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Abstract

A search for the standard model Higgs boson decaying to a charm quark-antiquark
pair, H → cc, produced in association with a leptonically decaying V (W or Z) boson
is presented. The search is performed with proton-proton collisions at

√
s = 13 TeV

collected by the CMS experiment, corresponding to an integrated luminosity of
138 fb−1. Novel charm jet identification and analysis methods using machine learn-
ing techniques are employed. The analysis is validated by searching for Z → cc in VZ
events, leading to its first observation at a hadron collider with a significance of 5.7
standard deviations. The observed (expected) upper limit on σ (VH)B (H → cc) is
0.94 (0.50+0.22

−0.15) pb at 95% confidence level (CL), corresponding to 14 (7.6+3.4
−2.3) times the

standard model prediction. For the Higgs-charm Yukawa coupling modifier, κc , the
observed (expected) 95% CL interval is 1.1 < |κc | < 5.5 (|κc | < 3.4), the most stringent
constraint to date.
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The discovery of a Higgs boson (H) with the LHC Run 1 data by the ATLAS [1] and CMS [2, 3]
experiments in 2012 was a major advance in the understanding of the electroweak (EW) sym-
metry breaking mechanism. The measured Higgs boson mass is 125.38 ± 0.14 GeV [4]. The
observed interactions with gauge bosons and third-generation fermions [5–15], and all mea-
sured properties [4, 16–24], are compatible with standard model (SM) predictions. Recently, the
CMS Collaboration reported the first evidence of Higgs boson decays to muons, i.e., second-
generation leptons [25]. An important next milestone is the observation of its coupling to
second-generation quarks. In this Letter, we focus on a search for Higgs boson decay to cc,
a charm quark-antiquark pair. The corresponding Yukawa coupling, yc , can be significantly
modified in the presence of physics beyond the SM [26–31]. However, the small branching
fraction predicted by the SM, ubiquitous production of quark and gluon jets at the LHC, and
the difficulty of identifying charm quark jets in a hadronic environment, including distinguish-
ing them from bottom quark jets, make this a challenging measurement. Searches for H → cc
reported in Refs. [32–34] by the ATLAS and CMS Collaborations target the associated produc-
tion of a Higgs boson with a V (W or Z) boson. Using 139 fb−1 of data at 13 TeV, the most recent
search by the ATLAS Collaboration obtains an observed (expected) upper limit on the product
of the production cross section σ (VH) and branching fraction B (H → cc) of 26 (31) times the
SM prediction at 95% confidence level (CL) [34].

This Letter presents a search for H → cc in VH production using proton-proton (pp) collision
data at

√
s = 13 TeV, collected by the CMS detector in 2016–2018, and corresponding to an

integrated luminosity of 138 fb−1 [35–37]. Building upon a previous analysis by the CMS Col-
laboration [33], advanced c jet reconstruction and identification algorithms and sophisticated
analysis techniques using machine learning (ML) have been further developed to significantly
improve sensitivity.

The CMS apparatus [38] is a multipurpose, nearly hermetic detector, designed to trigger on [39,
40] and identify electrons, muons, photons, and (charged and neutral) hadrons [41–43]. A
global reconstruction “particle-flow” (PF) algorithm [44] combines the information provided
by the all-silicon inner tracker and by the crystal electromagnetic and brass-scintillator hadron
calorimeters, operating inside a 3.8 T superconducting solenoid, with data from gas-ionization
muon detectors embedded in the solenoid flux-return yoke, to reconstruct charged and neu-
tral hadrons, electrons, photons, and muons (PF candidates) and build τ leptons, jets, missing
transverse momentum, and other physics objects [45–47].

Two collections of jets, formed by PF candidates clustered with the anti-kT algorithm [48, 49],
are used in the search. The first uses a distance parameter R = 0.4, and will be referred to as
“small-R” jets. The second uses R = 1.5 and contains what are referred to as “large-R” jets. The
impact of particles from additional pp interactions within the same or nearby bunch crossings
(pileup) is mitigated via the charged hadron subtraction algorithm [44] for small-R jets, and
via the PUPPI [50, 51] algorithm for large-R jets. A regression algorithm [52] is developed
to improve large-R jet mass reconstruction that exploits properties of the PF candidates and
secondary vertices associated to the jet using the PARTICLENET graph neural network [53].
Mass resolution is improved by about 50% over traditional jet grooming algorithms [54, 55].
The small-R (large-R) jets are required to have transverse momentum (pT) above 25 (200) GeV
and to be within the tracker acceptance.

Signal and background processes are simulated using various Monte Carlo event generators.
The detector response is modeled with GEANT4 [56]. The WH and quark-induced ZH signal
processes are generated at next-to-leading order (NLO) accuracy in quantum chromodynamics
(QCD) using the POWHEG v2 [57–59] event generator extended with the multi-scale improved
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NLO (MiNLO) procedure [60, 61], while the gluon-induced ZH process is generated at leading
order (LO) accuracy with POWHEG v2. The Higgs boson mass is set to 125 GeV for all simu-
lations. The production cross sections of the signal processes [62] are corrected as a function
of pT(V) to next-to-next-to-leading order (NNLO) QCD + NLO EW accuracy combining the
VHNNLO [63–66], VH@NNLO [67, 68], and HAWK v2.0 [69] generators, as described in Ref. [62].

The V+jets background samples are generated with MADGRAPH5 aMC@NLO v2.6.0 [70] at
NLO with up to two additional partons. The top quark pair (tt) [71] and single top quark pro-
duction processes [72–74] are generated to NLO accuracy with POWHEG v2. The production
cross sections for the tt samples are scaled to the NNLO prediction with the next-to-next-to-
leading logarithmic resummation result obtained from TOP++ v2.0 [75], and the differential
cross sections as a function of top quark pT are corrected to the NNLO QCD + NLO EW predic-
tion [76]. Diboson backgrounds are generated at NLO with POWHEG v2 (MADGRAPH5 aMC@NLO

v2.4.2) for the WW [77] (WZ and ZZ) process. Production cross sections of the diboson pro-
cesses are reweighted as a function of the subleading vector boson pT to NNLO QCD + NLO
EW accuracy [78].

The NLO NNPDF3.0 [79] (NNLO NNPDF3.1 [80]) parton distribution function (PDF) set is
used for the 2016 (2017 and 2018) simulations. For parton showering and hadronization, in-
cluding the H → cc decay, matrix element generators are interfaced with PYTHIA v8.230 [81]
with the CUETP8M1 [82] (CP5 [83]) underlying event tune for 2016 (2017 and 2018) samples.
The matching of jets from matrix element calculations and those from parton showers is done
with the FxFx [84] (MLM [85]) prescription for NLO (LO) samples. For all samples, pileup
interactions are simulated with PYTHIA and added to the hard-scattering process. Events are
then reweighted to match the pileup profile observed in data.

The analysis is carried out in mutually exclusive channels targeting leptonic decays of the vec-
tor bosons: Z → νν, W → ℓν, and Z → ℓℓ, where ℓ is an electron or a muon, and referred
to as the 0L, 1L, and 2L channels. Events are collected using triggers based on large missing
transverse momentum, or the presence of one, or two well-identified and isolated leptons. The
event selection criteria are detailed in Ref. [33].

As for the previous search [33], the analysis reconstructs the Higgs boson candidate (Hcand) as-
suming either a “merged-jet” topology, in which the hadronization products of the two charm
quarks are reconstructed as a single large-R jet, or a “resolved-jet” topology, in which the
Hcand is reconstructed from two well-separated and individually resolved small-R c jets. These
two topologies can have significant overlap and are made distinct in reference to whether a
given Hcand, identified through a large-R jet in the event, has pT above or below a threshold of
300 GeV for the definition of the merged-jet and the resolved-jet topology, respectively, where
the dividing line is chosen to maximize sensitivity to VH(H → cc).

On average, the Hcand large-R jets in the signal process have larger pT than those from the
V+jets and tt backgrounds. Thus, the high-pT regime explored in the merged-jet topology,
although amounting to less than 5% of the signal cross section, provides significant sensitiv-
ity to the search. Because the highly boosted Higgs boson decay produces a more narrowly
concentrated collection of final-state particles, the use of a single large-R jet enhances the prob-
ability of correctly capturing the hadronization products of both charm quarks, and facilitates
the accounting of final-state radiation (FSR) emitted by the quarks. A detailed discussion of the
advantages can be found in Refs. [33, 55, 86].

State-of-the-art performance in the reconstruction and identification of the pair of c quarks from
the Higgs boson decay is achieved with PARTICLENET [53], a novel jet identification algorithm.
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Figure 1: Performance of PARTICLENET (blue lines) for identifying a cc pair for large-R jets
with pT > 300 GeV. The solid (dashed) line shows the efficiency to correctly identify H → cc
vs. the efficiency of misidentifying quarks or gluons from the V+jets process (vs. H → bb).
The red crosses represent the three working points used in the merged-jet analysis. The perfor-
mance of DEEPAK15 (yellow lines) used in Ref. [33] is shown for comparison.

Using PF candidates and secondary vertices associated to large-R jets as inputs, PARTICLENET

simultaneously exploits information related to jet substructure, flavor, and pileup with a graph
neural network [87], yielding substantial gains over other approaches [88, 89]. Decorrelation
of the algorithm’s response with the jet mass is achieved by training it with a dedicated set
of simulations produced with the same jet mass distributions for the signal and background
processes [88]. Figure 1 shows the performance of the cc discriminant in identifying a pair
of c quarks from Higgs boson decay for large-R jets with pT > 300 GeV. PARTICLENET is
compared to the previous state-of-the-art cc discriminant “DEEPAK15” [33, 90], yielding an
improvement by a factor of 4 to 7 in the rejection of other jet flavors. Three working points
are defined on the cc discriminant distribution with approximately 58, 40, and 16% efficiencies
for identifying a cc pair. The corresponding misidentification rates of light quark and gluon
jets (bb jets) are 2 (9), 0.7 (5), and 0.08 (1)%. These working points are used to separate events
into three mutually exclusive categories with different cc purity to improve the sensitivity of
the analysis. The cc identification efficiency in data is measured using a sample of events
containing a gluon splitting to cc. To increase the similarity to H → cc decay, a dedicated BDT
classifier is developed to enrich jets where a large fraction of momentum is carried by the quark
pair from gluon splitting rather than by additionally radiated gluons [91]. The pT-dependent
data-to-simulation efficiency ratios (used as corrective scale factors) are typically 0.9–1.3 with
corresponding uncertainties of 20–30%.

The main backgrounds, tt and V+jets, are suppressed by a separate boosted decision tree (BDT)
classifier for each channel, using kinematical variables that are not correlated with the Hcand
mass, m (Hcand), or the cc discriminant as inputs. The BDT design relies on previous develop-
ments [33] with improvements in variable selection and training procedure, leading to ≈15%
enhancement of the sensitivity of the analysis. The BDT discriminants are used to define 2 (1)
signal regions (SRs) in the 1L (0L and 2L) channel. Events in the SRs are further subdivided
into the three cc discriminant categories mentioned above. The m (Hcand) distributions are
used to separate signal and background contributions in each SR, as both the BDTs and the cc
discriminant are designed to be largely independent of m (Hcand).
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More than 95% of the VH events have a Higgs boson with pT(H) < 300 GeV, corresponding
to the phase space region where the Higgs boson decay products generally give rise to two
distinctly reconstructed small-R jets. The resolved-jet topology exploits a large fraction of this
phase space, which, however, contains higher background contamination than that used in the
merged-jet analysis. The Hcand is reconstructed via two distinct small-R jets. The identification
of c jets relies on the ML-based DEEPJET algorithm [92, 93]. The discrimination between c jets
and light quark or gluon jets (b jets) is achieved via the ratio of the corresponding probabilities,
defined as CvsL (CvsB) [94]. Potential differences in the discriminant shapes between data
and simulation are taken into account by flavor-dependent simulation-to-data efficiency scale
factors [94], which are typically in the 0.9–1.0 range. The corresponding uncertainties range
from ≈2% for light quark and gluon jets or b jets, to ≈5% for c jets.

The two jets with the highest CvsL discriminants in each event are selected to reconstruct the
Hcand momentum four-vector. To improve sample purity, criteria are imposed on CvsL and
CvsB for the leading jet that correspond to ≈40% c jet efficiency, for ≈4 (≈16)% light quark
or gluon jet (b jet) misidentification rate. Multiple corrections are applied to improve the
m (Hcand) reconstruction. To account for a potential underestimation of the c jet energy, due
to the presence of undetected neutrinos in c hadron decays, an ML-based jet energy regres-
sion algorithm [95], originally developed for b jets, is adapted for c jets. In addition, small-R
jets reconstructed in the vicinity of Hcand jets, often stemming from FSR, are included in the
Hcand reconstruction [33]. The m (Hcand) resolution in the 2L channel is further improved via a
kinematic fit by balancing the momenta of the two small-R jets and the lepton pair within ex-
perimental uncertainties [96]. These steps improve the m (Hcand) resolution up to 20%. Finally,
a BDT classifier is developed to maximize the discrimination power between signal and back-
ground processes in each channel, using event-level kinematical variables, c jet identification
discriminants, and properties of Hcand, including m (Hcand), as inputs [33].

The signal strength modifier µ, defined as (σB)obs / (σB)SM where σ is the signal production
cross section and B is the branching fraction, is measured via a binned maximum likelihood fit
to data. The best-fit value of µ and an approximate 68% CL confidence interval are extracted
following the procedure in Ref. [17]. The fitted variable is m (Hcand) in the merged-jet anal-
ysis, and the BDT discriminant in the resolved-jet analysis. The normalizations of the main
backgrounds, namely V+jets and tt, are estimated by including dedicated control regions in
the fit following the strategy detailed in Ref. [33]. Contributions from single top, diboson and
VH(H → bb) processes are estimated from simulation assuming SM production rates. Because
of improvements in c jet identification, the difficult VH(H → bb) background contribution in
the high cc purity SRs is reduced from about twenty times to only about twice that expected
for VH(H → cc), and the VZ(Z → bb) yield is reduced from more than 100% to about 10%
of that expected for VZ(Z → cc). Contributions from H → ττ decays are negligible after the
above-mentioned selection criteria, and are not considered.

Systematic uncertainties affecting normalizations and shapes of fitted variables are taken into
account via nuisance parameters. The relative contribution of each uncertainty source to the
total uncertainty in the fitted µ is summarized in Table 1. The leading uncertainty is statistical
because of the limited number of events in the SRs as well as the control regions used to extract
background normalizations. The main experimental systematic uncertainties are associated
with limited simulation sample sizes, particularly due to large fractions of negatively weighted
events in the NLO V+jets samples, and the c jet identification efficiencies, representing ≈37 and
≈23% of the total, respectively. Theoretical uncertainties in the cross sections, pT spectra, PDFs,
renormalization and factorization scales, represent ≈22% of the total uncertainty in µ.
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Table 1: The relative contributions to the total uncertainty in the signal strength modifier µ for
the VH(H → cc) process, where the best fit is µVH(H→cc ) = 7.7+3.8

−3.5.

Uncertainty source ∆µ/ (∆µ)tot
Statistical 85%

Background normalizations 37%
Experimental 48%

Sizes of the simulated samples 37%
c jet identification efficiencies 23%
Jet energy scale and resolution 15%
Simulation modeling 11%
Integrated luminosity 6%
Lepton identification efficiencies 4%

Theory 22%
Backgrounds 17%
Signal 15%
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Figure 2: Distribution of events as a function of S/B in the VZ(Z → cc) (left) and VH(H → cc)
(right) searches, where S and B are the postfit signal and background yields, respectively, in
each bin of the fitted m (Hcand) or BDT discriminant distributions. The bottom panel shows
the ratio of data to the total background, with the uncertainty in background indicated by gray
hatching. The red line represents background plus SM signal divided by background.

A search for the analogous SM process VZ(Z → cc) is performed to validate the analysis strat-
egy. The BDTs in the resolved-jet topology are modified by training them with VZ(Z → cc)
as signal. No modification is needed for the BDTs in the merged-jet topology as they are inde-
pendent of m (Hcand). The best fit µ of this process is µVZ(Z→cc ) = 1.01+0.23

−0.21, in agreement with
the SM expectation. Figure 2 (left) shows the distribution of events in all channels, sorted into
bins of similar signal-to-background ratios. The observed data show a visible excess over the
expected backgrounds. The significance of the excess is computed using the asymptotic distri-
bution of a test statistic based on the profile likelihood ratio [97, 98]. The observed (expected)
significance is 4.4 (4.7) standard deviations for the merged-jet analysis, 3.1 (3.3) standard devia-
tions for the resolved-jet analysis, and 5.7 (5.9) standard deviations for their combination. This
is the first observation of Z → cc at a hadron collider.

Figure 2 (right) compares the observed data to the SM prediction in the search for VH(H → cc),
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Figure 3: Combined m (Hcand) distribution in all channels of the merged-jet analysis. The fitted
m (Hcand) distribution in each SR is weighted by S/(S + B), where S and B are the postfit
VH(H → cc) signal and total background yields. The lower panel shows data (points) and
the fitted VH(H → cc) (red) and VZ(Z → cc) (grey) distributions after subtracting all other
processes. Error bars represent pre-subtraction statistical uncertainties in data, while the gray
hatching indicates the total uncertainty in the signal and all background processes.

where the best fit is µVH(H→cc ) = 7.7+3.8
−3.5. The fitted m (Hcand) distribution in the merged-jet

topology is displayed in Fig. 3. No significant excess over the background-only hypothesis is
observed. An upper limit on µVH(H→cc ) is extracted using the CLs criterion [99, 100]. The test
statistic is the profile likelihood ratio modified for upper limits [97], and the asymptotic ap-
proximation [98] is used in the limit setting procedure. The observed (expected) 95% CL upper
limit on µVH(H→cc ) is 14 (7.6+3.4

−2.3), which is equivalent to an observed (expected) upper limit on
σ (VH)B (H → cc) of 0.94 (0.50+0.22

−0.15) pb. Contributions from the individual channels are sum-
marized in Fig. 4. Tabulated results are provided in the HEPData record for this analysis [101].

The result is interpreted in the κ-framework [62, 102] by reparameterizing µVH(H→cc ) in terms
of the Higgs-charm Yukawa coupling modifier κc , assuming only the Higgs boson decay widths
are altered:

µVH(H→cc ) =
κ2

c

1 + BSM (H → cc) (κ2
c − 1)

. (1)

The observed 95% CL interval is 1.1 < |κc | < 5.5, and the corresponding expected constraint is
|κc | < 3.4.

In summary, a search for the SM Higgs boson decaying to a pair of charm quarks in the CMS
experiment is presented. Novel jet reconstruction and identification tools, and analysis tech-
niques are developed for this analysis, which is validated by measuring the VZ(Z → cc) pro-
cess. The observed Z boson signal relative to the SM prediction is µVZ(Z→cc ) = 1.01+0.23

−0.21, with
an observed (expected) significance of 5.7 (5.9) standard deviations above the background-only
hypothesis. This is the first observation of Z → cc at a hadronic collider.

The observed (expected) upper limit on σ (VH)B (H → cc) is 0.94 (0.50+0.22
−0.15) pb, correspond-

ing to 14 (7.6+3.4
−2.3) times the theoretical prediction for an SM Higgs boson mass of 125.38 GeV.

The observed (expected) 95% CL interval on the modifier, κc , for the Yukawa coupling of the
Higgs boson to the charm quark is 1.1 < |κc | < 5.5 (|κc | < 3.4). This is the most stringent con-
straint on κc to date.
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Acknowledgments
We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other
CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-
fully acknowledge the computing centres and personnel of the Worldwide LHC Computing
Grid and other centres for delivering so effectively the computing infrastructure essential to
our analyses. Finally, we acknowledge the enduring support for the construction and oper-
ation of the LHC, the CMS detector, and the supporting computing infrastructure provided
by the following funding agencies: BMBWF and FWF (Austria); FNRS and FWO (Belgium);
CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria); CERN;
CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia); RIF
(Cyprus); SENESCYT (Ecuador); MoER, ERC PUT and ERDF (Estonia); Academy of Finland,
MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany);
GSRI (Greece); NKFIH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN
(Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS (Mon-
tenegro); MBIE (New Zealand); PAEC (Pakistan); MES and NSC (Poland); FCT (Portugal);
MESTD (Serbia); MCIN/AEI and PCTI (Spain); MOSTR (Sri Lanka); Swiss Funding Agen-
cies (Switzerland); MST (Taipei); MHESI and NSTDA (Thailand); TUBITAK and TENMAK
(Turkey); NASU (Ukraine); STFC (United Kingdom); DOE and NSF (USA).

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 (2012) 1,
doi:10.1016/j.physletb.2012.08.020, arXiv:1207.7214.

[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 (2012) 30,
doi:10.1016/j.physletb.2012.08.021, arXiv:1207.7235.

http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://www.arXiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://www.arXiv.org/abs/1207.7235


8

[3] CMS Collaboration, “Observation of a new boson with mass near 125 GeV in pp
collisions at

√
s = 7 and 8 TeV”, JHEP 06 (2013) 081,

doi:10.1007/JHEP06(2013)081, arXiv:1303.4571.

[4] CMS Collaboration, “A measurement of the Higgs boson mass in the diphoton decay
channel”, Phys. Lett. B 805 (2020) 135425,
doi:10.1016/j.physletb.2020.135425, arXiv:2002.06398.

[5] ATLAS Collaboration, “Measurement of Higgs boson production in the diphoton decay
channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS
detector”, Phys. Rev. D 90 (2014) 112015, doi:10.1103/PhysRevD.90.112015,
arXiv:1408.7084.

[6] CMS Collaboration, “Observation of the diphoton decay of the Higgs boson and
measurement of its properties”, Eur. Phys. J. C 74 (2014) 3076,
doi:10.1140/epjc/s10052-014-3076-z, arXiv:1407.0558.

[7] ATLAS Collaboration, “Measurements of Higgs boson production and couplings in the
four-lepton channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the
ATLAS detector”, Phys. Rev. D 91 (2015) 012006,
doi:10.1103/PhysRevD.91.012006, arXiv:1408.5191.

[8] CMS Collaboration, “Measurement of the properties of a Higgs boson in the four-lepton
final state”, Phys. Rev. D 89 (2014) 092007, doi:10.1103/PhysRevD.89.092007,
arXiv:1312.5353.

[9] ATLAS Collaboration, “Observation and measurement of Higgs boson decays to WW∗

with the ATLAS detector”, Phys. Rev. D 92 (2015) 012006,
doi:10.1103/PhysRevD.92.012006, arXiv:1412.2641.

[10] ATLAS Collaboration, “Study of (W/Z)H production and Higgs boson couplings using
H → WW∗ decays with the ATLAS detector”, JHEP 08 (2015) 137,
doi:10.1007/JHEP08(2015)137, arXiv:1506.06641.

[11] CMS Collaboration, “Measurement of Higgs boson production and properties in the
WW decay channel with leptonic final states”, JHEP 01 (2014) 096,
doi:10.1007/JHEP01(2014)096, arXiv:1312.1129.

[12] ATLAS Collaboration, “Evidence for the Higgs-boson Yukawa coupling to tau leptons
with the ATLAS detector”, JHEP 04 (2015) 117, doi:10.1007/JHEP04(2015)117,
arXiv:1501.04943.

[13] CMS Collaboration, “Evidence for the 125 GeV Higgs boson decaying to a pair of τ
leptons”, JHEP 05 (2014) 104, doi:10.1007/JHEP05(2014)104,
arXiv:1401.5041.

[14] CMS Collaboration, “Observation of the Higgs boson decay to a pair of tau leptons”,
Phys. Lett. B 779 (2017) 283, doi:10.1016/j.physletb.2018.02.004,
arXiv:1708.00373.

[15] CMS Collaboration, “Measurements of properties of the Higgs boson decaying to a W
boson pair in pp collisions at

√
s = 13 TeV”, Phys. Lett. B 791 (2019) 96,

doi:10.1016/j.physletb.2018.12.073, arXiv:1806.05246.

http://dx.doi.org/10.1007/JHEP06(2013)081
http://www.arXiv.org/abs/1303.4571
http://dx.doi.org/10.1016/j.physletb.2020.135425
http://www.arXiv.org/abs/2002.06398
http://dx.doi.org/10.1103/PhysRevD.90.112015
http://www.arXiv.org/abs/1408.7084
http://dx.doi.org/10.1140/epjc/s10052-014-3076-z
http://www.arXiv.org/abs/1407.0558
http://dx.doi.org/10.1103/PhysRevD.91.012006
http://www.arXiv.org/abs/1408.5191
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://www.arXiv.org/abs/1312.5353
http://dx.doi.org/10.1103/PhysRevD.92.012006
http://www.arXiv.org/abs/1412.2641
http://dx.doi.org/10.1007/JHEP08(2015)137
http://www.arXiv.org/abs/1506.06641
http://dx.doi.org/10.1007/JHEP01(2014)096
http://www.arXiv.org/abs/1312.1129
http://dx.doi.org/10.1007/JHEP04(2015)117
http://www.arXiv.org/abs/1501.04943
http://dx.doi.org/10.1007/JHEP05(2014)104
http://www.arXiv.org/abs/1401.5041
http://dx.doi.org/10.1016/j.physletb.2018.02.004
http://www.arXiv.org/abs/1708.00373
http://dx.doi.org/10.1016/j.physletb.2018.12.073
http://www.arXiv.org/abs/1806.05246


References 9

[16] ATLAS Collaboration, “Measurements of the Higgs boson production and decay rates
and coupling strengths using pp collision data at

√
s = 7 and 8 TeV in the ATLAS

experiment”, Eur. Phys. J. C 76 (2016) 6, doi:10.1140/epjc/s10052-015-3769-y,
arXiv:1507.04548.

[17] CMS Collaboration, “Precise determination of the mass of the Higgs boson and tests of
compatibility of its couplings with the standard model predictions using proton
collisions at 7 and 8 TeV”, Eur. Phys. J. C 75 (2015) 212,
doi:10.1140/epjc/s10052-015-3351-7, arXiv:1412.8662.

[18] CMS Collaboration, “Study of the mass and spin-parity of the Higgs boson candidate
via its decays to Z boson pairs”, Phys. Rev. Lett. 110 (2013) 081803,
doi:10.1103/PhysRevLett.110.081803, arXiv:1212.6639.

[19] ATLAS Collaboration, “Evidence for the spin-0 nature of the Higgs boson using ATLAS
data”, Phys. Lett. B 726 (2013) 120, doi:10.1016/j.physletb.2013.08.026,
arXiv:1307.1432.

[20] ATLAS and CMS Collaborations, “Measurements of the Higgs boson production and
decay rates and constraints on its couplings from a combined ATLAS and CMS analysis
of the LHC pp collision data at

√
s = 7 and 8 TeV”, JHEP 08 (2016) 045,

doi:10.1007/JHEP08(2016)045, arXiv:1606.02266.

[21] ATLAS and CMS Collaborations, “Combined measurement of the Higgs boson mass in
pp collisions at

√
s = 7 and 8 TeV with the ATLAS and CMS experiments”, Phys. Rev.

Lett. 114 (2015) 191803, doi:10.1103/PhysRevLett.114.191803,
arXiv:1503.07589.

[22] CMS Collaboration, “Measurements of properties of the Higgs boson decaying into the
four-lepton final state in pp collisions at

√
s = 13 TeV”, JHEP 11 (2017) 047,

doi:10.1007/JHEP11(2017)047, arXiv:1706.09936.

[23] ATLAS Collaboration, “Combined measurement of differential and total cross sections
in the H → γγ and the H → ZZ∗ → 4ℓ decay channels at

√
s = 13 TeV with the ATLAS

detector”, Phys. Lett. B 786 (2018) 114, doi:10.1016/j.physletb.2018.09.019,
arXiv:1805.10197.

[24] ATLAS Collaboration, “Measurement of the Higgs boson mass in the H → ZZ∗ → 4ℓ
and H → γγ channels with

√
s = 13 TeV pp collisions using the ATLAS detector”,

Phys. Lett. B 784 (2018) 345, doi:10.1016/j.physletb.2018.07.050,
arXiv:1806.00242.

[25] CMS Collaboration, “Search for the Higgs boson decaying to two muons in
proton-proton collisions at

√
s = 13 TeV”, Phys. Rev. Lett. 122 (2019) 021801,

doi:10.1103/PhysRevLett.122.021801, arXiv:1807.06325.

[26] C. Delaunay, T. Golling, G. Perez, and Y. Soreq, “Enhanced Higgs boson coupling to
charm pairs”, Phys. Rev. D 89 (2014), no. 3, 033014,
doi:10.1103/PhysRevD.89.033014, arXiv:1310.7029.

[27] G. Perez, Y. Soreq, E. Stamou, and K. Tobioka, “Constraining the charm Yukawa and
Higgs-quark coupling universality”, Phys. Rev. D 92 (2015) 033016,
doi:10.1103/PhysRevD.92.033016, arXiv:1503.00290.

http://dx.doi.org/10.1140/epjc/s10052-015-3769-y
http://www.arXiv.org/abs/1507.04548
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
http://www.arXiv.org/abs/1412.8662
http://dx.doi.org/10.1103/PhysRevLett.110.081803
http://www.arXiv.org/abs/1212.6639
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://www.arXiv.org/abs/1307.1432
http://dx.doi.org/10.1007/JHEP08(2016)045
http://www.arXiv.org/abs/1606.02266
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://www.arXiv.org/abs/1503.07589
http://dx.doi.org/10.1007/JHEP11(2017)047
http://www.arXiv.org/abs/1706.09936
http://dx.doi.org/10.1016/j.physletb.2018.09.019
http://www.arXiv.org/abs/1805.10197
http://dx.doi.org/10.1016/j.physletb.2018.07.050
http://www.arXiv.org/abs/1806.00242
http://dx.doi.org/10.1103/PhysRevLett.122.021801
http://www.arXiv.org/abs/1807.06325
http://dx.doi.org/10.1103/PhysRevD.89.033014
http://www.arXiv.org/abs/1310.7029
http://dx.doi.org/10.1103/PhysRevD.92.033016
http://www.arXiv.org/abs/1503.00290


10

[28] D. Ghosh, R. S. Gupta, and G. Perez, “Is the Higgs mechanism of fermion mass
generation a fact? A Yukawa-less first-two-generation model”, Phys. Lett. B 755 (2016)
504, doi:10.1016/j.physletb.2016.02.059, arXiv:1508.01501.

[29] F. J. Botella, G. C. Branco, M. N. Rebelo, and J. I. Silva-Marcos, “What if the masses of
the first two quark families are not generated by the standard model Higgs boson?”,
Phys. Rev. D 94 (2016) 115031, doi:10.1103/PhysRevD.94.115031,
arXiv:1602.08011.

[30] R. Harnik, J. Kopp, and J. Zupan, “Flavor violating Higgs decays”, JHEP 03 (2013) 026,
doi:10.1007/JHEP03(2013)026, arXiv:1209.1397.

[31] W. Altmannshofer et al., “Collider signatures of flavorful Higgs bosons”, Phys. Rev. D
94 (2016) 115032, doi:10.1103/PhysRevD.94.115032, arXiv:1610.02398.

[32] ATLAS Collaboration, “Search for the decay of the Higgs boson to charm quarks with
the ATLAS experiment”, Phys. Rev. Lett. 120 (2018) 211802,
doi:10.1103/PhysRevLett.120.211802, arXiv:1802.04329.

[33] CMS Collaboration, “A search for the standard model Higgs boson decaying to charm
quarks”, JHEP 03 (2020) 131, doi:10.1007/JHEP03(2020)131,
arXiv:1912.01662.

[34] ATLAS Collaboration, “Direct constraint on the Higgs-charm coupling from a search for
Higgs boson decays into charm quarks with the ATLAS detector”, Eur. Phys. J. C 82
(2022) 717, doi:10.1140/epjc/s10052-022-10588-3, arXiv:2201.11428.

[35] CMS Collaboration, “Precision luminosity measurement in proton-proton collisions at√
s = 13 TeV in 2015 and 2016 at CMS”, Eur. Phys. J. C 81 (2021) 800,

doi:10.1140/epjc/s10052-021-09538-2, arXiv:2104.01927.

[36] CMS Collaboration, “CMS luminosity measurement for the 2017 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-17-004, 2018.

[37] CMS Collaboration, “CMS luminosity measurement for the 2018 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-18-002, 2019.

[38] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[39] CMS Collaboration, “Performance of the CMS Level-1 trigger in proton-proton
collisions at

√
s = 13 TeV”, JINST 15 (2020) P10017,

doi:10.1088/1748-0221/15/10/P10017, arXiv:2006.10165.

[40] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[41] CMS Collaboration, “Electron and photon reconstruction and identification with the
CMS experiment at the CERN LHC”, JINST 16 (2021) P05014,
doi:10.1088/1748-0221/16/05/P05014, arXiv:2012.06888.

[42] CMS Collaboration, “Performance of the CMS muon detector and muon reconstruction
with proton-proton collisions at

√
s = 13 TeV”, JINST 13 (2018) P06015,

doi:10.1088/1748-0221/13/06/P06015, arXiv:1804.04528.

http://dx.doi.org/10.1016/j.physletb.2016.02.059
http://www.arXiv.org/abs/1508.01501
http://dx.doi.org/10.1103/PhysRevD.94.115031
http://www.arXiv.org/abs/1602.08011
http://dx.doi.org/10.1007/JHEP03(2013)026
http://www.arXiv.org/abs/1209.1397
http://dx.doi.org/10.1103/PhysRevD.94.115032
http://www.arXiv.org/abs/1610.02398
http://dx.doi.org/10.1103/PhysRevLett.120.211802
http://www.arXiv.org/abs/1802.04329
http://dx.doi.org/10.1007/JHEP03(2020)131
http://www.arXiv.org/abs/1912.01662
http://dx.doi.org/10.1140/epjc/s10052-022-10588-3
http://www.arXiv.org/abs/2201.11428
http://dx.doi.org/10.1140/epjc/s10052-021-09538-2
http://www.arXiv.org/abs/2104.01927
https://cds.cern.ch/record/2621960/
https://cds.cern.ch/record/2621960/
https://cds.cern.ch/record/2676164/
https://cds.cern.ch/record/2676164/
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/15/10/P10017
http://www.arXiv.org/abs/2006.10165
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1088/1748-0221/16/05/P05014
http://www.arXiv.org/abs/2012.06888
http://dx.doi.org/10.1088/1748-0221/13/06/P06015
http://www.arXiv.org/abs/1804.04528


References 11

[43] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/P10009, arXiv:1405.6569.

[44] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[45] CMS Collaboration, “Performance of reconstruction and identification of τ leptons
decaying to hadrons and ντ in pp collisions at

√
s = 13 TeV”, JINST 13 (2018) P10005,

doi:10.1088/1748-0221/13/10/P10005, arXiv:1809.02816.

[46] CMS Collaboration, “Jet energy scale and resolution in the CMS experiment in pp
collisions at 8 TeV”, JINST 12 (2017) P02014,
doi:10.1088/1748-0221/12/02/P02014, arXiv:1607.03663.

[47] CMS Collaboration, “Performance of missing transverse momentum reconstruction in
proton-proton collisions at

√
s = 13 TeV using the CMS detector”, JINST 14 (2019)

P07004, doi:10.1088/1748-0221/14/07/P07004, arXiv:1903.06078.

[48] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kT jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[49] M. Cacciari, G. P. Salam, and G. Soyez, “FastJet user manual”, Eur. Phys. J. C 72 (2012)
1896, doi:10.1140/epjc/s10052-012-1896-2, arXiv:1111.6097.

[50] CMS Collaboration, “Pileup mitigation at CMS in 13 TeV data”, JINST 15 (2020)
P09018, doi:10.1088/1748-0221/15/09/P09018, arXiv:2003.00503.

[51] D. Bertolini, P. Harris, M. Low, and N. Tran, “Pileup per particle identification”, JHEP
10 (2014) 059, doi:10.1007/JHEP10(2014)059, arXiv:1407.6013.

[52] CMS Collaboration, “Mass regression of highly-boosted jets using graph neural
networks”, CMS Detector Performance Note CMS-DP-2021-017, 2021.

[53] H. Qu and L. Gouskos, “Jet tagging via particle clouds”, Phys. Rev. D 101 (2020) 056019,
doi:10.1103/PhysRevD.101.056019, arXiv:1902.08570.

[54] M. Dasgupta, A. Fregoso, S. Marzani, and G. P. Salam, “Towards an understanding of jet
substructure”, JHEP 09 (2013) 029, doi:10.1007/JHEP09(2013)029,
arXiv:1307.0007.

[55] J. M. Butterworth, A. R. Davison, M. Rubin, and G. P. Salam, “Jet substructure as a new
Higgs search channel at the LHC”, Phys. Rev. Lett. 100 (2008) 242001,
doi:10.1103/PhysRevLett.100.242001, arXiv:0802.2470.

[56] GEANT4 Collaboration, “GEANT4 — A simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[57] P. Nason, “A new method for combining NLO QCD with shower Monte Carlo
algorithms”, JHEP 11 (2004) 040, doi:10.1088/1126-6708/2004/11/040,
arXiv:hep-ph/0409146.

[58] S. Frixione, P. Nason, and C. Oleari, “Matching NLO QCD computations with parton
shower simulations: the POWHEG method”, JHEP 11 (2007) 070,
doi:10.1088/1126-6708/2007/11/070, arXiv:0709.2092.

http://dx.doi.org/10.1088/1748-0221/9/10/P10009
http://www.arXiv.org/abs/1405.6569
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
http://www.arXiv.org/abs/1706.04965
http://dx.doi.org/10.1088/1748-0221/13/10/P10005
http://www.arXiv.org/abs/1809.02816
http://dx.doi.org/10.1088/1748-0221/12/02/P02014
http://www.arXiv.org/abs/1607.03663
http://dx.doi.org/10.1088/1748-0221/14/07/P07004
http://www.arXiv.org/abs/1903.06078
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://www.arXiv.org/abs/0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://www.arXiv.org/abs/1111.6097
http://dx.doi.org/10.1088/1748-0221/15/09/P09018
http://www.arXiv.org/abs/2003.00503
http://dx.doi.org/10.1007/JHEP10(2014)059
http://www.arXiv.org/abs/1407.6013
https://cds.cern.ch/record/2777006
https://cds.cern.ch/record/2777006
http://dx.doi.org/10.1103/PhysRevD.101.056019
http://www.arXiv.org/abs/1902.08570
http://dx.doi.org/10.1007/JHEP09(2013)029
http://www.arXiv.org/abs/1307.0007
http://dx.doi.org/10.1103/PhysRevLett.100.242001
http://www.arXiv.org/abs/0802.2470
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://www.arXiv.org/abs/hep-ph/0409146
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://www.arXiv.org/abs/0709.2092


12

[59] S. Alioli, P. Nason, C. Oleari, and E. Re, “A general framework for implementing NLO
calculations in shower Monte Carlo programs: the POWHEG BOX”, JHEP 06 (2010)
043, doi:10.1007/JHEP06(2010)043, arXiv:1002.2581.

[60] K. Hamilton, P. Nason, and G. Zanderighi, “MINLO: Multi-scale improved NLO”,
JHEP 10 (2012) 155, doi:10.1007/JHEP10(2012)155, arXiv:1206.3572.

[61] G. Luisoni, P. Nason, C. Oleari, and F. Tramontano, “HW±/HZ + 0 and 1 jet at NLO
with the POWHEG BOX interfaced to GoSam and their merging within MiNLO”, JHEP
10 (2013) 083, doi:10.1007/JHEP10(2013)083, arXiv:1306.2542.

[62] LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs cross sections: 4.
deciphering the nature of the Higgs sector”, CERN (2016)
doi:10.23731/CYRM-2017-002, arXiv:1610.07922.

[63] G. Ferrera, M. Grazzini, and F. Tramontano, “Higher-order QCD effects for associated
WH production and decay at the LHC”, JHEP 04 (2014) 039,
doi:10.1007/JHEP04(2014)039, arXiv:1312.1669.

[64] G. Ferrera, M. Grazzini, and F. Tramontano, “Associated ZH production at hadron
colliders: the fully differential NNLO QCD calculation”, Phys. Lett. B 740 (2015) 51,
doi:10.1016/j.physletb.2014.11.040, arXiv:1407.4747.

[65] G. Ferrera, M. Grazzini, and F. Tramontano, “Associated WH production at hadron
colliders: a fully exclusive QCD calculation at NNLO”, Phys. Rev. Lett. 107 (2011)
152003, doi:10.1103/PhysRevLett.107.152003, arXiv:1107.1164.

[66] G. Ferrera, G. Somogyi, and F. Tramontano, “Associated production of a Higgs boson
decaying into bottom quarks at the LHC in full NNLO QCD”, Phys. Lett. B 780 (2018)
346, doi:10.1016/j.physletb.2018.03.021, arXiv:1705.10304.

[67] O. Brein, R. V. Harlander, and T. J. E. Zirke, “vh@nnlo — Higgs Strahlung at hadron
colliders”, Comput. Phys. Commun. 184 (2013) 998,
doi:10.1016/j.cpc.2012.11.002, arXiv:1210.5347.

[68] R. V. Harlander, S. Liebler, and T. Zirke, “Higgs Strahlung at the Large Hadron Collider
in the 2-Higgs-doublet model”, JHEP 02 (2014) 023,
doi:10.1007/JHEP02(2014)023, arXiv:1307.8122.

[69] A. Denner, S. Dittmaier, S. Kallweit, and A. Mück, “HAWK 2.0: A Monte Carlo program
for Higgs production in vector-boson fusion and Higgs strahlung at hadron colliders”,
Comput. Phys. Commun. 195 (2015) 161, doi:10.1016/j.cpc.2015.04.021,
arXiv:1412.5390.

[70] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.

[71] S. Frixione, P. Nason, and G. Ridolfi, “A positive-weight next-to-leading-order Monte
Carlo for heavy flavour hadroproduction”, JHEP 09 (2007) 126,
doi:10.1088/1126-6708/2007/09/126, arXiv:0707.3088.

[72] E. Re, “Single-top Wt-channel production matched with parton showers using the
POWHEG method”, Eur. Phys. J. C 71 (2011) 1547,
doi:10.1140/epjc/s10052-011-1547-z, arXiv:1009.2450.

http://dx.doi.org/10.1007/JHEP06(2010)043
http://www.arXiv.org/abs/1002.2581
http://dx.doi.org/10.1007/JHEP10(2012)155
http://www.arXiv.org/abs/1206.3572
http://dx.doi.org/10.1007/JHEP10(2013)083
http://www.arXiv.org/abs/1306.2542
http://dx.doi.org/10.23731/CYRM-2017-002
http://www.arXiv.org/abs/1610.07922
http://dx.doi.org/10.1007/JHEP04(2014)039
http://www.arXiv.org/abs/1312.1669
http://dx.doi.org/10.1016/j.physletb.2014.11.040
http://www.arXiv.org/abs/1407.4747
http://dx.doi.org/10.1103/PhysRevLett.107.152003
http://www.arXiv.org/abs/1107.1164
http://dx.doi.org/10.1016/j.physletb.2018.03.021
http://www.arXiv.org/abs/1705.10304
http://dx.doi.org/10.1016/j.cpc.2012.11.002
http://www.arXiv.org/abs/1210.5347
http://dx.doi.org/10.1007/JHEP02(2014)023
http://www.arXiv.org/abs/1307.8122
http://dx.doi.org/10.1016/j.cpc.2015.04.021
http://www.arXiv.org/abs/1412.5390
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301
http://dx.doi.org/10.1088/1126-6708/2007/09/126
http://www.arXiv.org/abs/0707.3088
http://dx.doi.org/10.1140/epjc/s10052-011-1547-z
http://www.arXiv.org/abs/1009.2450


References 13

[73] R. Frederix, E. Re, and P. Torrielli, “Single-top t-channel hadroproduction in the
four-flavour scheme with POWHEG and aMC@NLO”, JHEP 09 (2012) 130,
doi:10.1007/JHEP09(2012)130, arXiv:1207.5391.

[74] S. Alioli, P. Nason, C. Oleari, and E. Re, “NLO single-top production matched with
shower in POWHEG: s- and t-channel contributions”, JHEP 09 (2009) 111,
doi:10.1088/1126-6708/2009/09/111, arXiv:0907.4076. [Erratum:
doi:10.1007/JHEP02(2010)011].

[75] M. Czakon and A. Mitov, “Top++: A program for the calculation of the top-pair
cross-section at hadron colliders”, Comput. Phys. Commun. 185 (2014) 2930,
doi:10.1016/j.cpc.2014.06.021, arXiv:1112.5675.

[76] M. Czakon et al., “Top-pair production at the LHC through NNLO QCD and NLO EW”,
JHEP 10 (2017) 186, doi:10.1007/JHEP10(2017)186, arXiv:1705.04105.

[77] T. Melia, P. Nason, R. Rontsch, and G. Zanderighi, “W+W−, WZ and ZZ production in
the POWHEG BOX”, JHEP 11 (2011) 078, doi:10.1007/JHEP11(2011)078,
arXiv:1107.5051.

[78] M. Grazzini et al., “NNLO QCD + NLO EW with Matrix+OpenLoops: precise
predictions for vector-boson pair production”, JHEP 02 (2020) 087,
doi:10.1007/JHEP02(2020)087, arXiv:1912.00068.

[79] NNPDF Collaboration, “Parton distributions for the LHC Run II”, JHEP 04 (2015) 040,
doi:10.1007/JHEP04(2015)040, arXiv:1410.8849.

[80] NNPDF Collaboration, “Parton distributions from high-precision collider data”, Eur.
Phys. J. C 77 (2017) 663, doi:10.1140/epjc/s10052-017-5199-5,
arXiv:1706.00428.
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Université Libre de Bruxelles, Bruxelles, Belgium
B. Clerbaux , G. De Lentdecker , L. Favart , J. Jaramillo , K. Lee , M. Mahdavikhor-
rami , I. Makarenko , A. Malara , S. Paredes , L. Pétré , N. Postiau, E. Starling ,
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M. Teroerde

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
S. Diekmann , A. Dodonova , N. Eich , D. Eliseev , M. Erdmann , P. Fackeldey ,

https://orcid.org/0000-0002-4177-7209
https://orcid.org/0000-0002-7322-3374
https://orcid.org/0000-0001-8692-5458
https://orcid.org/0000-0003-1260-973X
https://orcid.org/0000-0001-6645-6244
https://orcid.org/0000-0002-2387-4777
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-3532-8132
https://orcid.org/0000-0002-5191-5759
https://orcid.org/0000-0001-7040-9491
https://orcid.org/0000-0002-6552-7255
https://orcid.org/0000-0002-3364-916X
https://orcid.org/0000-0002-3244-0591
https://orcid.org/0000-0001-7369-2536
https://orcid.org/0000-0003-4807-0414
https://orcid.org/0000-0002-5200-6477
https://orcid.org/0000-0001-5871-9622
https://orcid.org/0000-0001-6066-8756
https://orcid.org/0000-0002-4023-7964
https://orcid.org/0000-0003-2898-6900
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-8398-4249
https://orcid.org/0000-0002-5502-1795
https://orcid.org/0000-0003-1370-5598
https://orcid.org/0009-0002-4847-8882
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0000-0003-0510-3810
https://orcid.org/0000-0001-9337-5722
https://orcid.org/0000-0002-6764-0016
https://orcid.org/0000-0003-2039-5874
https://orcid.org/0000-0002-7073-7767
https://orcid.org/0000-0003-0386-8633
https://orcid.org/0000-0003-2340-4641
https://orcid.org/0000-0002-1133-5485
https://orcid.org/0000-0002-4359-836X
https://orcid.org/0000-0003-3278-3671
https://orcid.org/0000-0003-2040-4099
https://orcid.org/0009-0008-2784-615X
https://orcid.org/0000-0002-9860-101X
https://orcid.org/0000-0003-3090-9744
https://orcid.org/0000-0002-3932-5967
https://orcid.org/0000-0002-3872-3592
https://orcid.org/0000-0002-1343-8189
https://orcid.org/0009-0008-7976-851X
https://orcid.org/0000-0002-5388-5565
https://orcid.org/0000-0001-7803-6650
https://orcid.org/0000-0001-6402-4050
https://orcid.org/0000-0002-9481-5168
https://orcid.org/0000-0002-9813-372X
https://orcid.org/0000-0002-1119-6614
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-1194-8556
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0000-0001-6027-4511
https://orcid.org/0000-0003-4386-0564
https://orcid.org/0000-0002-4087-8155
https://orcid.org/0000-0001-8710-992X
https://orcid.org/0000-0002-6669-1698
https://orcid.org/0000-0002-6762-3937
https://orcid.org/0000-0001-9752-0624
https://orcid.org/0009-0006-5692-5688
https://orcid.org/0000-0002-1275-7292
https://orcid.org/0009-0008-2093-8131
https://orcid.org/0000-0003-0174-4020
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0001-7305-7102
https://orcid.org/0000-0002-3836-1173
https://orcid.org/0000-0002-9860-9185
https://orcid.org/0000-0002-0632-2970
https://orcid.org/0000-0003-3735-2707
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0001-5187-3571
https://orcid.org/0000-0001-5381-4807
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0003-4957-2782
https://orcid.org/0000-0002-7214-0673
https://orcid.org/0000-0002-1178-1450
https://orcid.org/0000-0001-7476-0158
https://orcid.org/0009-0004-1837-0496
https://orcid.org/0000-0002-4535-5273
https://orcid.org/0000-0003-0249-3622
https://orcid.org/0000-0003-2797-7690
https://orcid.org/0000-0002-5230-8387
https://orcid.org/0000-0001-8955-1666
https://orcid.org/0000-0002-8545-0187
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0002-8036-9267
https://orcid.org/0000-0002-9923-8734
https://orcid.org/0009-0002-9897-8439
https://orcid.org/0000-0002-2939-5646
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0000-0001-6768-7466
https://orcid.org/0000-0001-7556-2743
https://orcid.org/0000-0002-4301-634X
https://orcid.org/0000-0001-5790-1780
https://orcid.org/0000-0002-7204-1624
https://orcid.org/0000-0002-5524-880X
https://orcid.org/0000-0002-1976-5877
https://orcid.org/0000-0002-8679-3878
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0003-0885-824X
https://orcid.org/0000-0002-5349-9242
https://orcid.org/0000-0002-9253-8611
https://orcid.org/0000-0003-3090-2948
https://orcid.org/0000-0002-5953-0140
https://orcid.org/0009-0002-3901-2765
https://orcid.org/0000-0001-5377-3558
https://orcid.org/0000-0003-1661-9513
https://orcid.org/0000-0001-9813-8646
https://orcid.org/0000-0002-1546-7880
https://orcid.org/0000-0002-6839-0063
https://orcid.org/0000-0002-2722-7526
https://orcid.org/0000-0002-8117-5376
https://orcid.org/0000-0002-4745-5470
https://orcid.org/0000-0002-5892-1377
https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162


18

B. Fischer , T. Hebbeker , K. Hoepfner , F. Ivone , M.y. Lee , L. Mastrolorenzo,
M. Merschmeyer , A. Meyer , S. Mondal , S. Mukherjee , D. Noll , A. Novak ,
F. Nowotny, A. Pozdnyakov , Y. Rath, H. Reithler , A. Schmidt , S.C. Schuler,
A. Sharma , L. Vigilante, S. Wiedenbeck , S. Zaleski

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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S. Belfortea , V. Candelisea,b , M. Casarsaa , F. Cossuttia , A. Da Rolda,b ,
G. Della Riccaa,b , G. Sorrentinoa,b

Kyungpook National University, Daegu, Korea

https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0002-8412-4072
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-2374-6433
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0002-4640-6108
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0002-7138-7017
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0002-5183-9020
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-9566-2490
https://orcid.org/0000-0001-7804-5514
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0002-8243-371X
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0001-5425-723X
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0003-3153-0891
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-2350-213X
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0003-3742-0693
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0001-9059-4831
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6768-1056
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0003-0342-7977
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-2253-819X


22

S. Dogra , C. Huh , B. Kim , D.H. Kim , G.N. Kim , J. Kim, J. Lee , S.W. Lee ,
C.S. Moon , Y.D. Oh , S.I. Pak , S. Sekmen , Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
H. Kim , D.H. Moon

Hanyang University, Seoul, Korea
E. Asilar , T.J. Kim , J. Park

Korea University, Seoul, Korea
S. Cho, S. Choi , B. Hong , K. Lee, K.S. Lee , J. Lim, J. Park, S.K. Park, J. Yoo

Kyung Hee University, Department of Physics, Seoul, Korea
J. Goh

Sejong University, Seoul, Korea
H. S. Kim , Y. Kim, S. Lee, G.B. Yu

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi , S. Jeon , W. Jun , J. Kim , J. Kim , J.S. Kim, S. Ko ,
H. Kwon , H. Lee , J. Lee , S. Lee, B.H. Oh , M. Oh , S.B. Oh , H. Seo , U.K. Yang,
I. Yoon

University of Seoul, Seoul, Korea
W. Jang , D.Y. Kang, Y. Kang , D. Kim , S. Kim , B. Ko, J.S.H. Lee , Y. Lee , J.A. Merlin,
I.C. Park , Y. Roh, M.S. Ryu , D. Song, Watson, I.J. , S. Yang

Yonsei University, Department of Physics, Seoul, Korea
S. Ha , H.D. Yoo

Sungkyunkwan University, Suwon, Korea
M. Choi , H. Lee, Y. Lee , I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),
Dasman, Kuwait
T. Beyrouthy, Y. Maghrbi

Riga Technical University, Riga, Latvia
K. Dreimanis , A. Gaile , A. Potrebko , T. Torims, V. Veckalns

Vilnius University, Vilnius, Lithuania
M. Ambrozas , A. Carvalho Antunes De Oliveira , A. Juodagalvis , A. Rinkevicius ,
G. Tamulaitis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
N. Bin Norjoharuddeen , S.Y. Hoh52 , I. Yusuff52 , Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez , A. Castaneda Hernandez , H.A. Encinas Acosta, L.G. Gallegos Marı́ñez,
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P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski , K. Doroba , A. Kalinowski , M. Konecki , J. Krolikowski
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