaging Cherenkov detectors for particle identification, an electromagnetic and
a hadronic calorimeters and a system for the identification of muons.
In the recent years, the LHCb collaboration extended its physics programme to the study of
ion collisions. Thanks to the excellent tracking and particle identification capabilities, the LHCb
experiment is complementary at forward rapidity to the heavy ion studies already established
√
by the other LHC experiments. So far, datasets of proton-Pb collisions at sN N = 5 TeV and
√
√
sN N = 8.16 TeV as well as PbPb collisions at sN N = 5.02 TeV have been recorded.
The most peculiar feature of the LHCb detector is that it can be operated as a fixed target experiment. The detector is equipped with the SMOG 2 (System for Measuring Overlap
with Gas) device that allows to inject small quantities of noble gases (at pressures of about
∼ 10−7 mbar) in the region of the VELO directly into the LHC beam pipe. This device was
initially designed for the precise determination of the luminosity in proton-proton collisions.
Starting from 2015, special runs have been dedicated to record fixed-target collisions for physics
studies. Interactions between the LHC proton beam and helium, neon and argon gases have
√
been recorded at the centre-of-mass energy of sN N = 110 GeV.
2

Open and hidden heavy flavour production in PbPb and pPb collisions

Open and hidden heavy flavour (charm and beauty) hadrons are considered important probes
to study ultra-relativistic heavy ion collisions. Heavy quarks are produced in high-Q2 processes
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allowing perturbative QCD calculation down to zero transverse momentum (pT ). In PbPb
collisions, charm and beauty quarks can interact with the formed medium and, consequently,
modifications with respect to pp collisions on the yields of quarkonium states are expected as
well as modifications of the kinematic distributions of open heavy flavour hadrons. In pPb
collisions, nuclear effects on the parton distribution functions as well as interactions with the
nuclear environment can be studied by measurements of heavy flavour productions.
LHCb participated for the first time in PbPb data taking in December 2015 collecting about
√
50 millions events at sN N = 5.02 TeV. The detector has been designed for low pile-up pp
collisions data taking and therefore in the high particle multiplicity of central PbPb collisions
the tracking detectors show occupancies up to 100% preventing event reconstruction as depicted
in Fig. 1. The centrality of the collision is estimated with a Glauber fit to the distribution
of the energy measured in the electromagnetic calorimeter. Due to tracking limitation, the
current analysis on J/ψ production will only explore the peripheral events in the centrality
range 50-100%.
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Figure 1 – PbPb collisions at sN N = 5.02 TeV. Left: J/ψ invariant mass distribution in the centrality bin 5070%. Right: correlation between the hits in the VELO detector and the energy measured in the electromagnetic
calorimeter. Different colours represent 10% centrality intervals.

√
In pPb collisions, with the data collected at sN N = 5 TeV, LHCb measured the nuclear
modification factors (RpP b ) of prompt J/ψ 3 , ψ(2S) 4 and D0 5 as depicted in Fig. 2. Thanks to
the inversion of the beams, LHCb covered the rapidity ranges −4 < y < −2.5 (Pb beam entering
in LHCb) and 2.5 < y < 4 (proton beam entering in LHCb). The results are compared with
theoretical calculation that include modifications of the parton distribution functions in nuclei 6
and that include coherent energy loss effects 7 . These results show an overall agreement between
data and calculations for the D0 and the J/ψ while the ψ(2S) production is more suppressed
than expected. These results will be extensively investigated with the larger dataset of pPb
√
collisions at sN N = 8.16 TeV collected in 2016.
3

Fixed target physics

The interest to study collisions between the LHC proton beams and a fixed target is manifold. On
the one hand, the centre-of-mass energy of the collision sits in between the SPS and RHIC hence
representing the possibility to bridge past measurements in an energy range not yet explored.
On the other hand, interactions of primary cosmic rays with the interstellar medium or with the
atmosphere of the Earth are in a similar collision energy range. Hence, thanks to its excellent
performance, LHCb can provide important inputs both to the heavy ion collision physics and
to the cosmic ray physics.
√
LHCb studied the production of prompt antiprotons in pHe collisions at sN N = 110 GeV 8 .
The data sample has been collected during five hours of data taking during one LHC fill in May
2016. In this period, helium gas has been injected in the beam pipe with the SMOG device.

Figure 2 – RpP b measurements in pPb collisions at
ψ(2S) (right).

√

sN N = 5 TeV for prompt D0 (left) and prompt J/ψ and

A minimum bias trigger has been used to maximise the data taking efficiency. The antiproton
yield is extracted via a two-dimensional template fit to the distribution of the differences in the
particle identification likelihoods proton-pion versus proton-kaons. The double-differential in
momentum and transverse momentum cross section shown in Fig. 3 is compared with EPOSLHC 10 Monte Carlo predictions, that underestimate the experimental result by of a factor
1.2–1.5.
√
LHCb studied the production of J/ψ and D0 9 in pAr collisions at sN N = 110 GeV.
J/ψ candidates have been reconstructed and selected in the J/ψ → µ+ µ− decay channel and
D0 candidates in the D0 → K − π + channel. The centre-of-mass of the collisions is boosted
of 4.77 rapidity units and the candidates in the LHCb acceptance are in the rapidity range
−2.3 < y ∗ < 0.2 (y ∗ = ylaboratory − 4.77).
Since the determination of integrated luminosity is still under study, the results shown in
the right plots of Fig. 3 represent the efficiency corrected yields. The transverse momentum distribution of the D0 yield is compared with predictions obtained with Pythia8 11 and normalized
to the total D0 yield. The shape of the distribution obtained with Pythia8 is compatible within
uncertainties with the experimental data. In the bottom right plot, the ratio of the yields of
J/ψ and D0 is shown as a function of the rapidity. This ratio does not show any dependence on
the rapidity highlighting that the D0 and J/ψ production mechanisms have the same rapidity
dependence and any nuclear effect on the cc̄ bound state is independent from the rapidity.
4

Summary

In this proceedings, an overview of the heavy ion physics programme at the LHCb has been
√
presented. In particular, results in pPb collisions at sN N = 5 TeV on open and hidden charm
hadrons showed intriguing patterns that will be precisely studied with the larger dataset collected
√
in 2016 in pPb collisions at sN N = 8.16 TeV.
In PbPb collisions, the large detector occupancies reached in high particle multiplicity events
prevent the study of central collisions, but the foreseen detector upgrades for the LHC Run 3
will allow to extend the physics reach also to central PbPb collisions.
The possibility to operate the detector to record fixed target collisions makes LHCb unique.
Results on antiproton production in pHe collisions will have a important impact on models
for primary cosmic ray interactions with the interstellar medium. The measurement of the
production of open and hidden charm hadrons in pAr collisions can help in the understanding
of parton distribution function modification in nuclei as well as on the interaction of the final
states with the nuclear environment.
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LHCb already collected data in pHe at sN N = 87 GeV, pNe collisions and Pb-Ar collisions
√
at sN N = 110 GeV. LHCb will be able to compare results obtained with different colliding
system and at different energies, hence shedding more light on the understanding of relativistic
nuclear collisions.
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Figure 3 – Left: Double-differential production cross section of antiproton production in pHe collisions at sN N =
110 GeV. Top right: pT -differential yields of D0 candidates in pAr collisions compared to Pythia8 predictions
normalized to the total yield. Bottom right: Ratio of the production cross sections of J/ψ and D0 in pAr collisions
√
at sN N = 110 GeV.
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FLUCTUATIONS OF ELECTROMAGNETIC FIELDS IN HEAVY ION
COLLISIONS
B.G. ZAKHAROV
L.D. Landau Institute for Theoretical Physics, GSP-1, 117940,
Kosygina Str. 2, 117334 Moscow, Russia
We perform quantum calculations of fluctuations of the electromagnetic fields in AA collisions
at RHIC and LHC energies. We find that in the quantum picture the field fluctuations are
much smaller than predictions of the classical Monte-Carlo simulation with the Woods-Saxon
nuclear density.

Non-central AA collisions at high energies can generate a very strong magnetic field perpendicular to the reaction plane 1,2 . In this talk I present results of quantum calculations of
fluctuations of the electromagnetic fields in AA collisions at RHIC and LHC energies based on
the fluctuation-dissipation theorem (FDT) 3 . This issue is very important in the context of the
chiral magnetic effect and charge separation 1,4,5 in AA collisions because the fluctuations may
partly destroy the correlation between the magnetic field direction and the reaction plane, and
can lead to reduction of the B-induced observables 6 . Previously the field fluctuations have been
addressed by Monte-Carlo (MC) simulation with the Woods-Saxon (WS) nuclear distribution
using the classical Lienard-Weichert potentials 7,8,6 . But the WS nuclear distribution ignores
the collective quantum dynamics of the nuclear ground state. The classical treatment of the
electromagnetic field may also be inadequate because, similarly to the van der Waals forces 9 , it
becomes invalid at large distances.
We consider the proper time region τ ∼ 0.2 − 1 fm which is of the most interest for the Binduced effects in the quark-gluon plasma (QGP). We ignore the electromagnetic fields generated
by the induced currents in the QGP fireball after interaction of the colliding nuclei 10 . We
consider the right moving and left moving nuclei with velocities VR = (0, 0, V ) and VL =
(0, 0, −V ), and with the impact parameters bR = (−b/2, 0, 0) and bL = (b/2, 0, 0). We take
zR,L = ±V t. For each nucleus the electromagnetic field is a sum of the mean field and the
fluctuating field
F µν = hF µν i + δF µν .
(1)
The mean fields hEi and hBi are given by the Lorentz transformation of the Coulomb field in
the nucleus rest frame. For two colliding
√ nuclei the mean magnetic field at r = 0 has only ycomponent. At t  RA /γ (here γ = 1/ 1 − V 2 is the Lorentz factor, RA is the nucleus radius)
in the region ρ  tγ hBy (t, ρ, z = 0)i takes a simple ρ-independent form
hBy (t, ρ, z = 0)i ≈ Zeb/γ 2 t3 .

(2)

The contribution of each nucleus to the correlators of the electromagnetic fields in the labframe may be expressed via the correlators in the nucleus rest frame. For γ  1 the dominating

fluctuations in the lab-frame are the ones of the transverse fields. The transverse components
of the correlators of the electric and magnetic fields can be written as
h

i

hδEi δEk i = γ 2 hδEi δEk i + V 2 e3il e3kj hδBl δBj i
h

rf

i

hδBi δBk i = γ 2 hδBi δBk i + V 2 e3il e3kj hδEl δEj i

rf

,

(3)

,

(4)

where i, k are the transverse indices and the subscript rf on the right-hand side of (3), (4)
indicates that the correlators are calculated in the nucleus rest frame.
In calculations of the rest frame correlators hδEl δEj i, hδBi δBk i (hereafter we drop the
subscript rf ) with the help of the FDT we follow the formalism of 11 (formulated in the gauge
δA0 = 0). It allows to relate the time Fourier component of the vector potential correlator
hδAi (r1 )δAk (r2 )iω =

1
2

Z

dteiωt hδAi (t, r1 )δAk (0, r2 ) + δAk (0, r2 )δAi (t, r1 )i

(5)

and that of the retarded Green’s function
Dik (ω, r1 , r2 ) = −i

Z

dteiωt θ(t)hδAi (t, r1 )δAk (0, r2 ) − δAk (0, r2 )Ai (t, r1 )i .

(6)

In the zero temperature limit the FDT relation between (5) and (6) reads 11
hδAi (r1 )δAk (r2 )iω = −sign(ω)ImDik (ω, r1 , r2 ).

(7)

The time Fourier components of the electromagnetic field correlators in terms of that for the
the vector potential correlator (5) are given by
hδEi (r1 )δEk (r2 )iω = ω 2 hδAi (r1 )δAk (r2 )iω ,

(8)

(1)

(9)

(2)

hδBi (r1 )δBk (r2 )iω = rotil rotkj hδAl (r1 )δAj (r2 )iω .

In the time region of interest (t >
∼ 0.2 fm in the lab-frame) for each nucleus the distance
between the observation point and the center of the nucleus (in its rest frame) is much bigger
than RA . It allows one to treat each nucleus as a point like dipole described by the dipole
polarizability αik (ω). The field fluctuations are described by correction to the retarded Green’s
function proportional to the dipole polarizability 11 . The retarded Green’s function coincides
with the Green’s function of Maxwell’s equation 11 . For the point like dipole at r = rA the
equation for the retarded Green’s function reads
"

#

∂2
− δil 4 − δil ω 2 − 4πω 2 αil (ω)δ(r − rA ) Dlk (ω, r, r0 ) = −4πδik δ(r − r0 ) .
∂xi ∂l

(10)

The correction to Dik due to αik reads 11
v
∆Dik (ω, r1 , r2 ) = −ω 2 Dilv (ω, r1 , rA )αlm (ω)Dmk
(ω, rA , r2 ) ,

(11)

v is the vacuum Green’s function given by
where Dik
v
Dik
(ω, r1 , r2 )

i
1
eiωr
−δik 1 +
− 2 2
=
r
ωr ω r






xi xk
+ 2
r



3i
3
1+
− 2 2
ωr ω r



(12)

with r = r1 − r2 .
For spherical nuclei the polarizability tensor can be written as αik (ω) = δik α(ω). α(ω) is
an analytical function of ω in the upper half-plane 9 . It satisfies the relation α∗ (−ω ∗ ) = α(ω)
9 . It means that on the upper imaginary axis α(ω) is real. Using this fact, one can express

the rest frame fieldcorrelators
hδEi (t, r)δEk (t, r)i, hδBi (t, r)δBk (t, r)i via integrals of the type

R∞
iξ
n
−ξ
In = 0 dξξ e α 2r with n = 0 − 4 12 .
The function α(ω) reads 9
"

|h0|d|si|2
|h0|d|si|2
1X
+
α(ω) =
3 s ωs0 − ω − iδ ωs0 + ω + iδ


#

,

(13)



where d = eN p rp − eZ n rn /A is the dipole operator. At ω > 0 the imaginary part of
α(ω) is connected with the dipole photoabsorption cross section
P

P

σabs (ω) = 4πωImα(ω) .

(14)

For heavy nuclei the dipole strength is dominated by the giant dipole resonance (GDR) 13 . It
appears as a broad peak in σabs at ω ∼ 14 MeV. We parametrize the dipole polarizability for
197 Au and 208 Pb nuclei by a single GDR state
1
1
.
+
α(ω) = c
ω10 − ω − iΓ/2 ω10 + ω + iΓ/2




(15)

By fitting the data on the photoabsorption cross section from 14 for 197 Au and from 15 for
we obtained the following values of the parameters: ω10 ≈ 13.6 MeV, Γ ≈ 4.38 MeV,
c ≈ 18.2 GeV−2 for 197 Au, and ω10 ≈ 13.3 MeV, Γ ≈ 3.72 MeV, c ≈ 18.93 Gev−2 for 208 Pb.
Fig. 1 illustrates the quality of our fit. Using these parameters we calculated the fluctuations of
208 Pb
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Figure 1 – Fit of the photoabsorption cross section in
the GDR region to the experimental data for 197 Au and
208
Pb targets. The data are from Refs.14 and 15 , respectively.

Figure 2 – The t-dependence of the ratio hδBx2 i1/2 /hBy i
√
at r = 0 for Au+Au collisions at s = 0.2 TeV (left)
√
and for Pb+Pb collisions at s = 2.76 TeV for the impact parameters b = 3, 6 and 9 fm (from top to bottom).
Solid lines are for quantum calculations, dashed lines for
classical MC calculations with the WS nuclear density.

the nuclear dipole moment. From (13), (15) one can obtain
3
h0|d |0i =
π
2

Z ∞

dωImα(ω) =
0

6c
arctg (2ω10 /Γ) .
π

(16)

This formula gives h0|d2 |0i ≈ 1.91 fm2 and h0|d2 |0i ≈ 2.02 fm2 for 197 Au and 208 Pb, respectively.
The classical MC calculation with the WS nuclear density gives for these nuclei the values
hd2 i ≈ 9.89 fm2 and hd2 i ≈ 10.39 fm2 . Thus, we see that the classical treatment overestimates
the dipole moment squared by a factor of ∼ 5.
At the center of the plasma fireball the fluctuations of the direction of the magnetic field
are dominated by the fluctuations of the component Bx that vanishes without fluctuations. In
Fig. 2 we show our quantum and classical results for t-dependence of the ratio hδBx2 i1/2 /hBy i

√
at x = y = 0 for several impact parameters for Au+Au collisions at s = 0.2 TeV and Pb+Pb
√
collisions at s = 2.76 TeV. This figure shows that the quantum treatment gives hδBx2 i1/2 /hBy i
smaller than the classical one by a factor of ∼ 5 − 8 for RHIC and by a factor of ∼ 13 − 27 for
LHC. Thus, we see that in the quantum picture both for RHIC and LHC fluctuations of the
direction of the magnetic field relative to the reaction plane should be very small. Of course,
experimentally the reaction plane itself cannot be determined exactly. In the event-by-event
measurements the orientation of the reaction plane is extracted from the elliptic flow in the
particle distribution 16,17 (it is often called the participant plane), and it fluctuates around
the real reaction plane. Calculations of the fluctuations of the direction of the magnetic field
relative to the participant plane require a joint analysis of the field fluctuations and of the
fluctuations of the initial entropy deposition that control the fluctuations of the orientation of
the participant plane in the hydrodynamical simulations of AA collisions. The initial entropy
distribution is sensitive to the long range fluctuations of the nuclear density. Besides the nuclear
fluctuations related to the GDR there are other collective nuclear modes 13 such as the giant
monopole resonance and the giant quadrupole resonance that may also be important for the
participant plane fluctuations. It would be of great interest to clarify the situation with the MC
simulation with the WS nuclear density for these collective modes. This is of great interest for
the event-by-event hydrodynamic simulations of AA collision.
In summary, we have performed a quantum analysis of fluctuations of the electromagnetic
field in AA collisions at RHIC and LHC energies. Our quantum calculations show that the
field fluctuations are very small. We have demonstrated that the classical picture overestimates
strongly the field fluctuations.
This work is supported by the RScF grant 16-12-10151.
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PHENIX MEASUREMENTS OF HEAVY FLAVOR PRODUCTION AND SPIN
ASYMMETRIES IN p + p COLLISIONS AT RHIC

Jeongsu Bok (for the PHENIX collaboration)
New Mexico State University, Las Cruces, NM 88003, USA

Transverse single-spin asymmetries observed in p + p collisions give valuable information on
the spin structure of the nucleon. At RHIC energies, heavy flavor production is dominated
by gluon-gluon fusion and the transverse single-spin asymmetry is sensitive to the twist-3,
tri-gluon correlations in the collinear QCD factorization scheme. The PHENIX experiment
has performed measurements of the cross section and transverse single-spin asymmetries of
µ− and µ+ production from semi-leptonic decays of heavy mesons in transversely polarized
√
p + p collisions at s = 200 GeV during the 2012 RHIC run. Results of these measurements
will be compared to model calculations for D meson production.

1

Motivation

The topic of Transverse Single Spin Asymmetries (TSSAs) have generated substantial interest
due to the observation of large asymmetries in the production of light mesons at forward rapidity
in transversely polarized p + p collisions at a wide range of energies from the Zero Gradient Synchrotron up to the Relativistic Heavy Ion Collider (RHIC). To explain the origin of large TSSAs
at forward rapidity, two formalisms have been proposed within perturbative QCD framework.
Both formalisms connect the transverse motion of the parton inside the nucleon and/or to the
spin-dependent quark fragmentation. The transverse-momentum-dependent framework requires
two momentum scales, and so is applicable to W , DY , and Z production in p + p collisions at
RHIC. On the other hand, the collinear factorization framework needs only one scale (Q2 or
pT ), and is applicable to many observables, such as π 0 , γ, jet, heavy flavor in p + p collisions
at RHIC 1,2 . Heavy flavor production is a great tool for investigating the gluon distribution in
the proton; especially the effect of pure gluonic correlation functions on D meson production
in transversely polarized p + p is studied extensively as a twist-3 observable in the collinear
factorization framework 3 . It has been difficult to constrain the tri-gluon correlation functions
for lack of experimental results.

2

Experimental Setup

RHIC at Brookhaven National Laboratory is unique, as the only polarized p+p collider. As many
as 120 bunches are accelerated up to an energy of 255 GeV per proton in two countercirculating
storage rings with a 106 ns separation. The beam injected into each ring in the 2012 run typically
√
comprises 109 filled bunches. During the s = 200 GeV run in 2012, two transversely polarized
bunches are collided with average polarization P = 0.64±0.03 for the counterclockwise-beam and
P = 0.59 ± 0.03 for the clockwise-beam. The integrated luminosity is 9.2 pb−1 . The PHENIX
experiment has two muon arms at forward and backward rapiditiy as shown in Figure 1. Full
azimuthal angles are covered in the pseudorapidity range −2.2 < η < −1.2 (south arm) and
1.2 < η < 2.4 (north arm). Copper-and-iron and steel absorbers in front of the muon arm help
to suppress charged pions and kaons. Each muon arm has a muon tracker (MuTr) which consists
of three stations of cathode strip chamber to measure momentum, and muon identifier (MuID)
which is composed of 5 layers of proportional tube planes and absorber for muon identification.

Figure 1 – Side view of the PHENIX muon ams in the 2012 run

3

Data Analysis and Results

The same method as in previous studies of muons from open heavy-flavor decays in the PHENIX
experiment is used in this analysis 5,6 . A track is chosen as a good muon candidate when
it penetrates through all the MuID gaps with track quality cuts. Charged pions and charged
kaons are the primary sources of background. Initial particle distributions for the hadron-cocktail
simulation are estimated from measurements of charged pions and kaons at midrapidity 8,9 and
the PYTHIA event generator. Muons from π ± , K ± decays in front of the absorber are dominant
at pT < 5 GeV/c. The normalized zvtx distribution of tracks (dNµ /dzvtx ) gives constraints on
decay muon background. The number of produced decay muons is proportional to the flight
length before reaching the absorber. Tracks stopped at MuID Gap3, providing a light hadron
sample with proper pz cut are used for punch-through hadron estimation. Muons from J/ψ
decays are estimated from the invariant cross section in the forward region 7 . The left side of
Figure 2 4 shows the pT spectra of inclusive muon candidates and background sources. The cross
section and comparison to FONLL calculation are shown on the right side of Figure 2 4 . The
agreement between the data and the FONLL prediction becomes better with increasing pT .
The transverse single spin asymmetry (AN ) is defined as
AN (φ) =

σ ↑ (φ) − σ ↓ (φ)
.
σ ↑ (φ) + σ ↓ (φ)

(1)

In this measurement, the unbinned maximum likelihood method is used to prevent bias by low
statistics bins. The logarithmic form of likelihood function is
log L =

X

log(1 + P · AN sin(φpol − φi )),

(2)
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Figure 2 – pT spectra of inclusive muon candidates and background sources from the hadron-cocktail simulation
(left) and charge-combined, invariant cross section of muons from open heavy-flavor decays as a function of pT in
√
p + p collisions at s = 200 GeV at forward rapidity (right) 4 . The solid line and band are the FONLL calculation
for charm and bottom and systematic uncertainty. Contributions from charm and bottom are shown separately
by dashed and dotted curves. The ratio between the data and the FONLL calculation is shown (right bottom).
Vertical lines (boxes) represent statistical (systematic) uncertainties of the data.

where P is the polarization, φpol is the direction of beam polarization (+ π2 or − π2 ), and φi is
the azimuthal angle of each track in the PHENIX lab frame. The statistical uncertainty of the
log-likelihood estimator is related to its second derivative,
σ 2 (AN ) = (−

∂ 2 L −1
) .
∂A2N

(3)

The AN of muons from open heavy-flavor decays and uncertainty are obtained as
J/ψ→µ

AHF
N
r

δAHF
N

=

Aincl − fh · AhN − fJ/ψ · AN
= N
1 − fh − fJ/ψ

,

(4)

J/ψ→µ 2
)

2
h 2
2
2
(δAincl
N ) + fh · (δAN ) + fJ/ψ · (δAN

1 − fh − fJ/ψ

.

(5)

h
where the Aincl
N is measured AN of inclusive muon candidates at MuID Gap4. The AN from MuID
J/ψ→µ
Gap3 tracks is the AN of light hadron background. AN
is calculated by decay simulation
J/ψ
10
combined with previous AN measurement in PHENIX . fh = (NDM + NPH )/Nincl is the
fraction of the light-hadron background, and fJ/ψ = NJ/ψ→µ /Nincl is the fraction of muons from
J/ψ. Both fractions (fh and fJ/ψ ) are determined from the background estimation described
above.
−
+
Figure 3 shows the AN of negatively- (AµN ) and positively- (AµN ) charged muons from open
heavy-flavor decays as a function of pT in the forward (xF > 0) and backward (xF < 0) regions
with respect to the polarized-proton beam direction. Figure 4 shows the AN versus xF of muons
from open heavy-flavor decays. A recent theoretical calculation 3 in the collinear factorization
framework predicts AN in the production of D-mesons (AD
N ) produced by the gluon-fusion
(gg → cc̄) process, so that it is sensitive to the tri-gluon correlation functions which depend on
the momentum fraction of the gluon in the proton. Two model calculations, assuming either a
√
linear x-dependence or a x-dependence for the non-perturbative functions in the twist-3 cross
section for AD
N are introduced to compare their behavior in the small-x region, and the overall
µ
AD
scale
is
determined
with the assumption |AD
N
N | ≤ 0.05 at |xF | < 0.1. To compare the AN
D
result with AN , a simulation is performed with the decay kinematics and cross section of D → µ
determined from PYTHIA. The results are consistent with zero within the total uncertainty and
generally agree with the asymmetry expected in the twist-3 model calculation.
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by PHENIX.
The transverse
single spin asymmetry results show no clear indication of nonzero
xF
asymmetry within uncertainties. Simulation is done to compare AN of D meson in the twist-3
prediction and the measured AN of muons from open heavy-flavor decays. The results generally
agree with the twist-3 prediction in the collinear factorization framework. Future study using
the RHIC 2015 data with improved statistics can provide more constraints on the tri-gluon
correlation functions. Also, polarized p+A(Au,Al) data in 2015 will be interesting.
T
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Hidden and open heavy flavor production at

p

(s) = 200 GeV in PHENIX
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Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay
Heavy flavor production is a sensitive probe of all stages in the evolution of a heavy ion collision system, and a direct probes of quark deconfinement. Improvements of the PHENIX
experiment allow deeper study than has been previously published. This talk aims at presenting the recent PHENIX results on J/ψ, ψ’ and open charm and beauty productions at
√
sN N = 200GeV in several collision systems, and focus on the additional degrees of freedom
in p+A and A+A collisions have compared to p+p collisions.

1

Introduction

Heavy quarks are produced in the first steps of a collision, which makes heavy quarkonia an
excellent probe of the deconfinement in the quark gluon plasma formed in heavy ion collisions 1 .
The quarkonia states, with their different binding energies have the potential to bring detailed
informations on the temperature at the beginning of the collision, but their suppression rate can
also be modified by various effects along the evolution of the medium and depending of their
formation time. They could then act not only as a thermometer but also as a chronometer. One
difficulty is that the calibration of these thermometers/chronometers depends on the conclusion
of the study that uses them.
For disentangling the effects at the different stages a complete set of measurements, in
p+ p, p+A and A+A collisions and with different energies is needed. The unique versatility
and increasing performance of the BNL/RHIC collider allow to explore these dimensions , with
√
sN N from 7 to 500 GeV. In this talk we present recent results from heavy flavor production and
√
modification at sN N = 200GeV , improvements of the PHENIX experiment allowing deeper
study than has been previously published.
√
Early PHENIX Au+Au results already suggested a J/ψ suppression at RHIC energies ( sN N =
200GeV ), increasing with the centrality of the collision. These results, compatible with the
√
formation of a quark gluon plasma, were comparable with the Pb-Pb ones at SPS ( sN N =
17.3GeV ). This apparent stability from SPS to RHIC could hide a more complex phenomenon:
the increase of energy density leading to more suppression, but also to more coalescence or
recombination due to higher yields of the underlying heavy quark population.
Open heavy flavor (HF) originate from the same production mechanism as heavy quarkonia.
Through the single electron yield 2,3 , the HF production in Au+Au was found to scale with
the number of nucleon nucleon collisions (binary scaling). HF was not expected to be sensitive
to gluon radiation as for light quarks, but at high pT , a strong suppression was also observed,
together with flow, and both effects can be associated to the interactions in the medium, and are
difficult to reproduce simultaneously (see discussion in 3 ). Obtaining the information separately
for charm and beauty will bring additional information.

2

Experimental setup

The PHENIX experimental set up is described in detail elsewhere 4 . Open and hidden heavy
flavor yields are deduced from measurements of electrons at mid-rapidity (−0.35 < y < 0.35),
and muons at forward and backward rapidity (1.2 < |y| < 2.2). Central and forward rapidity
Silicon Vertex Trackers (VTX 5 and FVTX 6 ) were installed in PHENIX in 2011 and 2012. VTX
(FVTX) covers |y| < 1.2 (1.2 < |y| < 2.2) in rapidity. The typical dimension of these 4 layers of
strips or pixel, is respectively 50 and 75 µm. This improves strongly the precision of the tracking,
allowing sensitivity to tracks not originating from the collision point at the submillimetric level,
or improving the mass resolution (from 145 to 95 M eV /c2 for the muon arms).
The nuclear modification factor RAB is generally used: it is the ratio of invariant yields in
the collisions of nuclei A and B to those in p+p collisions, scaled by the number of nucleon
nucleon collisions estimated in a geometrical Glauber model.

Figure 1 – RdAu of bb̄ and cc̄ yields extracted from dielectron production using various models for the mass√
pT distributions (left). Evolution of FB→J/ψ as a function of sN N from RHIC to LHC energies, in moderate
rapidity domains (right)

3

Open heavy flavor production

Thanks to the FVTX, allowing through the radial distance of closest approach DCAR to estimate
the fraction of tracks not pointing to the collision vertex , PHENIX has measured the fraction
of J/ψs coming from B-hadrons decays, FB→J/ψ , for J/ψs within 1.2 < |y| < 2.2 and pT > 0 in
√
√
p + p collisions at sN N = 510GeV 7 and in p + p and Cu+Au collisions at sN N = 200GeV
√
8 . The results in p + p collisions at
sN N = 200 and 510GeV compared to the world data,
at similar moderate rapidity and low pT , are displayed in figure 1 and show both a certain
√
saturation at high energies, and a clear increase with RHIC energies. Values at sN N = 200
and 510GeV are found consistent with expectations 7,8 of FONLL and CEM consistently tuned 9
models.
In Cu+Au, the nuclear modification factor RCuAu of J/ψs from B-hadron decays shown
in Fig. 2, is found 8 compatible with 1.: a ”binary scaling”. RCuAu is also consistent with
expectations from nuclear PDF as given by EPS09, which seems even to suggest a small increase.
In contrast the prompt J/ψs production is suppressed by a factor 3.
In the PHENIX central arm the extraction of beauty and charm components in the single
electron yield 5 has been applied to a fraction of the Au+Au 2014 data, using the same method

Figure 2 – RCuAu evolution of the ratio of J/ψ produced by B decay (left), and RAuAu evolution of the charm
and bottom components in single electron spectra (right).

based on the distance of closest approach (DCAT ) estimated thanks to tracking in VTX . These
preliminary results are presented in Fig2 for the most central 200GeV Au+Au collisions. Between 3 and 5 GeV/c pT , the b production is much less suppressed than the c one, which in turn
is more suppressed than in minimum bias collisions. Transport models reproduce qualitatively
the decrease of RAuAu with pT and the mass ordering, but the differences are smaller, which
emphasizes the interest of the incoming analyses with the full set of data. Another way to separate beauty from charm production has been developped 10 in the e+ e− mass-pT distribution.
Fig. 1 displays the values obtained for RdAu for cc̄ and bb̄ which are all compatible with 1.,
with large error bars that could accommodate also the increase observed for single electrons in
d+Au 11 .
4

quarkonia production

Figure 3 – RAB evolution in pAu, pAl and HeAu of the fraction ψ/ψ 0 in produced by B decay (left), and its
comparison as a function of the multiplicity of particles in the collision for several experiments (right).

The discovery of the additional suppression 12 of the ψ 0 came as a surprise. Indeed at
lower energies it has been observed, but was not expected at RHIC, since the formation time
of the resonances of about 0.35 fm/c is one order of magnitude above the average path in
the nucleus, given the lenght contraction, and the various states then are expected to suffer

identical effects in their crossing of the nucleus. Recently this result has been extended 13
to forward and backward rapidity in p(3 He)+A collisions. Previous ratio of ψ 0 /ψ ratios at
central rapidity in d+Au and p+p is shown in Fig. 3. In the forward p(3 He)-going direction,
within uncertainties the ψ 0 /ψ ratio does not display additional suppression . However, in the
backward A-going direction, the weaker bound ψ 0 is more additionally suppressed than it is
at central rapidity. These trends are qualitatively consistent with interaction with co moving
particles 14 , as presented by a line in the picture. There is a certain consistency ( Fig. 3)with
the ψ 0 /ψ ratios observed at LHC energies, when plotted against dN/dy, as estimated using an
AMPT calculation. Comovers effect could also explain 15 part or all of the additional suppressions
observed for bottomonium states in A-A collisions at LHC. The comovers effect then appears
to have an important role in the quarkonia suppression, competing with the melting effect by
color screening. It also emphasizes a unique role of the heavy ion collisions in their potentiality
to give access to the time evolution, through the effects suffered from the medium.
5

Summary

Thanks to VTX and FVTX Vertex detectors, PHENIX gained access separately to charm and
√
beauty, and to ψ 0 excited state. In Au+Au at sN N = 200GeV , bottomium displays a similar
suppression than charm, at high pT , but at low pT(3-5 GeV/c ) is less suppressed. In Cu+Au at
200GeV and at lower pT , B→J/ψ is not suppressed, consistently with EPS09 nPDF binary
scaling. In d+Au , bb̄ and cc̄ extraction from electrons pairs confirms a RdAu compatible with 1
or above.
Quarkonia are suppressed in A-A collisions. Recent results on ψ 0 /ψ ratio in p-A collisions at
1.2 < |y| < 2.2 show that the surprising additional suppression of ψ 0 is probably linked partially
or totally to interactions with co movers particles. This maybe both suggests tools and need for
a dynamical time description of particles production and evolution in the evolving medium.
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EXPERIMENTAL SUMMARY
P. S. WELLS
CERN, CH-1211 Geneva 23, Switzerland

The experimental presentations from the 52nd Rencontres de Moriond session devoted to QCD
and High Energy Interactions are summarised. Highlights include Higgs boson measurements
from the LHC Run 2, and a first W mass measurement from the LHC. There are various
tensions in heavy flavour semileptonic decays which continue to provoke discussion. Top
quark and QCD measurements also demand ever more precise theoretical predictions. In
direct searches for SUSY particles and other exotic signatures of physics beyond the Standard
Model, unfortunately there are no hints of new particles yet. The complicated interplay of
phenomena in Heavy Ion Physics is bringing ever better understanding of quark gluon plasma.
A rich and diverse programme of measurements is planned for the coming years, adressing the
big questions of particle physics.

1

Introduction

At the end of a packed week of talks, the experimental summary can not possibly touch on
every result that was shown. The aim is to pick the highlights and hot topics, and to give an
impression of the overall status of the field, and the next steps.
The analyses rest on huge investments of effort in accelerator and detector operation and
in performance studies. The opening presentation reminded us that last year’s target for the
LHC was to deliver over 25 fb−1 to both ATLAS and CMS, with a peak lumiosity greater than
1.4 × 1034 cm−2 s−1 . 1 In practice the integrated luminiosity delivered was 40 fb−1 of protonproton data to the general purpose experiments, together with 1.9 fb−1 for LHCb, 13 pb−1 for
ALICE, and a very successful period of proton-lead running at the end of the year.
2

Higgs Boson Measurements

The combined ATLAS and CMS LHC Run 1 results yield a precise measurement of the Higgs
boson mass of mH = 125.09 ± 0.21(stat) ± 0.11(syst) = 125.09 ± 0.24 GeV. 2 The overall
production rate, divided by the Standard Model (SM) expection is µ = σ/σSM = 1.09 ± 0.11, in
good agreement with the expectation and with 10% precision. 3 The combined production rates
for different production modes or different Higgs decay modes are also broadly in agreement with
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the SM. Combining the two experiments establishes production by Vector Boson Fusion (VBF)
with a significance of 5.4σ (4.6σ expected), and the decay H → τ τ at 5.5σ (5.0σ expected).
However, the rate of Higgs boson associated production with a tt̄ pair is on the high side, with
an observed significance of 4.4σ but only 2.0σ expected. The highest branching ratio should be
H → bb̄. This is a difficult decay mode to distinguish from other QCD processes in the dominant
gluon-gluon fusion production mode, so analyses rely on associated production with a vector
boson or tt̄ pair. At present the rate is on the low side, with 2.6σ observed compared to 3.7σ
HIG-16-041
expected.
Results with a larger Run 2 data set at 13 TeV are eagerly awaited
to resolve
these
H→
ZZ→
4ℓissues.
The golden channels of H → γγ and H → ZZ → ```` were presented from ATLAS 4 and CMS. 5
Examples are shown in Figure 1 of fiducial and differential cross-section
measurements.
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Figure 1 – The diphoton mass spectrum from ATLAS, with a clear excess over background from the Higgs boson
at 125 GeV (left), the differential H → γγ cross section as a function of the diphoton transverse momentum for
this dataset (centre) and the four lepton mass spectrum from CMS, again showing a clear Higgs boson signal
(right)

σpp →H [pb]

Differential distributions such as the pT spectrum of the diphoton system will become increasingly sensitive tests of theoretical predictions with higher statistics. Clear diphoton and
4-lepton peaks at 125 GeV are visible. Event categorisations are used to to separate different
production modes. The rates of these bosonic final states in different production modes are
consistent with expectation at this new centre-of-mass energy of 13 TeV, as shown in Figure 2.
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Figure 2 – The combined γγ and ZZ Higgs production cross sections from ATLAS as a function of s (left) and
the H → ZZ → 4` rates compared to the SM expectation in different production modes from CMS (right)

This new CMS 4` sample yields a measurement of the Higgs boson mass of mH = 125.26 ±
0.20(stat) ± 0.08(syst) GeV. This single measurement is already more precise than the ATLAS
and CMS combined Run 1 result. 5

Table 1: LHC Run 2 results on the rate of H → bb̄, including tt̄H, H → bb̄

ATLAS ttH
CMSttH
ATLAS VH
CMS VBF
ATLAS VBF+γ

Luminosity [fb−1 ]

µ = σ/σSM

13.2
12.9
13.2
2.3
12.6

2.1+1.0
−0.9
−0.19 ± 0.80
0.21 ± 0.51
−3.7+2.4
−2.5
−3.9+2.8
−2.7

Results with rather limited precision are available for H → bb̄ decays in tt̄H, V H and VBF
production modes, using up to 13 fb−1 of 2016 data. 6 These are listed in Table 1. The tendency
for results to be below the SM expectation apparently continues, but more data are obviously
needed to draw any firm conclusion.
CMS have new results for tt̄H production in multilepton final states. 7 The decay modes
considered are H → τ τ, W W and ZZ, with two same sign leptons, three leptons or four leptons.
There is a veto on H → ZZ → 4` and on hadronic tau decays. Using the full 2016 dataset, this
multilepton analysis sees evidence for tt̄H with a significance of 3.3σ (2.5σ expected).
3

Electroweak Measurements

In global fits to the electroweak part of the SM, the prediction of the W mass is more precise
than the direct measurement. 8 The Tevatron results are still only available with a partial dataset
of 2.2 fb−1 (CDF) or 5.3 fb−1 (D0), yielding a combined precision of 16 MeV, compared to the
combined LEP precision of 33 MeV. 9 The world average W mass from 2013 is 80.385±0.015 GeV.
The final Tevatron analysis is in progress, for example there has been a recent improvement in
the CDF tracker alignment. Top mass measurements are reported in Section 7.
ATLAS recently published their first W mass measurement using the 7 TeV dataset recorded
in 2011. 10, 11 The analysis uses W → eν and W → µν events, making template fits to the lepton
pT or the transverse mass, mT , of the `ν system. A sample of Z → `` events is also used for
calibration; calibration of the leptons and of the hadronic recoil to the W boson is the biggest
experimental challenge in this measurement. The multijet background is evaluated from fits in
bins of lepton isolation, which are then extrapolated to isolated leptons in the W sample.
With the experimental uncertainties under control, physics modelling uncertainties dominate. These are also controlled by comparison to W or Z data in order to rule out large model
variations. For example the pT spectrum is reasonably well modelled with PYTHIA 8 using the
AZ tune, and some other models are excluded 10 (see also Section 8). Rapidity distributions
and angular variables describing the decay products are reweighted to NNLO calculations, see
Figure 3. Angular variables are validated with Z data including the larger 8 TeV sample from
2012.
Separate fits are performed according to lepton charge, lepton flavour (e or µ) and to the pT
and mT distributions. The fit results also provide a closure test of the quality of modelling. Two
examples are shown in Figure 4. The fit results are consistent, as illustrated in Figure 5. The
final result is a weighted average, yielding mW = 80370±7(stat)±11(exp.syst.)±14(model) MeV,
i.e. a combined precision of 19 MeV, equal to the present CDF precision.
The W mass uncertainties are compared in Table 2 9, 10 , where the ATLAS uncertainties are
taken from Table 11 of Ref. 11 for the combined result. To achieve a 10 MeV total uncertainty, the
dominant PDF uncertainties, will have to be reducted to about 5 MeV for the Tevatron results.
With the huge samples of W and Z events at the LHC, there is scope to further reduce the
experimental systematic uncertainties, and combining measurements with improved calculations
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to control the other modelling uncertainties.
Many examples of such measurements were shown. CMS have also measured the angular
variables in the Z rest frame as a function of the Z transverse momentum, qT . 12 The forwardbackward asymmetry of Z → `` decays is of particular interest not only to constrain the proton
lept 9, 12, 13
PDFs, but to measure sin2 θeff
.
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asymmetry analysis of these signals yields evidence of CP violation with a significance of 3.3σ,
the first evidence for CP violation in baryon decays. Precise measurements of charm mixing
have been performed, but here there is no evidence of CPV.
Including some Run 2 data, LHCb have improved their analysis of Bs and B → µµ decays. 17
The Bs mode is sufficiently precise now to establish the observation in a single experiment, and
to make a first evaluation of the Bs → µµ effective lifetime of τ (Bs → µµ) = 2.04±0.44±0.05 ps.
4.1

Enhanced B → D(∗) τ ν rate, R(D(∗) )

R(D*)

The ratio of semileptonic B meson branching ratios to final states with a τ lepton and with
a muon, such as R(D∗ ) = Br(B → D∗ τ ν)/Br(B → D∗ µν), can be precisely predicted in the
Standard Model: R(D∗ )SM = 0.252±0.003. The ratio is far from unity due to the τ mass. LHCb
measured this ratio in 2015 to be R(D∗ ) = 0.336 ± 0.027(stat) ± 0.030(syst), using τ → µνν
decays. 18 An analysis using hadronic τ decays is in progress. Measurements from BaBar and
Belle are also higher than the expectation. The combined R(D) and R(D∗ ) results are shown
in Figure 7, and are about 3.9σ away from the SM expectation.
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Figure 7 – average measurements of R(D) and R(D∗ ) from the Heavy Flavour Averaging Group

4.2

Lepton flavour non-universality in B → Kµµ vs. B → Kee, R(K)

A second set of lepton flavour universality tests compare the rates of B → Kµµ and B → Kee
decays. In this case the SM expectation is nearly unity. In LHCb, electrons are more difficult
to trigger on and to reconstruct, and the result has 1200 signal events in the muon channel, but
only 250 events in the electron channel. 18 However, the systematic uncertainties are controlled
by using a double ratio, taking the efficiencies from J/ψ → `` decays. The measured value
∗
is R(K) = 0.745+0.090
−0.074 ± 0.036, about 2.6σ away from unity. The equivalent R(K ) and R(φ)
results are in preparation.
4.3

Anomaly in B → K ∗ µµ angular distributions, P50

A third measurement of interest in semileptonic B decays comes from a multiparameter fit to
the angular distribution of the decay products in B 0 → K ∗0 µ+ µ− with K ∗0 → K + π − . 15 The fit
is made as a function of the lepton-pair invariant-mass squared, q 2 . It includes a parameter P50
to describe part of the P -wave contribution, which is expected to be less sensitive to hadronic
uncertainties. Measurements from Belle and LHCb tend to be in agreement, and higher than
the theoretical prediction in the low q 2 region (Figure 8 left), while the latest results from CMS
(Figure 8 centre) and ATLAS (Figure 8 right) are more consistent with theory. 15, 19 Note that in
this figure, each experiment may not plot the most recent results from the other collaborations.
These results concern just one q 2 region of one parameter in a multiparameter fit, so it is very
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New and Exotic particles
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One of the most striking observations of new states came recently from LHCb 20 in the search
Mauro Dinardo, −
Università degli Studi di Milano Bicocca and INFN
− +
for Ω0c excited states in the Ξ+
spectrum, with Ξ+
c K
c → pK π . The mass spectrum is
shown in Figure 9, showing five new narrow states. The fit includes feed-down from excited Ξ0
IT which
ODEL
states,
is consistent with some broader structures
around the peaks and the threshold
[arXiv:1703.04639]
enhancement. This unambiguous experimental data is very hard to match to predictions.
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FigureM.9Pappagallo
– five new, narrow Ω0c excited states observed
by LHCb

This is of course not the only area where predictions lag behind experimental measurements
in hadronic spectroscopy. For example, from BESIII, there are unresolved questions of the
glueball content of scalar f0 states, and other other open questions for light hadrons. 21 BESIII
has also explored the charmonium-like XY Z states, which bring a curious mixture of states
which are predicted and discovered, states which are predicted and undiscovered, and states
which were unpredicted, but nevertheless have been observed. 22 The Y states (JPC = 1−− ) can
be produced directly in e+ e− → Y . The X and Z states are accessed by decays of the Y states.
For example, the X(3872), which was the first such state to be discovered, has been observed in
e+ e− → γX with X → J/ψπ + π − . The previously observed Y (4260) has been demonstrated to
be inconsistent with a single peak in e+ e− → J/ψππ with a significance of more than 7σ, and
several unpredicted Z states (JPC = 0−+ ) have been established.
Exploration of the equivalent bottomonium-like states continues at the Belle experiment. 23
Two Zb states hve been observed in Υ(5S) decays. Their branching ratios are dominated by BB ∗

and B ∗ B ∗ final states: Br(Zb (10610) → BB ∗ + B ∗ B ∗ = 82.6 ± 2.9 ± 2.3% and Br(Zb (10650) →
B ∗ B ∗ = 70.6 ± 4.9 ± 4.4%.
6

New Phenomena

Many of the presentations on the searches for new phenomena themselves covered a large number of different analyses, making it particularly challenging to summarise what are already a
collection of mini-summaries. Unfortunately there is a common theme - no hint of new physics
at the energy frontier so far!
Generic searches for dark matter (DM) candidates look for pair produced, neutral, stable
DM particles recoiling against a well known particle, creating a single identified final state object
and missing transverse energy, known as a mono-X topology. 24 The interpretation is then model
dependent. One example of a mono-photon search is shown in Figure 10 (left and centre).
A signal would show an excess of events in the signal region with large missing energy. The
resulting exclusion depends on the assumed mediator mass, and the coupling of the DM particles
to the mediator.
Mediator
upsimplified
to a TeV are
probed.
results
can be re-expressed
• Interpretation
in masses
terms of
models
withMono-jet
vector/axial
vector/scalar
and
as a cross-section
DM-nucleon
scattering, and then compared with direct searches for DM
pseudo for
scalar
mediators
particles.
The latest such result from CMS is shown in Figure 10 (right). The LHC searches
• Exclusion limits on DM-nuclei cross-sections and compared w/ Direct Searches
probe a complementary region with lower mass DM particles and smaller cross sections.
• Results translated in terms of H(inv) BRs
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Livia Soffi
Strongly produced first and second generation squarks and gluions have the largest production cross sections, so the search reach increases very rapidly with an increased centre-of-mass
0
0
energy. Pair produced squarks or gluinos and the simple decay chains q̃ → q χ̃1 or g̃ → qq χ̃1
miss . Results with the full 2016
yield the classic signature with zero leptons, 2–6 jets and large ET
data set exclude squarks up to 1.6 TeV and gluinos up to 2.0 TeV.
Dedicated searches for third generation scalar top quarks are of particular interest because
a light stop mass would be sufficient to cancel large corrections to the Higgs boson mass from
the top quark, even if the other squarks and gluons are much more massive. Typical final state
miss . Particular attention
signatures include top quark decays and result in b-jets, leptons and ET
is being paid to searches with close to degenerate stop and top quark masses, with decays such
0
0
as t̃1 → bW χ̃1 or t̃1 → cχ̃1 . Two example exclusion plots are shown in Figure 11.
Electroweak production of charginos and neutralinos has a relatively low production cross
section, and these searches therefore benefit from the gradual increase of luminosity as Run 2
proceeds. Numerous decay chains including multiple leptons and missing energy are explored,
reflecting that different mediators result in different final state flavours and particles.
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Figure 11 – scalar top quark exclusion limits from ATLAS showing how different final states help to cover the full
mass range (left) and an example from CMS of the higher stop mass region (right)

In addition to these three broad categories of searches, SUSY models with compressed spectra
and/or R-parity violation can give rise to long lived particles such as displaced jets or tracks
+
0
which apparently disappear, for example with a decay such as χ̃1 → χ̃1 π + where the pion has
24,
25,
26
such low momentum that it is not reconstructed.
It is important to explore these unconventional signatures in order to cover the entire SUSY
parameter space and other exotic models. Signatures with boosted objects are also becoming
increasingly important as searches explore higher mass regions. 27 The low backgrounds for high
mass objects allow hadronic decays to be exploited. Jet substructure variables are used to tag
top quark decays and W or Z boson decays. A boosted top quark jet will typically have three
subjets, and a mass close to the top quark mass, while a W/Z jet has two subjets and lower
mass.
Using boosted topologies, a search for a heavy resonance decaying to a V = W/Z and
a Higgs boson by ATLAS shows a small local excess at the 3.3σ level around 3000 GeV but
accounting for the look elsewhere effect, the global significance is only 2.2σ. A similar search
for X → V H → q q̄bb̄ by CMS also sees a small excess, but at a lower (and inconsistent) mass
around 2600 GeV.
More conventional searches for high mass exotic particles are also continuing. For example,
dijet mass and angular distributions studied by ATLAS show no deviations in the full 37 fb−1
Run 2 sample to date. 28 The mass distribution is shown in Figure 12 (left). Typical exclusion
limits from the dijet studies are: Quantum Black Hole m(QBH) > 8.9 TeV, excited quark
m(q ∗ ) > 6.0 TeV, excited W , m(W 0 ) > 3.7 TeV and a contact interaction scale Λ > 13−29 TeV.
Comparable limits from CMS are m(string) > 7.7 TeV, m(q ∗ ) > 6.0 TeV and m(W 0 ) > 3.3 TeV,
using wide jets to recover radiation. 29 These observed limits are all close to the expected limits.
Both experiments also look for leptonic decays of exotic particles. Figure 12 (right) shows an
example distribution from the CMS search for type III seesaw heavy fermions which could explain
the low neutrino masses. The final states are assigned to categories with 3 or 4 leptons, and a
limit is set of m(Σ) > 850 GeV. citeDelRe From leptonic final states, ATLAS also sets limits for
W 0 → `ν > 5.1 TeV, Z 0 → `` > 3.4 − 4.1 TeV and contact interaction scale Λ > 17 − 25 TeV. 28
The Moedel experiment around the LHCb interaction region is something completely different, searching for highly ionising exotic particles such as magnetic monopoles with several
approaches: plastic NTD arrays which will be etched and scanned; Timepix radiation monitors;
a stack of aluminium bars acting as monopole traps; and the LHCb beam pipe itself, which could
also trap monopoles for future analysis. 30 A first scan of aluminium bars has been completed,
passing them through a superconducting coil, SQUID, and looking for the induced persistent
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Figure 12 – dijet mass distribution from ATLAS, showing no excess over a smoothly falling distribution (left) and
the 3-lepton channel with a lepton pair below the Z-mass from a CMS search for new heavy fermions (right)

current from the passage of a magnetic monopole. Multiple measurements of the samples exclude a magnetic charge of > 0.5gD in all of them, where gD is the Dirac magnetic charge. This
probes monopole masses in the TeV range for up to 5gD .
7

Top Physics

The latest results on the inclusive tt̄(+X) production cross section almost all date from August
2016 using the 2015 13 TeV dataset. 31 The results are in good agreement with NNLO+NNLL
calculations. Differential measurements at 13 TeV reflect modelling issues which were already
known from lower centre-of-mass energies, such as problems with the transverse momentum of
the tt̄ system. First measurements of single top quark production at 13 TeV also use the 2015
data. The t−channel and W t cross sections are in good agreement with expectations. 32
The latest experimental combinations of the top quark mass measurements using Run 1 data
from ATLAS and CMS also date from 2016, and very few Run 2 results have been released so
far. 33 The ATLAS average is 172.84 ± 0.70 GeV and the CMS combined value is 172.44 ± 13 ±
47 GeV, compared to the Tevatron combined value of 174.30 ± 0.65 GeV from July 2016. This
preliminary result uses the full approximately 10 fb−1 from the CDF and D0 experiments and
is not expected to change much when it is finalised. 9
The LHC experiments are exploring novel methods to measure the top mass, for example
using the ratio of the mass of the 3-jet top system to the 2-jet W system (ATLAS), looking at
the top mass in boosted jets (CMS) or the top mass in single-top events (CMS). These methods
help to control uncertainties in the jet energy scale from data, and take advantage of different
uncertainties coming from different production mechanisms.
A major concern is to understand how the top quark mass measured from comparisons of a
mass distribution to templates created from calculation and/or Monte Carlo simulation relates
to the pole mass. This can be addressed by inferring the top quark mass from the measured
cross section, which should relate directly to the pole mass. 33, 34 The D0 collaboration have
taken this further, to compare the transverse momentum distribution of the top (or anti-top)
quark with NNLO predictions as a function of the top quark pole mass. This brings a 25%
improvement in precision compared to using the total cross section. 34
Top quark properties have been explored at the Tevatron and the LHC. Polarisation measurements agree with the SM expectations. Previous forward-backward production asymmetry

measurements at the Tevatron showed some tension with predictions, but the latest measurements from both colliders also agree with the SM. 32, 35
8

QCD studies

Day five brought the long-awaited QCD session in the Recontres de Moriond: QCD and High
Energy Interactions. This began with the latest results from HERA. The ep → e0 X data
from H1 and ZEUS provide a unique input to determining the proton PDFs. Although the
last collisions were in 2007, a few analyses are still being completed, and comparisons to more
modern theoretical calculations can bring improved precision, for example on the measurement
of the strong compling constant, αs , at NNLO from jet production by H1. 36 New heavy quark
(c and b) cross section combinations have also been released.
New prompt photon differential cross section measurements are available from ZEUS, CDF
and the LHC, where consistency with predictions can be tested in a range of different conditions
and exploring the evolution with centre-of-mass energy up to 13 TeV. 36, 37, 38
1
The copious jet production at the LHC means that the rates for inclusive jets at the LHC
span many more orders of magnitude as a function of pT or ET than direct photon production.
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It is well described by RESBOS at low aT , where infra-red emissions are important. Both
RESBOS and DIPHOX are missing higher order αs corrections, and SHERPA 2.2.1 is in good
ed from non-perturbative e↵ects, typically < 5%.
agreement with data across the full aT range, as shown in Figure 15 (left).
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Figure 15 – distribution of aT for diphoton events, compared to predictions (left) and a summary of the effective
cross section for double parton scattering for different processes (right)

Soft QCD remains an important area of study at the LHC, in order to describe minimum
bias events and the underlying event in hard scattering processes. 42 The rate of double parton
scattering, i.e. two hard interactions occuring in the same proton-proton collision, has also
been measured for various processes. Assuming no correlations, the cross section σAB for two

processes, A and B to occur in the same in the same collision depends on the cross sections for
the individual processes and an effective cross section σeff , defined by
σAB =

1 σA σB
·
m σeff

(1)

New results include: dijet events from the contribution to 4-jet events by ATLAS, (σeff =
14.9+1.2+5.1
−1.0−3.8 mb); J/ψ pair production from ATLAS (σeff = 6.3 ± 1.6 ± 1.0 mb); and same sign
W W events from CMS (σeff = 20.7 mb). 19, 42 . The effective cross section for J/ψ pair production
tends to be lower than for other processes, as shown in Figure 15 (right).

9

Heavy Ions

The last topic to be covered was heavy ion physics. Proton-proton collisions are already challenging to simulate. New phenomenlogical approaches are needed to deal with hundreds of
protons and neutrons interacting in a heavy ion central i.e. head-on collision. In several areas,
comparisons are made between proton-proton, proton-ion, peripheral ion-ion (AA) and central
ion-ion collisions. Collective effects are starting to be observed even in the highest-energy pp
events which mimic effects seen in AA events.
The results presented tested all the stages of evolution of AA collisions, which starts with
the production of a quark gluon plasma, where partons move freely in a droplet of hot, dense
nuclear matter in thermal equilibrium. As the plasma cools and expands, the geometry of the
initial collision transfers to the flow of particles. High pT particles created in the first states of
the collision are referred to as hard probes, which also give an insight into the initial state. The
hard probes may be modified by interactions in the medium.
At a certain temperature, Tchem , chemical freeze out occurs, in other words the flavour
mixture of the final state particles is fixed. A thermal model does a good job of describing this
mixture, and can be tested by comparing the rates of mesons and baryons of different masses
or different flavour content.
Although the flavour content is fixed, some excited states may still form in the continuing
scattering until the temperature reaches the kinetic freeze out temperature, Tkin , to produce the
final hadrons.

9.1

Flow

Pressure gradients transfer any non-uniform shape of the plasma into a non-uniform pT distribution of the final state particles. Nearby particles should all be moving at the same speed, so
their pT depends on their mass. A Fourier analysis of the azimuthal distribution can be made
event-by-event. A head-on collision produces a relatively round droplet, while a mid-centrality
collision produces an almond shaped droplet, as shown in Figure 16 (left). 43 The integrated
flow for charged particles with 0.2 < pT < 30 GeV shows that v2 does indeed depend strongly
on centrality, peaking at mid-centrality, while the higher components, v3 ..., are dominated by
fluctuations, see Figure 16 (right). Note that centrality can be viewed as a measure of impact
parameter, so a head-on collision has small centrality, and a very peripheral collision has large
centrality. The centrality of events is evaluated by some measure which increases monotonically
with impact parameter, and the sample then divded up into equal percentiles. The harmonics
√
increase with centre-of-mass energy due to the higher average pT in the higher s events.
Examining the flow for identified particle types with pT < 2 GeV shows a mass ordering
consistent with the particles all having the same speed. 43

Anisotropic Flow: anisotropies in the azimuthal distribution of
a first look
particles in momentum space.

integrated flow of charged particles, 0.2 < pT < 30 GeV/c

y
x
z

ΦΦΦΛΦΦ
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ALICE, Phys. Lett. B 753 (2016) 511-525
Figure 16 – sketch of a mid-centrality collision (left) and azimuthal Fourier components vs. centrality (right)
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9.2 Hard Probes
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Hard probes are high pT objects produced early in the collision. The rate is expressed by the
nuclear modification factor, RAA , as defined in general by equation 2.
RAA =

1 Y (AA)
Ncoll Y (pp)

(2)

RAA

R AA

-1
Z
Nevt
〈TAA 〉-1 N|y|<2.5
[nb]

The rate for a process, Y , in AA collisions is normalised by the rate in pp collisions, scaled by
the number of individual nuclear-nuclear collisions, Ncoll , which is closely related to the number
of participating partons, Npart .
As shown in Figure 17, RAA for weakly interacting Z bosons is flat - there is no interaction
with the medium. However, for jets there is significant suppression of the rate, the so-called jet
quenching effect, increasing with the number of participants. 44
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Figure 17 – the normalised event yield and nuclear modification factor, RAA as a function of the number of
participating partons for Z bosons (left) and RAA for jets (right)

Another classic signature expected from the formation of quark gluon plasma is the “melting”
of quarkonium states due to screening of the cc̄ or bb̄ pair. Since the different states have different
binding energies, the distribution of states is a measure of temperature. 45 The situation is made
more complicated because random pairs in the medium can recombine. This is much more likely
for cc̄ than for bb̄. The ψ(2S) has the lowest binding energy, and is suppressed even in the most
peripheral collisions. The rate of Υ states is shown in Figure 18 for pp collisions and integrated

over all centralities for Pb+Pb collisions. The Υ(3S) has disappeared in Pb+Pb collisions, and
the relative rate of Υ(2S) is reduced.
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Figure 18 – the Υ(1S), Υ(2S) and Υ(3S) peaks in pp data (left) and Pb+Pb data (right)

The relative rates of J/ψ and ψ(2S) have also been studied in p+Pb by ALICE and LHCb,
and in d+Au collisions by PHENIX. 46, 47, 48 The proton and lead beams in the LHC can circulate
in either direction, so that ALICE and LHCb can measure both forward and backward rapdity,
where forward is defined as the direction of the outgoing proton. LHCb covers larger |y| than
ALICE. Both observe suppression of the J/ψ in the forward direction, and LHCb observes that
the ψ(2S) is suppressed both forwards and backwards. PHENIX observe that the ψ(2S) is
suppressed relative to the J/ψ.
The STAR collaboration have measured the production of D0 mesons at high pT in 2014
Au+Au collisions. 49 Thermal production of charm and bottom hadrons is expected to be negligible, so these are also particles produced early in the collision. It is observed that D0 and
pion supression is similar at high pT in central collisions. Measurements of flow show that D0
mesons also follow the light hadron flow, indicating that they are picked up and move with the
other particles.

9.3

Identified particles and soft jets

The ALICE detector has excellent particle identification capability, which is exploited to investigate strangeness enhancement, another classic signature expected from the creation of quark
gluon plasma. Figure 19 (left) demonstrates there is a smooth evolution from pp to p+Pb to
Pb+Pb collisions. 50 The scaling in pp events depends on the event multiplicity, independent
of centre-of-mass energy. 50 The available Monte Carlo generators are unable to reproduce this
effect.
Most photons are thermally produced; the small fraction of prompt photons, in particular
higher pT photons constituting a hard probe, are not affected by the medium. Thermal photons
observed by ALICE and by PHENIX are compared in Figure 19 (right). The two distributions
are consistent with a higher effective temperature at the LHC. 51
The effect of the medium on the shape of low pT jets has been investigated in detail by
ALICE. 52 Jets in Pb+Pb events are broader in η than in φ, with a dip at the centre, rather
than a simple peak. To describe this requires an interplay of jet production and flow in the
medium.

Strangeness enhancement
in pp
collisions
Direct
photons
in Pb-Pb
12

In p/π and Λ/K0s the only effect could be
Thermal photon s
collisions at √sNN
baryon/meson or mass, because there is no
net-strangeness difference→ the ratios are flat Comparison to
●

●

higher medium

Latest results on jets and photons in ALICE

Figure 19 – the rate
of Nayak
strange hadrons Rencontres
normalised
to the
rate
for Energy
pionsInteraction,
(left) and the rate of thermal photons
Kishora
de Moriond
QCD
and High
LA THUILE, ITALY, 25th March-1st April, 2017
(right)

9.4

Chiral magnetic effect

The final presentation from the heavy ion session explained the status of investigations of the
chiral magnetic effect at RHIC. 53 Measurements of two-particle correlations show a separation
between same charge and opposite charge pairs. This could be interpreted as evidence of a QCD
topological charge, but there are many background effects to control. It has also been observed
that the degree of charge separation also depends on the initial system. Before being able to
claim observation of a new phenomenon, more measurements are needed.
10

Future - near and far

The near and far future plans were touched on at many points throughout the conference. For
B physics, the LHC will continue and more BESIII data is planned. The Belle II experiment at
SuperKEKB should eventually provide 50 times the Belle data sample. 54 Phase I is complete,
Phase II will have first collisions at the end of 2017, and Phase III full operation is expected
from the end of 2018.
A novel proposal to measure the hadronic contribution to vacuum polarisation directly in
e − µ elastic scattering was shown, 55 and the prospects for precision top and Higgs boson
measurements with the first energy stage of CLIC running at 380 GeV have recently been
released in an updated baseline document. 56
The LHC Run 2 will continue in 2017 and 2018 at 13 TeV. 1 A problematic magnet in sector
1-2 was replaced during the end of year technical stop, and the SPS has a new internal beam
dump, which will remove a limit on the number of bunches injected in the LHC. The aim for
2017 is to increase the peak instantaneous luminosity to 1.7–1.8 1034 cm−2 s−1 and accumulate
45 fb−1 in both 2017 and 2018, with about 50% availability of stable beams during the running
period. A 5 TeV pp reference run also has to be scheduled. In long shutdown 2 (LS2), the LHC
injectors will be upgraded, allowing 300 fb−1 to be delivered before LS3. During LS3 the high
luminosity “Phase 2 upgrades” of the accelerator and experiments will take place, aiming to
deliver ten times more integrated luminosity in the following decade.
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Conclusion

This is an exciting time for Higgs boson and electroweak measurements probing the Standard
Model more precisely than ever, and exploring electroweak symmetry breaking. The first LHC
Run 2 Higgs boson measurements are emerging, with a CMS measurement of the Higgs mass
already matching the combined Run 1 precision. The first W mass measurement at the LHC
from ATLAS has a precision of 19 MeV. Top quark and QCD measurements also demand ever
more precise theoretical predictions. In the area of flavour physics, there are a few anomalies to
watch, and hadron spectroscopy measurements are ahead of theory predictions at this stage. In
direct searches for SUSY particles and other exotic signatures of physics beyond the Standard
Model, unfortunately there are no hints of new particles yet. With the Run 2 data, first and
second generation squarks and gluionos are probed up to 2 TeV, and third generation scalar
top quarks up to 1 TeV. The complicated interplay of phenomena in Heavy Ion Physics is
bringing ever better understanding of quark gluon plasma. A rich and diverse programme of
measurements is planned for the coming years, adressing the big questions of particle physics.
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I summarize the highlights of the theory talks at the 52nd Rencontres de Moriond: QCD and
high energy interactions.

1

Preface

In the LHC era, progress in particle physics is contingent on understanding the LHC data, for
which QCD is the crucial ingredient. The role of QCD is twofold: it is a fundamental theory
important in its own right, which also allows us to extract fundamental parameters of Nature
(αs , mt ,...) from complicated data. On the other hand, it is an inevitable “background” in
searches for New Physics. While in the earlier days of Moriond, the focus was placed on the
first aspect, nowadays both roles are equally important. (Presumably, this trend is reflected
in the conference name change: “QCD and hadronic interactions” → “QCD and high energy
interactions” which took place in 2008.) At Moriond QCD 2017, the two aspects of QCD were
given comparable significance. The theory talks could be divided into four broad categories:
Higgs physics, precision calculations, flavor physics and new phenomena (a.k.a. beyond the
Standard Model). Even though such a division is quite ambiguous, I find it convenient and will
follow it in my summary. For further details, I encourage the reader to consult the original talks
at http://moriond.in2p3.fr/QCD/2017/MorQCD17Prog.html and references therein.
2

Higgs Physics

Physics of the Higgs sector in various incarnations has been one of the most popular subjects of
the theory talks at this conference. Although the consistency between the Standard Model (SM)
predictions and the data is excellent (Fig.1), detectable imprints of new physics on the Higgs
properties are well motivated. In particular, the Higgs field (unlike other Standard Model fields)
can couple directly to the hidden sector at the renormalizable level which would affect the Higgs
couplings. The hidden sector can hold the key to the problems of dark matter and inflation
which makes the Higgs a unique cosmological probe. Pinning down the resulting deviations in

Figure 1 – Higgs production and decay signal strengths in different channels versus the Standard Model prediction
(µi = 1). The figure is taken from arXiv:1606.02266.

the Higgs couplings requires good control over the SM predictions and thus precision calculations.
The theory talks have covered the following topics:
• Higgs self–coupling
• Higgs effective (EFT) couplings
• beyond the SM Higgses
• CP properties in multi–Higgs models
• dark matter in multi–Higgs models
• Higgs as the only fundamental scalar in Nature
Measuring the Higgs self–coupling is the next big challenge at the LHC. Even if the other
Higgs couplings are close to their SM predictions, the self–coupling can deviate by O(100%). This
could, for instance, be due to the Higgs mixing with another (SM singlet) scalar or radiative
effects of the hidden sector. The most straightforward channel sensitive to the Higgs triple
coupling is di–Higgs production in gluon fusion, which proceeds through the hhh–vertex. The
background for this process includes a box diagram with the top quark in the loop. Jones
reported on incorporating the full mt -dependence of such diagrams at NLO QCD, which improves
significantly over the Higgs EFT (mt → ∞) limit and leads to about 14% correction to Higgs
pair production.
New physics in the Higgs sector may also manifest itself through dimension-6 effective operators of the type
O1 = |H|2 Gaµν Gµν,a , O2 = |H|2 Q̄L H c uR + h.c. , ...

(1)

These are obtained by integrating out heavy new physics states. Such operators generally affect
the Higgs production cross section. When multiple operators are present simultaneously, they
can conspire to give rise to the same production rate as that in the SM. Ilnicka discussed their
effects on the Higgs pT distribution which provides an additional handle on the size of these
operators and breaks the above degeneracy.
Extensions of the Higgs sector were reviewed by Carena, with the focus on 2 Higgs doublet
models (2HDMs) and composite Higgs models. Due to the apparent SM–like nature of the
125 GeV Higgs h, these models are forced into special limits. In particular, viable 2HDMs
are of the “alignment” type: the SM limit for the h–couplings is achieved either (a) through
decoupling of the heavy states or (b) due to special relations among the scalar potential couplings
(“alignment without decoupling”). The latter case is particularly interesting since it allows for
relatively light additional scalar and pseudoscalar states, although the theoretical motivation for
the above coupling relations is still to be understood. In the realm of composite Higgs models,
the critical parameter controlling the deviations of the Higgs couplings from their SM values is
ξ=

v2
,
f2

(2)

where f is the scale of strong dynamics. To keep such deviations at the ∼10% level, f is bounded
from below by roughly 700 GeV, depending on the specifics of the model. New composite states
are expected at the scale gf , where g is the corresponding coupling constant.
One of the interesting applications of multi–Higgs models concerns the dark matter problem. In 2HDMs, one may impose a Z2 symmetry under which only the second Higgs doublet
transforms, HI → −HI . This forbids its coupling to fermions and makes it stable. One finds
that all the dark matter constraints can be satisfied by the “inert Higgs doublet” HI , although
the direct DM detection constraints push its mass to the 500 GeV region. Sokolowska discussed
an extension of this idea whereby one adds a further inert doublet. This relieves some of the
constraints as long as the particle spectrum is somewhat compressed and allows for efficient
co–annihilation of dark matter. As a result, new mass windows for lighter DM open up, e.g. in
the regions of 400 GeV and mh /2.
Subtleties of CP transformations in multi–Higgs models were discussed by Ivanov. In general,
one may accompany the usual CP transformation by a unitary transformation U that mixes the
Higgs doublets φi :
φi → Uij φ∗j .
(3)
This is particularly relevant when the resulting transformation is a symmetry of the potential,
while the usual CP φi → φ∗i is not. Such a generalized CP does not necessarily square to
one since U U ∗ may not be unity. In this case, some of the (complex) scalars can be CP-halfodd instead of being odd or even, that is, they pick up the phase i under the generalized CP
transformation, which leads to peculiar phenomenology.
An alternative to the common SM extensions was advocated by Shaposhnikov. The main
cosmological shortcomings of the Standard Model can be addressed by adding 3 right–handed
neutrinos which would play the role of dark matter and be responsible for baryogenesis, and
including the Higgs–gravity coupling of the form
∆L = −ξH |H|2 R ,

(4)

where R is the scalar curvature. In this case, the Higgs can play the role of the inflaton since
at large (Planckian) field values the scalar potential becomes flat allowing for slow-roll inflation.
This minimalistic idea fits well with the cosmological observations and may also explain the lack
of new physics signatures at the LHC and other experiments. One concern to be aware of is
some tension of the Higgs potential absolute stability with the current top–quark data, although
it does not appear very significant at the moment.

Figure 2 – CKM unitarity triangle. Figure credit: CKMfitter Group.

3

Flavor Physics

Even though the CKM picture appears to be in excellent agreement with the data overall (Fig.2),
new physics may still affect a subset of observables. Theoretically, there is no preference for the
scale of fundamental flavor dynamics: it may be at the TeV scale, in which case it must be very
special, or just as well at the Planck scale as is the case in string theory. Given that the flavor
structures we see in the SM are special, one should keep an open mind and be prepared for
surprises. Having said that, it is important to appreciate the sheer volume of B–physics data:
the B+ meson already has close to 500 decay modes, such that statistical fluctuations would not
be unexpected.
The following topics were discussed:
• B–physics anomalies
• progress in lattice calculations
• heavy flavor production at the LHC
• CP violation
• hadronic B–decays
Flavor physics theory talks were dominated by the discussion of the current B–physics
anomalies. Neubert reviewed their current status focusing on the RD and RK observables,
RD(∗) =

Γ(B̄ → D(∗) τ ν̄)
Γ(B̄ → K̄µ+ µ− )
,
R
=
,
K
Γ(B̄ → K̄e+ e− )
Γ(B̄ → D(∗) lν̄)

(5)

where l = e, µ. These quantities are clean and sensitive probes of lepton universality in B–decays.
Both of them currently exhibit deviations from the SM predictions: RD(∗) at the 3.5σ level and
RK at the 2.6σ level. While the RK anomaly is driven by the LHCb data, RD(∗) shows deviations
of varying significance in all three experiments: BaBar, Belle and LHCb. This is particularly
surprising since this observable is dominated by the tree level decay in the SM and therefore

rather clean. In the RK case, the theoretical uncertainties are particularly small since both µ and
e are effectively massless, while more statistics is needed to see if the current tendency persistsa .
There are further observables that show some tension with the SM predictions, in particular,
P50 that is sensitive to the angular distributions in B → K ∗ µµ. However, the theoretical status
of this anomaly is not as firm: the hadronic uncertainties due to, for instance, breakdown of
quark–hadron duality, plague the analysis.
A possible resolution of the above anomalies in terms of new physics was offered by Virto.
Once the operator
α
O9µ =
(s̄γµ PL b)(µ̄γ µ µ)
(6)
4π
NP ∼ −1 is included, the quality of the fit to the data improves
with the Wilson coefficient C9µ
dramatically. Clearly, this muon–specific interaction violates lepton universality and is relevant
to both RD(∗) and RK . The size of the new physics contribution is quite large: in the SM the
corresponding Wilson coefficient takes on the value 4.1. It is therefore a highly non–trivial task
to design a UV complete model satisfying all the flavor and as well as collider, etc. constraints.
The case for new physics in b → sl+ l− transitions was strengthened by Neshatpour. He
argued that introducing hadronic power corrections and fitting their coefficients to the data
including P50 does not result in a better quality fit compared to that with just the new physics
NP ∼ −1. As a result, this statistical view supports the new physics interpretation
contribution C9µ
(modulo the above–mentioned issues).
Another area where possible hints of new physics effects are seen is Kaon decays. As discussed
by Lunghi, advanced lattice calculations allow one to analyze the K → ππ matrix elements in
detail. In particular, the long standing puzzle known as the “∆I = 1/2 rule” has been explained
by a subtle accidental cancellation in the ∆I = 3/2 amplitude. The resulting 0 / exhibits some
tension with the SM prediction:

Re(0 /)exp = (16.6 ± 2.3) × 10−4 ,
Re(0 /)th = (1.36 ± 5.15 ± 4.59) × 10−4 .

(7)

The discrepancy is at the ∼ 2σ level, so no conclusive statement can yet be made.
A new strategy to determine the CP violating phase φs of the Bs − B̄s mixing was suggested
by Vos. The Standard Model prediction for this phase is close to zero, φs ' −0.04, which makes
it a convenient place to look for new physics effects. The new approach is based on the following
ingredients: (a) minimal use of U–symmetry (d ↔ s interchange); (b) γ and φd input; (c) input
of non–factorizable effects through semi–leptonic branching ratios. The resulting accuracy can
reach an impressive sub–degree level in the future.
A powerful framework to describe hadronic decays of the B–mesons was discussed by Lu.
Within the factorization–assisted topological amplitude approach, one fits 14 non–perturbative
parameters using the existing data which leads to testable predictions for more than 100 channels.
d’Enterria discussed NNLO predictions for total bottom and charm production at the LHC.
The corresponding NLO predictions have very large scale uncertainties, 30 to 60%, which are
naturally expected to be reduced at the NNLO level. Adapting the available NNLO calculations
for tt̄ production (Top++) to the bb̄ and cc̄ final states, one finds a substantial NNLO/NLO
K–factor of about 1.2 and the anticipated reduction of the scale uncertainties. However, only the
bb̄ cross section appears to be well behaved for all PDFs with the scale uncertainty of about 15%.
The charm production cross section suffers from large uncertainties and particular sensitivity to
the low–x gluon PDF which makes the current description unsatisfactory.
a

The latest LHCb measurements of RK ∗ also show a similar size deviation from the SM prediction.

Figure 3 – Electroweak vacuum stability chart (the dot indicates the current data). The figure is taken from
arXiv:1307.3536.
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Precision Calculations

Precision calculations allow us to both test the Standard Model and extract its fundamental
parameters. Among the latter, the top quark mass and the strong coupling are of particular
importance. Indeed, electroweak vacuum stability depends sensitively on these parameters, especially on mt (Fig.3). One could say it is literally a “matter of life and death”.
The topics discussed at the conference include
• αs extraction
• top mass at the LHC
• single top production
• PDFs
• jet production in DIS and at the LHC
• vector boson pair production at the LHC
Many of the presented computations were performed at an impressive NNLO level.
The strong coupling affects most LHC observables and as such is a crucial SM parameter.
Its current uncertainty at MZ is just below 1%, which leaves room for improvement. Klijnsma
reported on αs determination from tt̄ production in gluon fusion. This process itself at NNLO
allows one to extract αs with 4% precision, which is complementary to other measurements.
Other options were discussed by Pires (single jet production) and Niehues (DIS). In particular,
Pires showed that the NNLO calculations for single jet inclusive production at the LHC reduce
the scale uncertainty to a percent level. Such impressive accuracy is comparable to that of

the experimental measurements and will facilitate an independent αs determination. Niehues
discussed NNLO dijet producton in DIS, which is also sensitive to αs as well as to the gluon PDF.
There, the situation is not as transparent due to NNLO normalization issues for the total cross
section, although the scale uncertainty decreases compared to the NLO result. This problem
can presumably be traced back to the use of the NLO PDFs.
An ingenious approach to the top quark mass measurement at the LHC was suggested by
Kim. The di–photon production in gluon fusion receives loop contributions from all charged
colored particles. In particular, at the toponium threshold the di–photon spectrum exhibits a
kink whose exact shape and position are determined with resummation techniques. In principle,
this may allow for mt determination within 0.5 GeV.
Zhu reported on single top production at the LHC. This process provides one with a direct
measurement of Vtb among other things. Both production and decay computations are performed
at the NNLO level, with fully differential rates. Surprisingly, the NNLO results often lie outside
the NLO scale variation bands. Further improvement is possible by going beyond the structure
function approximation.
Importance of interference effects in vector boson pair production at the LHC was emphasized by Röntsch. At NLO, these account for a 5% reduction of the differential rates, which is
characteristic of the Higgs unitarizing behavior. The scale uncertainty at NLO decreases to the
10% level.
Kallweit and Wiesemann discussed state–of–the–art LHC di–boson production at NNLO
QCD. The calculations are performed using an automated framework “Matrix”. The resulting
NNLO corrections are found to be significant, e.g. the WW inclusive cross section receives a
correction of 10-14% compared to the NLO result, while the scale uncertainty decreases to an
impressive 3% level.
One of the crucial ingredients in precision calculations is the particle distribution functions
(PDFs). Progress in PDF determination was reviewed by Nadolsky. He emphasized the importance of a coordinated effort of theorists and experimentalists to reduce the relevant uncertainties. For example, as a result of dedicated benchmarking, the uncertainty in the gluon–gluon
luminosity and thus the Higgs production was reduced from 7% in 2012 to 3% in 2015. Further
progress is expected from the new generation of NNLO PDFs NNPDF3.1, CT17 and MMHT’16
which are due to be released shortly.
Bertone discussed the xFitter project which provides a unique open–source framework to
extract PDFs and fundamental parameters from a large variety of experimental data. For example, xFitter allows for a competitive charm quark mass determination from inclusive and charm
production in DIS (HERA I+II). Another important recent application is the determination of
the photon PDF from the ATLAS 8 TeV Drell–Yan data.
Salgado reported on the update of the nuclear PDFs EPPS16. Compared to its previous
version EPS09, the new set includes the dijet and W,Z LHC data as well as neutrino results. It
also supersedes EPS09 in that the new analysis is more realistic allowing for more freedom in
parametrization, which tends to increase the PDF uncertainties.
5

New Phenomena

New physics at the TeV scale has traditionally been motivated by the hierarchy problem. The
quantum corrections in the SM are large and tend to drive the Higgs mass to Planckian values.
However, such apparent instability may be deceiving and under the surface certain stabilizing
mechanisms could be at work. For instance, one may imagine that the stones in Fig.4 are kept
together by a metal rod. In particle physics, the role of such a stabilizer would be played by
supersymmetry (or technicolor, etc.). On the other hand, one could also argue that the system is
simply fine–tuned and no new mechanism is needed to explain the existence of this configuration:
after all, it does not violate any laws of physics. Given the current data, it would be premature

Figure 4 – Fine-tuned? Photo credit: Tim Anderson (KeyStone Balance).

to dismiss either of these options, even though the first possibility seems much more appealing.
The discussion in the “New Phenomena” session was focused around supersymmetry and
composite models (apart from the talks included in the Higgs section).
Deandrea reviewed the hierarchy problem focusing on the composite Higgs solution. If the
Higgs boson is a composite state, no fundamental scalar appears at low energies and thus the
quantum corrections are well under control. This entails a tower of other composite states à
la ρ–meson to be accessible at (future?) colliders. Furthermore, the Higgs interactions involve
energy–dependent formfactors which can also be probed.
Status of supersymmetric models was reviewed by Porod. The Higgs mass of 125 GeV
requires a large radiative correction from the top quark superpartners, which implies either
heavy stops or a large left–right mixing. The latter can induce charge and color breaking
minima in the scalar potential, although this may not pose imminent danger. While typical
SUSY models involve some fine–tuning to reconcile MZ with heavy superpartners, there is a
class of general MSSMs dubbed “natural SUSY” which exhibit a reduced degree of fine–tuning.
Such models feature light SUSY particles as long as these enter the relation between MZ and
the SUSY masses,
m2Z ' −1.8µ2 + 5.9M32 + ...,

(8)

where the parameters on the right hand side are taken at the GUT scale. As a result, the
higgsinos, gluinos and stops are relatively light with masses of order 100 GeV. This is consistent
with the direct search constraints as long as the different higgsinos are almost degenerate (within
5–10 GeV).
All in all, it is fair to say that many traditional pre–LHC models are essentially excluded.
This does not rule out more general supersymmetric and composite models: after all, when
constructing models, we are guided by “simplicity” in some form while Nature has its own ways.
These frameworks address the important issue of extreme fine–tuning to 1 part in 1030 and
should not be dismissed lightmindedly. Hopefully, the next 15 years of the LHC will have more
to say about these theories.

6

Summary

The highlights and take–home lessons from Moriond QCD 2017 can be summarized by the
following bullet points:
• remarkable progress in precision calculations. NNLO precision is now a commonplace allowing for unprecedented accuracy at a hadron machine.
• Higgs precision era. Higgs pT distributions, interference effects, etc. allow for accurate
tests of the Higgs nature.
• intriguing B–physics anomalies. Several 2 − 3σ deviations in clean semi-leptonic
observables leave ample room for new physics.
• data–driven theory: test “unmotivated” ideas. Given the absence of striking signatures of “traditional” forms of new physics, the theory approach should be more inclusive.
May require painstaking analysis of difficult observables.
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Università La Sapienza
Universidad de Stgo de Compostela
INFN
University of Rochester
CERN
Oxford University
University of Virginia
ETH
CFTP - IST
MPI
IPNO
CERN
Seoul National University
ETH
Fermilab
MTA Wigner
University of Warsaw
Budker Institute
Brown University
University of Helsinki
DESY
Shandong University
CERN
IHEP
Indiana University
University of Technology
Brookhaven National Lab.
JINR
Lyon University
INFN
Utrecht University
University of Geneva DPNC
University of Bonn
Niels Bohr Institute
Warwick Univ. - STFC-RAL
Southern Methodist University
National Inst. Science, Education & Research
GU Frankfurt
IPM
Johannes Gutenberg University
University of Zurich
CEA - Saclay Irfu/SPP

USA
Switzerland
France
France
Russia
Belgium
Netherlands
Switzerland
China
USA
Switzerland
France
Germany
USA
USA
Switzerland
France
Spain
Italy
Switzerland
Italy
France
Italy
Spain
Italy
USA
Switzerland
UK
USA
Switzerland
Portugal
Germany
France
Switzerland
South Korea
Switzerland
USA
Hungary
Poland
Russia
USA
Finland
Germany
China
Switzerland
China
USA
Poland
USA
Russia
France
Italy
Netherlands
Switzerland
Germany
Denmark
UK
USA
India
Germany
Iran
Germany
Switzerland
France

albrow@fnal.gov
amoroso@cern.ch
alexandre.arbey@cern.ch
barabanov@jinr.ru
lb8075@my.bristol.ac.uk
valerio.bertone@cern.ch
mbettler@cern.ch
zuzana.barnovska@cern.ch
jsbok@nmsu.edu
Frederick.Bordry@cern.ch
francesco.bossu@cern.ch
daniel.britzger@desy.de
gusbroo@nevis.columbia.edu
carena@fnal.gov
tancredi.carli@cern.ch
nicolas.pierre.chanon@cern.ch
xabier.cid.vidal@cern.ch
roberto.covarelli@cern.ch
dde@cern.ch
veronica.deleo@lnf.infn.it
deandrea@ipnl.in2p3.fr
daniele.del.re@cern.ch
elena.gonzalez.ferreiro@cern.ch
fu.jinlin@mi.infn.it
mario.galanti@cern.ch
ruediger.haake@cern.ch
chris.hays@physics.ox.ac.uk
hirosky@virginia.edu
ailnicka@physik.uzh.ch
igor.ivanov@tecnico.ulisboa.pt
sjones@mpp.mpg.de
jouan@in2p3.fr
stefan.kallweit@cern.ch
hdkim@phya.snu.ac.kr
thomas.klijnsma@cern.ch
klima@fnal.gov
kofarago.monika@wigner.mta.hu
krawczyk@fuw.edu.pl
krokovny@gmail.com
landsberg@hep.brown.edu
oleg.lebedev@helsinki.fi
aleksandra.lelek@desy.de
lishy@sdu.edu.cn
carlos.lourenco@cern.ch
lucd@ihep.ac.cn
elunghi@indiana.edu
agnieszka.luszczak@gmail.com
marr@bnl.gov
madigo@cern.ch
nazila@cern.ch
umberto.marconi@bo.infn.it
jacopo.margutti@cern.ch
philippe.mermod@cern.ch
moles@physik.uni-bonn.de
jmonk@cern.ch
bill.murray@cern.ch
nadolsky@smu.edu
k.nayak1234@gmail.com
f.nerling@gsi.de
neshatpour@ipm.ir
neubertm@uni-mainz.de
jan@physik.uzh.ch
rosy.nicolaidou@cern.ch

Stefania
Marco
Gabriella
Rishi
Tanguy
Bolek
Philippe
João
Aleksei
Werner
Raoul
Arantxa
Martin
Matthias
Carlos
Marie-Hélène
Mara
Mikhail
Livia
Dorota
Marianna
Merijn
Javier
Keri
Pippa
Jaroslaw
Marius
Alasdair
Marcin
Meng
Guofa
Zhangbu
Bronislav
HuaXing

Pandolfi
Pappagallo
Pasztor
Patel
Pierog
Pietrzyk
Pillot
Pires
Popov
Porod
Röntsch
Ruiz Martinez
Rybar
Saimpert
Salgado
Schune
Senghi Soares
Shaposhnikov
Soffi
Sokolowska
Testa
Van de Klundert
Virto
Vos
Wells
Wiechczynski
Wiesemann
Winter
Wolter
Xiao
Xu
Xu
Zakharov
Zhu

CERN
INFN
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