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Abstract

A search is conducted for standard model Higgs bosons with large transverse mo-
mentum (pT) decaying to bottom quark pairs and produced in association with a
hadronically decaying W or Z boson at the LHC. The result is based on a dataset
of proton-proton collisions at a center-of-mass energy of 13 TeV collected with the

CMS detector in 2016–2018, corresponding to an integrated luminosity of 138 fb−1.
Boosted Higgs, W, and Z boson decays are reconstructed using large-radius jets with
pT > 450 GeV and identified with heavy-flavor classifiers based on a graph convolu-
tional neural network. The observed signal strength relative to the standard model
expectation is µ = 0.72+0.75

−0.71 including statistical and systematic uncertainties.
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1 Introduction

The observation of a Higgs boson (H) consistent with the standard model (SM) expectation
in 2012 [1–3] and subsequent measurements of its properties [4, 5] have advanced our under-
standing of electroweak (EW) symmetry breaking and the origin of particle masses [6–13]. The
Higgs boson has been observed at the CERN LHC in its main production processes and several
decay channels.

At high transverse momentum (pT), H production can probe beyond-the-SM (BSM) effects [14–
19]. The decay of a Higgs boson into a bottom quark-antiquark pair (H → bb) is particularly
well suited for studying boosted Higgs boson production because of its large branching frac-
tion of 58% [20]. Furthermore, at high pT the decay products become collimated and can be
reconstructed within a single large-radius jet, allowing for background suppression through
the study of the jet substructure.

The dominant Higgs boson production mechanism at the LHC is gluon fusion (ggH), con-
tributing about 87% of the inclusive Higgs boson cross section at

√
s = 13 TeV. However, at

high pT, the relative ggH contribution decreases to ∼50% for pT > 450 GeV and ∼30% for
pT > 1200 GeV [21]. The relative fraction of vector boson fusion (VBF) shows minimal pT de-
pendence, while the relative fraction of associated production with vector bosons (VH,
V = W or Z) increases with pT. Therefore, precise measurements of the VH process could
uncover BSM phenomena in the Higgs boson sector, which may appear more prominently at
high pT [22–24].

Searches for VH production with H → bb have been performed at the LHC in both lep-
tonic [25, 26] and hadronic [27] V decay channels. Furthermore, this channel has been used
to constrain BSM phenomena within an effective field theory framework [28]. Other boosted
H → bb measurements have targeted the ggH [29, 30] and VBF [31] processes. The excess of
2.7 standard deviations (σ) with respect to SM predictions observed in the previous VBF anal-
ysis [31] motivates further exploration of the VH process, as it could be explained by enhanced
couplings of the H to vector bosons.

This work extends CMS high-pT Higgs boson measurements in the H → bb channel to VH
production in final states with a hadronic W or Z decay, V(qq). The search uses a dataset of
proton-proton (pp) collisions at

√
s = 13 TeV collected by the CMS experiment at the LHC in

2016–2018, corresponding to an integrated luminosity of 138 fb−1 [32–34]. The same strategy is
also used to measure V(qq)Z(bb) production simultaneously as a validation of the method.

2 The CMS detector

The CMS apparatus [35, 36] is a multipurpose, nearly hermetic detector, designed to trigger
on [37–39] and identify electrons, muons, photons, and hadrons [40–42]. Its central feature is a
superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within
the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and
two endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided
by the barrel and endcap detectors. Muons are reconstructed using gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid. More detailed descriptions of
the CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in Refs. [35, 36].

A two-tiered trigger system selects events of interest. The first level, implemented in hardware,
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reduces the rate to about 100 kHz within 4 µs [37]. The high-level trigger, implemented in
software, further reduces the rate to about 1 kHz before data storage [38, 39].

The dataset used here is divided into four periods: early 2016, late 2016, 2017, and 2018. These
divisions reflect the 2017 tracking detector upgrade, variations in accelerator and detector con-
ditions, and updates to reconstruction and calibration procedures. The 2016 data-taking period
is split into early and late periods because of the configuration changes made mid-year.

3 Simulated samples

Signal and background events are simulated using various Monte Carlo (MC) event generators,
with the CMS detector response modeled by GEANT4 [43]. Independent samples are produced
for each data-taking period using identical generator settings and incorporating changes in
running conditions.

The background from quantum chromodynamics (QCD) multijet processes, i.e. events con-
sisting of multiple hadronic jets produced via the strong interaction, is generated at leading
order (LO) accuracy with MADGRAPH5 aMC@NLO 2.6 [44, 45] using up to four partons in the
matrix element calculation. The W+jets and Z+jets processes are also simulated at LO with
MADGRAPH5 aMC@NLO, including decays to all flavors of quarks and up to three and four
additional partons at the matrix element level for W+jets and Z+jets, respectively. The sam-
ples are corrected as a function of the boson pT to match higher-order predictions. The QCD
next-to-LO (NLO) corrections are derived with MADGRAPH5 aMC@NLO, simulating W and Z
boson production with up to two additional partons. The EW NLO corrections are taken from
theoretical calculations described in Refs. [46–49].

Diboson processes (WW, WZ, and ZZ) are generated at LO accuracy with PYTHIA 8.240 [50]
and corrected to next-to-NLO (NNLO) cross sections using MCFM 7.0 [51]. Top quark pair and
single-top processes are modeled at NLO in QCD with POWHEG 2.0 [52–56].

The ggH process is simulated with HJMINLO [57, 58], including finite top quark mass ef-
fects [59] as recommended in Ref. [21]. The POWHEG v2 generator [60–62] is used for VBF
H production, VH, and ttH at NLO. The VBF sample is reweighted to NNLO in the pT spec-
trum and next-to-NNLO accuracy in the inclusive cross section [63, 64]. These corrections have
a negligible effect on the yield of this process for events with Higgs boson pT > 450 GeV. Elec-
troweak corrections are applied to the VBF, VH, and ttH samples [21].

Parton showering and hadronization are modeled with PYTHIA using the CP5 tune [65]. Jets
from the parton shower are matched to those from the matrix element calculations using the
MLM [66] and FXFX [67] schemes for LO and NLO samples, respectively. The NNPDF3.1 [68]
set of parton distribution functions (PDF) at NNLO accuracy is used for all processes. To ac-
count for additional pp interactions occurring in the same or nearby LHC bunch crossings
(pileup), the PYTHIA generator is employed. All MC samples include effects of pileup by over-
laying simulated minimum bias events on the hard-scattering event, with the multiplicity dis-
tribution matching that observed in data.

4 Event reconstruction and selection

A particle-flow (PF) algorithm [69] aims to reconstruct and identify each individual particle
in an event (PF candidate) using an optimized combination of information from the various
elements of the CMS detector. The primary vertex is defined as the one most consistent with
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the hardest scattering in the event, as determined from tracking information [42, 70].

Jets are formed from PF candidates using the anti-kT clustering algorithm [71], as implemented
in FASTJET [72]. Small-radius (AK4) jets use a distance parameter of 0.4, and large-radius (AK8)
jets use 0.8 [73]. The latter are used to reconstruct the collimated hadronization of the quark
pairs originating from the boosted H and V boson candidates. Jet momentum is calculated as
the vector sum of all particle momenta in the jet.

Pileup interactions can contribute additional tracks and calorimetric energy depositions, in-
creasing the apparent jet momentum. For AK4 jets, tracks identified to be originating from
pileup vertices are discarded and an offset correction is applied to account for remaining con-
tributions [74]. For AK8 jets, the pileup-per-particle identification algorithm [74, 75] is used
to mitigate the effect of pileup at the reconstructed-particle level, making use of local shape
information, event pileup properties, and tracking information. Jet energy corrections are de-
rived from simulation studies so that the average measured energy of jets becomes identical
to that of particle level jets. In-situ measurements of the momentum balance in dijet, Z+jet,
photon+jet, and multijet events are used to determine any residual differences between the jet
energy scale in data and simulation, and appropriate corrections are made [76]. Additional
selection criteria are applied to each jet to remove jets potentially dominated by instrumental
effects or reconstruction failures [74].

Events are selected by triggers requiring either an AK8 jet with large pT or a minimum event
HT, defined as the scalar pT sum of all AK4 jets with pT > 30 GeV and |η| < 3. These triggers
are about 90% efficient for jets with 450 < pT < 500 GeV, |η| < 2.5, and fully efficient above
500 GeV.

Offline, exactly two AK8 jets, corresponding to the boosted H and W/Z bosons, are required
with pT > 450 GeV and |η| < 2.5. They must pass tight jet identification requirements [73]

and be separated from any isolated leptons or photons by ∆R =
√

∆η 2 + ∆φ 2 > 0.8, where
∆η and ∆φ are the differences in pseudorapidity and azimuthal angle, respectively. Jets must
satisfy −6.0 < ρ = 2 ln(mSD/pT) < −2.1, where pT is the jet transverse momentum and mSD is
the jet mass after soft drop grooming with parameters zcut = 0.1 and β = 0 [77]. The lower ρ
threshold removes regions where nonperturbative effects are poorly modeled, and the upper ρ
threshold removes jets where the constituents are not fully contained by the jet cone. The soft
drop algorithm reduces contamination from underlying events and pileup, improving the jet
mass resolution and stability across a wide range of jet momenta.

To suppress the background contribution from semi- and di-leptonic tt decays, events are re-
quired to contain no isolated leptons. The relative isolation variable for electrons (muons) is
defined as the scalar sum pT of charged hadrons and neutral particles within a cone of radius
∆R = 0.3 (0.4) around the lepton, corrected for pileup and divided by the lepton pT. For the
purpose of this veto, electrons must have pT > 10 GeV, |η| < 2.5, pass loose identification cri-
teria [40], and have relative isolation less than 0.15. Muons must have pT > 10 GeV, |η| < 2.4,
pass loose identification criteria [41], and have relative isolation less than 0.25. Hadronically
decaying tau leptons, τh, must have pT > 20 GeV, |η| < 2.3, and pass the DEEPTAU algorithm
identification requirements [78]. Events are also required to have pmiss

T < 140 GeV. The missing
transverse momentum vector ~p miss

T is computed as the negative vector sum of the transverse
momenta of all the PF candidates in an event, and its magnitude is denoted as pmiss

T [79]. The
~p miss

T is modified to account for corrections to the energy scale of the reconstructed jets in the
event. In order to reduce the contribution from fully hadronic tt decays, events are also vetoed
if they have six or more AK4 jets with pT > 30 GeV and |η| < 5 in addition to the AK8 jets.
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The two selected AK8 jets are designated as the H and V candidates. The flavor properties
of each jet are determined using the mass-decorrelated (MD) version of the PARTICLENET al-
gorithm [80]. This version of the tagger, denoted PARTICLENET-MD, is trained on simulated
jets with uniform distributions in mass and pT to minimize dependence of the jet selection on
its mass. The PARTICLENET-MD classifier assigns four scores to each AK8 jet, p(X → bb),
p(X → cc), p(X → qq), and p(QCD), corresponding to four categories: three for a boson X
decaying to bottom, charm, or light quarks, and one for QCD jets [81]. The scores sum to unity.
Discriminants formed from these scores are used to classify the AK8 jets and to suppress the
QCD background.

The H candidate (Jet 1) is chosen to be the jet with the higher discriminant D(bb vs. cc, qq),
where

D(bb vs. cc, qq) =
p(X → bb)

p(X → bb) + p(X → cc) + p(X → qq)
.

The other selected AK8 jet (Jet 2) is designated as the V candidate. Events where the V can-
didate jet has a high p(QCD) score are discarded, where the p(QCD) threshold corresponds
to a signal efficiency of 25% and a misidentification rate of 3% on QCD jets [80]. Events are
divided into three categories based on the mSD of the V candidate jet: 40–68 GeV, 68–110 GeV,
and 110–201 GeV. The middle category contains the peak corresponding to the V boson, while
the others serve as sideband control regions (CRs) that constrain backgrounds containing only
one hadronic decay of a heavy particle.

A second flavor discriminant, D(bb vs. QCD), is used to determine whether the H candidate
jet originates from a heavy particle decaying to two b quarks. This discriminant is defined as a
ratio of PARTICLENET-MD classifier scores:

D(bb vs. QCD) =
p(X → bb)

p(X → bb) + p(QCD)
.

Events that have high D(bb vs. QCD), above the threshold corresponding to 40% X → bb
signal efficiency [80], enter the signal region (SR). Events with lower D(bb vs. QCD) form a CR
dominated by QCD multijet processes, which is used to estimate the background contribution
from QCD.

5 Background estimation

The QCD multijet process is the dominant background in all analysis categories. Significant
resonant backgrounds arise from W+jets and Z+jets processes, where the two-prong decay of
a high-pT vector boson is mistagged as a H candidate. The tt process and single top quarks
produced in association with a W boson form nonresonant backgrounds, where the decay of a
high-pT top quark is reconstructed as a large-radius jet and passes the H candidate selection.
Additional minor backgrounds arise from other Higgs boson production processes (ggH, VBF,
and ttH). The QCD multijet and top quark backgrounds are determined with data in CRs,
while the other backgrounds are estimated using simulation.

5.1 Multijet background

The QCD multijet background in the SR is estimated from data using events failing the
D(bb vs. QCD) requirement, referred to as the QCD CR. The shape of the mSD distribution of
QCD background in the SR is taken from the QCD CR and multiplied by a polynomial transfer
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factor to account for shape differences due to the D(bb vs. QCD) requirement and differences
in the tagger performance between data and simulation.

The QCD multijet background yield in the SR is

NSR(mSD) = RMC
SR/CR Ndata

CR (mSD) TF(mSD),

where RMC
SR/CR is the ratio of the QCD MC event yield in the SR and CR, Ndata

CR is the number
of data events minus the number of predicted non-QCD background events in the QCD CR,
and TF(mSD) is a transfer factor that accounts for shape differences between the CR and SR.
The same transfer factor is applied to all three bins in the V candidate mSD, allowing the side-
band regions to help constrain the QCD background. Independent transfer factors are defined
for each data-taking period. Each transfer factor is defined as a Bernstein polynomial [31] in
log(mSD/GeV), and a first-order polynomial is determined to be optimal for all data-taking
periods using a Fisher F-test [82]. The transfer factor is therefore defined as

TF(mSD) = a(1 − log(mSD/GeV)) + b log(mSD/GeV),

where the values of the coefficients a and b are obtained in the simultaneous fit to data de-
scribed in Section 7. Alternative functional forms for TF(mSD) were tested and found to have
a negligible impact on the final result.

5.2 Vector boson backgrounds

Resonant backgrounds due to V+jets and diboson processes are estimated using simulation. A
W-enriched CR is used to calibrate jet mass scale and resolution, and to determine the efficiency
of the PARTICLENET-MD p(QCD) selection requirement on the W candidate jet.

Events in this CR are collected with single-muon triggers. Offline, events are required to have
one muon with pT > 53 GeV, |η| < 2.1, relative isolation less than 0.15, pmiss

T > 40 GeV, no
additional leptons, and an AK8 jet with pT > 450 GeV passing the same selection criteria as the
SR. The event must also contain at least one AK4 jet with pT > 50 GeV and |η| < 2.5 that is
separated by ∆R > 0.8 from the AK8 jet and b-tagged using the DEEPJET algorithm [83, 84].
This CR contains a high fraction of tt events where one top quark decays semi-leptonically and
the other to a boosted W boson.

Template mSD distributions are derived from simulation in two regions based on whether the
AK8 jet passes or fails the p(QCD) requirement. The templates in each region correspond to
events that contain a W boson and events that do not. For the former, variations of the mSD

scale and resolution are calculated using linear morphing [85].

A fit to data in the CR is performed to extract three corrections: the efficiency of the p(QCD) se-
lection, the shift in the jet mass scale, and the jet mass resolution scale factor. The corrections are
derived independently for each data-taking period. The measured p(QCD) efficiency ranges
from 0.70 to 0.89 with relative uncertainties of 7 to 16%, depending on the data-taking period.
The jet mass scale correction is consistent with unity, with uncertainties of 200–300 MeV. The
jet mass resolution scale factor ranges from 1.14 to 1.25, with uncertainties of 0.13–0.38.

5.3 Top quark backgrounds

Top quark processes constitute a nonresonant component of the background. The shapes of
the mSD distributions in tt and single top quark processes are estimated from simulation. The
normalizations of the tt and single top quark backgrounds, as well as the efficiency of the
D(bb vs. QCD) requirement on top quark jets, are constrained using a CR targeting tt events,
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where one top quark decays via t → W(µν)b and the other decays hadronically. Events in
this CR are required to have exactly one muon with pT > 55 GeV, |η| < 2.1, and relative
isolation less than 0.25; no electrons or τh; at least one AK4 jet b-tagged with DEEPJET; and
one AK8 jet with pT > 450 GeV and |η| < 2.5. The b-tagged AK4 jet must be separated from
the AK8 jet by ∆R > 0.8. This region is about 80% pure in tt, with small contributions from
QCD, W+jets, Z+jets, and single top quark processes. The region is split into passing and
failing D(bb vs. QCD) categories, and both are fitted simultaneously with the SR during the
signal extraction. The resulting scale factors for the normalizations and the efficiency of the
D(bb vs. QCD) requirement are consistent with unity.

6 Systematic uncertainties

Systematic uncertainties account for possible mismodeling of the background and signal pro-
cesses. They are included as nuisance parameters in the signal extraction procedure and treated
according to the frequentist paradigm [86].

The dominant systematic uncertainty arises from the modeling of the QCD multijet back-
ground, specifically from the coefficients of TF(mSD) that are left unconstrained in the fit.
Additional small experimental systematic uncertainties are included, amounting to less than
a few percent. The uncertainties in the jet mSD scale and resolution derived from the W boson-
enriched CR are propagated to all resonant processes using linear morphing of the templates,
and the uncertainty in the p(QCD) tagging efficiency is propagated to the normalizations of
the VH and VV processes. The integrated luminosities for the 2016, 2017, and 2018 data-taking
years have 1.2–2.5% individual uncertainties, while the overall uncertainty is 1.6% [32–34]. The
jet energy scale and resolution uncertainties range from 0.5 to 4.0%, and are treated as indepen-
dent from the mSD uncertainties. Variations in the amount of pileup obtained by adjusting the
total inelastic cross section, modeling of the trigger efficiency, and the isolation and identifica-
tion of the vetoed leptons are also considered, and contribute only a few percent to the total
uncertainty.

Theoretical uncertainties are included in the final fit to account for inaccuracy in the modeling
of SM processes. The dominant theoretical uncertainty is due to the renormalization and factor-
ization scales chosen for the simulated H and diboson samples. These uncertainties are applied
to the H and diboson processes and are assessed by varying the scales up and down by factors
of two, while keeping their ratio between 0.5 and 2. This uncertainty is propagated to the to-
tal expected yield of the VH and VZ processes according to the prescription recommended in
Ref. [21]. Uncertainties in the signal processes due to initial- and final-state radiation are also
calculated by varying the renormalization scale and nonsingular term using the PYTHIA show-
ering algorithm [87]. The Hessian PDF uncertainty is also applied to signal yield, according to
the prescription of Ref. [88].

Theoretical uncertainties in the W+jets and Z+jets processes account for missing higher-order
QCD and mixed QCD-EW effects beyond the corrections described in Section 3, following the
prescription of Ref. [49]. All theoretical uncertainties are considered to be correlated across
data-taking periods, and experimental systematic uncertainties are considered to be uncorre-
lated, with the exception of correlated components of the uncertainties in the integrated lumi-
nosity.

The dominant uncertainties arise from the coefficients of the data-to-simulation transfer factor
used to extrapolate the QCD background from the fail to the pass region, whose parameters are
determined directly on data. Subleading contributions originate from jet-mass scale and reso-
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fraction of tt events entering the highest V mass category (Fig. 2, lower right), where the top
quark peak is especially prominent, corresponds to events where two boosted top quarks are
captured in the two selected AK8 jets.

The contribution of Z(bb)+jets production to the background in the D(bb vs. QCD) pass re-
gion is clearly visible at the Z mass peak for all three V mass categories. Mistagged W and
Z decays to light quarks and diboson processes also comprise a small portion of the back-
ground. In particular, the V(qq)Z(bb) process generally satisfies the same selection criteria as
the V(qq)H(bb) signal, and therefore it is used to validate the analysis strategy.

The best fit value of the VH signal strength (µVH), defined as the ratio of the measured to the SM

expected cross section times H → bb branching fraction, and an approximate 68% confidence
level interval are extracted following Ref. [92]. The signal strength of the V(qq)Z(bb) process
(µVZ) is extracted simultaneously with µVH .

The fitted signal strengths for VH and VZ production are extracted separately for the four
data-taking periods, and a combined fit over the full dataset is performed for the final re-
sult. The ggH, VBF, and ttH processes are fixed to their SM predictions. The results are
summarized in Table 1. The observed (expected) signal strength for the VH process is
µVH = 0.72+0.75

−0.71 (1.00+0.67
−0.62), and the observed (expected) signal strength for the VZ process

is µVZ = 0.09+0.63
−0.63 (1.00+0.58

−0.58). This corresponds to an observed (expected) significance with

respect to the background-only hypothesis of 1.00 (1.64) σ for the V(qq)H(bb) process and
0.15 (1.76) σ for the V(qq)Z(bb) process. Tabulated results are provided in the HEPData record
for this analysis [93].

Table 1: Fitted signal strengths and their total uncertainties for the VH and VZ processes,
shown individually for each data-taking period and for the combined dataset.

L [ fb−1] µVH µVZ

Early 2016 19.5 1.02+2.52
−2.23 −0.15+1.77

−1.77

Late 2016 16.8 1.34+2.20
−1.87 −0.83+1.53

−1.53

2017 41.5 0.00+1.26
−1.18 1.20+1.28

−1.28

2018 59.8 1.04+1.22
−1.10 −0.40+0.92

−0.92

Combined 138.0 0.72+0.75
−0.71 0.09+0.63

−0.63

8 Summary

A search for standard model Higgs boson (H) candidates with high transverse momentum
(pT) decaying to bottom quark pairs (bb) in association with a hadronically decaying W or Z
(V) boson at the LHC has been presented. The analysis identifies collision events containing
boosted hadronic jets with pT > 450 GeV and with substructure and flavor properties charac-
teristic of H → bb and hadronic V decays. The signal strength for the V(qq)H(bb) process
extracted from a maximum likelihood fit to the data in the large-radius jet mass distribution is
µVH = 0.72+0.75

−0.71 including statistical and systematic uncertainties. This corresponds to a sig-
nificance of 1.00 standard deviations (σ), compared to 1.64 σ expected. The sensitivity of this
measurement is primarily limited by the amount of data available.
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S. Keshri , D. Laroze , S. Thakur

Universidad Tecnica Federico Santa Maria, Valparaiso, Chile
W. Brooks

Beihang University, Beijing, China
T. Cheng , T. Javaid , L. Wang , L. Yuan

Department of Physics, Tsinghua University, Beijing, China
Z. Hu , Z. Liang, J. Liu, X. Wang

Institute of High Energy Physics, Beijing, China
G.M. Chen9 , H.S. Chen9 , M. Chen9 , Y. Chen , Q. Hou , X. Hou, F. Iemmi ,
C.H. Jiang, A. Kapoor10 , H. Liao , G. Liu , Z.-A. Liu11 , J.N. Song11, S. Song, J. Tao ,
C. Wang9, J. Wang , H. Zhang , J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
A. Agapitos , Y. Ban , A. Carvalho Antunes De Oliveira , S. Deng , B. Guo, Q. Guo,
C. Jiang , A. Levin , C. Li , Q. Li , Y. Mao, S. Qian, S.J. Qian , X. Qin, C. Quaranta ,
X. Sun , D. Wang , J. Wang, H. Yang, M. Zhang, Y. Zhao, C. Zhou

State Key Laboratory of Nuclear Physics and Technology, Institute of Quantum Matter,
South China Normal University, Guangzhou, China
S. Yang

Sun Yat-Sen University, Guangzhou, China
Z. You

University of Science and Technology of China, Hefei, China
K. Jaffel , N. Lu

Nanjing Normal University, Nanjing, China
G. Bauer12,13, Z. Cui13, B. Li14, H. Wang , K. Yi15 , J. Zhang

Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) - Fudan University, Shanghai, China
Y. Li

Zhejiang University, Hangzhou, Zhejiang, China
Z. Lin , C. Lu , M. Xiao16

Universidad de Los Andes, Bogota, Colombia
C. Avila , D.A. Barbosa Trujillo , A. Cabrera , C. Florez , J. Fraga , J.A. Reyes Vega

Universidad de Antioquia, Medellin, Colombia
C. Rendón , M. Rodriguez , A.A. Ruales Barbosa , J.D. Ruiz Alvarez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
N. Godinovic , D. Lelas , A. Sculac

University of Split, Faculty of Science, Split, Croatia
M. Kovac , A. Petkovic , T. Sculac



21

Institute Rudjer Boskovic, Zagreb, Croatia
P. Bargassa , V. Brigljevic , B.K. Chitroda , D. Ferencek , K. Jakovcic, A. Starodumov ,
T. Susa

University of Cyprus, Nicosia, Cyprus
A. Attikis , K. Christoforou , A. Hadjiagapiou, C. Leonidou , C. Nicolaou, L. Paizanos ,
F. Ptochos , P.A. Razis , H. Rykaczewski, H. Saka , A. Stepennov

Charles University, Prague, Czech Republic
M. Finger† , M. Finger Jr.

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
S. Khalil17 , E. Salama18,19

Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
M. Abdullah Al-Mashad , A. Hussein, H. Mohammed

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
K. Ehataht , M. Kadastik, T. Lange , C. Nielsen , J. Pata , M. Raidal , N. Seeba ,
L. Tani

Department of Physics, University of Helsinki, Helsinki, Finland
A. Milieva , K. Osterberg , M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
N. Bin Norjoharuddeen , E. Brücken , F. Garcia , P. Inkaew , K.T.S. Kallonen ,
R. Kumar Verma , T. Lampén , K. Lassila-Perini , B. Lehtela , S. Lehti , T. Lindén ,
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M.R. Beckers , C. Dziwok , G. Flügge , N. Hoeflich , T. Kress , A. Nowack ,
O. Pooth , A. Stahl , A. Zotz

Deutsches Elektronen-Synchrotron, Hamburg, Germany
H. Aarup Petersen , A. Abel, M. Aldaya Martin , J. Alimena , S. Amoroso,
Y. An , I. Andreev , J. Bach , S. Baxter , M. Bayatmakou , H. Becerril Gon-
zalez , O. Behnke , A. Belvedere , F. Blekman24 , K. Borras25 , A. Campbell ,
S. Chatterjee , L.X. Coll Saravia , G. Eckerlin, D. Eckstein , E. Gallo24 , A. Geiser ,
V. Guglielmi , M. Guthoff , A. Hinzmann , L. Jeppe , M. Kasemann , C. Klein-
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L. Della Pennaa ,b, L. Fanòa ,b , V. Mariania ,b , M. Menichellia , F. Moscatellia ,53 ,
A. Rossia ,b , A. Santocchiaa ,b , D. Spigaa , T. Tedeschia ,b
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29Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
30Also at HUN-REN ATOMKI - Institute of Nuclear Research, Debrecen, Hungary
31Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
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