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

ffiffiffi

s
p ¼ 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
learning techniques are employed. The analysis is validated by searching for Z → cc̄ 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 σðVHÞBðH → cc̄Þ is 0.94 (0.50þ0.22

−0.15 )pb at 95% confidence level (C.L.),

corresponding to 14 (7.6þ3.4
−2.3 ) times the standard model prediction. For the Higgs-charm Yukawa coupling

modifier, κc, the observed (expected) 95% C.L. interval is 1.1 < jκcj < 5.5 (jκcj < 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 electro-
weak (EW) symmetry breaking mechanism. The measured
Higgs boson mass is 125.38� 0.14 GeV [4]. The observed
interactions with gauge bosons and third-generation fer-
mions [5–15], and all measured properties [4,16–24], are
compatible with standard model (SM) predictions.
Recently, the CMS Collaboration reported the first evi-
dence 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 cc̄, 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 distinguishing them from bottom
quark jets, make this a challenging measurement. Searches
for H → cc̄ reported in Refs. [32–34] by the ATLAS and
CMS Collaborations target the associated production 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 σðVHÞ and
branching fraction BðH → cc̄Þ of 26 (31) times the SM
prediction at 95% confidence level (C.L.) [34].
This Letter presents a search for H → cc̄ in VH

production using proton-proton (pp) collision data at
ffiffiffi

s
p ¼ 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 Collaboration [33], advanced c jet reconstruction and
identification algorithms and sophisticated analysis tech-
niques 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 “par-
ticle-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
neutral hadrons, electrons, photons, and muons (PF can-
didates) 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 ¼ 0.4, and
will be referred to as “small-R” jets. The second uses R ¼
1.5 and contains what are referred to as “large-R” jets. The
impact of particles from additional pp interactions within

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP

3
.

PHYSICAL REVIEW LETTERS 131, 061801 (2023)
Editors' Suggestion

0031-9007=23=131(6)=061801(21) 061801-1 © 2023 CERN, for the CMS Collaboration



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 chromo-
dynamics (QCD) using the POWHEG v2 [57–59] event
generator extended with the multiscale improved 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
simulations. The production cross sections of the signal
processes [62] are corrected as a function of pTðVÞ to
next-to-next-to-leading order (NNLO) QCDþ 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 þ 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 (tt̄) [71] and
single top quark production processes [72–74] are gener-
ated to NLO accuracy with POWHEG v2. The production
cross sections for the tt̄ 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 QCDþ NLO EW prediction
[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 processes are reweighted as a function of the
subleading vector boson pT to NNLO QCDþ 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, including theH → cc̄ 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 chan-

nels targeting leptonic decays of the vector 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) assuming 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 givenHcand, 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 VHðH → cc̄Þ.
On average, the Hcand large-R jets in the signal process

have larger pT than those from the V þ jets and tt̄
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 sensitivity
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 probability of correctly capturing the hadro-
nization 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. Using PF candidates and secondary
vertices associated with large-R jets as inputs, PARTICLENET

simultaneously exploits information related to jet substruc-
ture, flavor, and pileup with a graph neural network [87],
yielding substantial gains over other approaches [88,89].
Decorrelation of the algorithm’s responsewith 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 cc̄ 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 cc̄ discriminant “DEEPAK15” [33,90], yield-
ing an improvement by a factor of 4 to 7 in the rejection of
other jet flavors. Three working points are defined on the cc̄
discriminant distribution with approximately 58%, 40%,
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and 16% efficiencies for identifying a cc̄ pair. The corre-
sponding misidentification rates of light quark and gluon jets
(bb̄ jets) are 2 (9)%, 0.7 (5)%, and 0.08 (1)%. Theseworking
points are used to separate events into three mutually
exclusive categories with different cc̄ purity to improve
the sensitivity of the analysis. The cc̄ identification effi-
ciency in data is measured using a sample of events
containing a gluon splitting to cc̄. To increase the similarity
to H → cc̄ decay, a dedicated boosted decision tree (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 corre-
sponding uncertainties of 20%–30%.
The main backgrounds, tt̄ and V þ jets, are suppressed by

a separate BDT classifier for each channel, using kinematical
variables that are not correlated with the Hcand mass,
mðHcandÞ, or the cc̄ discriminant as inputs. The BDT design
relies on previous developments [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 cc̄ discriminant categories men-
tioned above. The mðHcandÞ distributions are used to
separate signal and background contributions in each SR,
as both the BDTs and the cc̄ discriminant are designed to be
largely independent of mðHcandÞ.

More than 95% of the VH events have a Higgs boson
with pTðHÞ < 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 con-
tamination 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 andCvsB for the leading jet that correspond to ≈40%
c jet efficiency, for ≈4 ð≈16Þ% light quark or gluon jet (b
jet) misidentification rate. Multiple corrections are applied
to improve the mðHcandÞ reconstruction. To account for a
potential underestimation of the c jet energy, due to the
presence of undetected neutrinos in c hadron decays, a ML-
based jet energy regression 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 fromFSR, are included in theHcand reconstruction
[33]. The mðHcandÞ resolution in the 2L channel is further
improved via a kinematic fit by balancing themomenta of the
two small-R jets and the lepton pair within experimental
uncertainties [96]. These steps improve the mðHcandÞ reso-
lution up to 20%. Finally, a BDT classifier is developed to
maximize the discrimination power between signal and
background processes in each channel, using event-level
kinematical variables, c jet identification discriminants, and
properties of Hcand, including mðHcandÞ, as inputs [33].
The signal strengthmodifierμ, defined as ðσBÞobs=ðσBÞSM

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% C.L. confidence interval are extracted
following the procedure in Ref. [17]. The fitted variable is
mðHcandÞ in the merged-jet analysis, and the BDT discrimi-
nant in the resolved-jet analysis. The normalizations of the
main backgrounds, namely, V þ jets and tt̄, are estimated by
including dedicated control regions in the fit following the
strategy detailed in Ref. [33]. Contributions from single top,
diboson, and VHðH → bb̄Þ processes are estimated from
simulation assuming SM production rates. Because of
improvements in c jet identification, the difficult VHðH →

bb̄Þ background contribution in the high cc̄ purity SRs is
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FIG. 1. Performance of PARTICLENET (blue lines) for identi-
fying a cc̄ pair for large-R jets with pT > 300 GeV. The solid
(dashed) line shows the efficiency to correctly identify H → cc̄
vs the efficiency of misidentifying quarks or gluons from the
V þ jets process (vs H → bb̄). The red crosses represent
the three working points used in the merged-jet analysis. The
performance of DEEPAK15 (yellow lines) used in Ref. [33] is
shown for comparison.
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reduced from about twenty times to only about twice that
expected for VHðH → cc̄Þ, and the VZðZ → bb̄Þ yield is
reduced frommore than 100% to about 10% of that expected
for VZðZ → cc̄Þ. 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 I. The leading uncertainty is
statistical because of the limited number of events in the
SRs as well as the control regions used to extract back-
ground 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 þ 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, and renormalization
and factorization scales, represent ≈22% of the total
uncertainty in μ.
A search for the analogous SM process VZðZ → cc̄Þ is

performed to validate the analysis strategy. The BDTs in the
resolved-jet topology are modified by training them with
VZðZ → cc̄Þ as the signal. No modification is needed for
the BDTs in the merged-jet topology as they are indepen-
dent of mðHcandÞ. The best fit μ of this process is
μVZðZ→cc̄Þ ¼ 1.01þ0.23

−0.21 , in agreement with the SM expect-
ation. 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 distribution 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

deviations for the resolved-jet analysis, and 5.7 (5.9)
standard deviations for their combination. This is the first
observation of Z → cc̄ at a hadron collider.
Figure 2 (right) compares the observed data to the SM

prediction in the search for VHðH → cc̄Þ, where the best fit
is μVHðH→cc̄Þ ¼ 7.7þ3.8

−3.5 . The fitted mðHcandÞ distribution in
the merged-jet topology is displayed in Fig. 3. No signifi-
cant excess over the background-only hypothesis is
observed. An upper limit on μVHðH→cc̄Þ is extracted using
the CLs criterion [99,100]. The test statistic is the profile

TABLE I. The relative contributions to the total uncertainty in
the signal strength modifier μ for the VHðH → cc̄Þ process,
where the best fit is μVHðH→cc̄Þ ¼ 7.7þ3.8

−3.5 .

Uncertainty source Δμ=ðΔμÞtot (%)

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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FIG. 2. Distribution of events as a function of S=B in the
VZðZ → cc̄Þ (left) and VHðH → cc̄Þ (right) searches, where S
and B are the postfit signal and background yields, respectively,
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gray hatching. The red line represents background plus the SM
signal divided by background.
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likelihood ratio modified for upper limits [97], and the
asymptotic approximation [98] is used in the limit setting
procedure. The observed (expected) 95% C.L. upper limit
on μVHðH→cc̄Þ is 14 (7.6þ3.4

−2.3 ), which is equivalent to an
observed (expected) upper limit on σðVHÞBðH → cc̄Þ of
0.94 ð0.50þ0.22

−0.15Þ pb. Contributions from the individual
channels are summarized 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 μVHðH→cc̄Þ in terms of the Higgs-charm
Yukawa coupling modifier κc, assuming only the Higgs
boson decay widths are altered:

μVHðH→cc̄Þ ¼
κ
2
c

1þ BSMðH → cc̄Þðκ2c − 1Þ : ð1Þ

The observed 95%C.L. interval is 1.1 < jκcj < 5.5, and the
corresponding expected constraint is jκcj < 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 techniques are developed for this analysis,
which is validated by measuring the VZðZ → cc̄Þ process.
The observed Z boson signal relative to the SM prediction
is μVZðZ→cc̄Þ ¼ 1.01þ0.23

−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 → cc̄ at a hadronic collider.
The observed (expected) upper limit on σðVHÞBðH →

cc̄Þ is 0.94 ð0.50þ0.22
−0.15Þ pb, corresponding to 14 (7.6þ3.4

−2.3 )
times the theoretical prediction for an SM Higgs boson
mass of 125.38 GeV. The observed (expected) 95% C.L.
interval on the modifier, κc, for the Yukawa coupling of the
Higgs boson to the charm quark is 1.1 < jκcj < 5.5
(jκcj < 3.4). This is the most stringent constraint on κc

to date.
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E. Starling ,5 L. Thomas ,5 M. Vanden Bemden,5 C. Vander Velde ,5 P. Vanlaer ,5 D. Dobur ,6 J. Knolle ,6

L. Lambrecht ,6 G. Mestdach,6 M. Niedziela ,6 C. Rendón,6 C. Roskas ,6 A. Samalan,6 K. Skovpen ,6 M. Tytgat ,6

N. Van Den Bossche ,6 B. Vermassen,6 L. Wezenbeek ,6 A. Benecke ,7 A. Bethani ,7 G. Bruno ,7 F. Bury ,7

C. Caputo ,7 P. David ,7 C. Delaere ,7 I. S. Donertas ,7 A. Giammanco ,7 K. Jaffel ,7 Sa. Jain ,7 V. Lemaitre,7

K. Mondal ,7 J. Prisciandaro,7 A. Taliercio ,7 T. T. Tran ,7 P. Vischia ,7 S. Wertz ,7 G. A. Alves ,8 E. Coelho ,8

C. Hensel ,8 A. Moraes ,8 P. Rebello Teles ,8 W. L. Aldá Júnior ,9 M. Alves Gallo Pereira ,9

M. Barroso Ferreira Filho ,9 H. Brandao Malbouisson ,9 W. Carvalho ,9 J. Chinellato,9,f E. M. Da Costa ,9

G. G. Da Silveira ,9,g D. De Jesus Damiao ,9 V. Dos Santos Sousa ,9 S. Fonseca De Souza ,9 J. Martins ,9,h

C. Mora Herrera ,9 K. Mota Amarilo ,9 L. Mundim ,9 H. Nogima ,9 A. Santoro ,9 S. M. Silva Do Amaral ,9

A. Sznajder ,9 M. Thiel ,9 F. Torres Da Silva De Araujo ,9,i A. Vilela Pereira ,9 C. A. Bernardes ,10,g L. Calligaris ,10

T. R. Fernandez Perez Tomei ,10 E. M. Gregores ,10 P. G. Mercadante ,10 S. F. Novaes ,10 Sandra S. Padula ,10

A. Aleksandrov ,11 G. Antchev ,11 R. Hadjiiska ,11 P. Iaydjiev ,11 M. Misheva ,11 M. Rodozov,11 M. Shopova ,11

G. Sultanov ,11 A. Dimitrov ,12 T. Ivanov ,12 L. Litov ,12 B. Pavlov ,12 P. Petkov ,12 A. Petrov,12 E. Shumka ,12

T. Cheng ,13 T. Javaid,13,j M. Mittal ,13 L. Yuan ,13 M. Ahmad ,14 G. Bauer,14,k Z. Hu ,14 S. Lezki ,14 K. Yi,14,k,l

G.M. Chen ,15,j H. S. Chen ,15,j M. Chen ,15,j F. Iemmi ,15 C. H. Jiang,15 A. Kapoor ,15 H. Liao ,15 Z.-A. Liu ,15,m

V. Milosevic ,15 F. Monti ,15 R. Sharma ,15 J. Tao ,15 J. Thomas-Wilsker ,15 J. Wang ,15 H. Zhang ,15 J. Zhao ,15

A. Agapitos ,16 Y. An ,16 Y. Ban ,16 C. Chen,16 A. Levin ,16 C. Li ,16 Q. Li ,16 X. Lyu,16 Y. Mao,16 S. J. Qian ,16

X. Sun ,16 D. Wang ,16 J. Xiao ,16 H. Yang,16 M. Lu ,17 Z. You ,17 X. Gao ,18,e D. Leggat,18 H. Okawa ,18

Y. Zhang ,18 Z. Lin ,19 C. Lu ,19 M. Xiao ,19 C. Avila ,20 D. A. Barbosa Trujillo,20 A. Cabrera ,20 C. Florez ,20

J. Fraga ,20 J. Mejia Guisao ,21 F. Ramirez ,21 M. Rodriguez ,21 J. D. Ruiz Alvarez ,21 D. Giljanovic ,22

N. Godinovic ,22 D. Lelas ,22 I. Puljak ,22 Z. Antunovic,23 M. Kovac ,23 T. Sculac ,23 V. Brigljevic ,24

B. K. Chitroda ,24 D. Ferencek ,24 D. Majumder ,24 M. Roguljic ,24 A. Starodumov ,24,n T. Susa ,24 A. Attikis ,25

K. Christoforou ,25 G. Kole ,25 M. Kolosova ,25 S. Konstantinou ,25 J. Mousa ,25 C. Nicolaou,25 F. Ptochos ,25

P. A. Razis ,25 H. Rykaczewski,25 H. Saka ,25 M. Finger ,26,n M. Finger Jr. ,26,n A. Kveton ,26 E. Ayala ,27

E. Carrera Jarrin ,28 H. Abdalla ,29,o Y. Assran,29,p,q M. Abdullah Al-Mashad ,30 M. A. Mahmoud ,30 S. Bhowmik ,31

R. K. Dewanjee ,31 K. Ehataht ,31 M. Kadastik,31 S. Nandan ,31 C. Nielsen ,31 J. Pata ,31 M. Raidal ,31 L. Tani ,31

C. Veelken ,31 P. Eerola ,32 H. Kirschenmann ,32 K. Osterberg ,32 M. Voutilainen ,32 S. Bharthuar ,33 E. Brücken ,33

F. Garcia ,33 J. Havukainen ,33 M. S. Kim ,33 R. Kinnunen,33 T. Lampén ,33 K. Lassila-Perini ,33 S. Lehti ,33

T. Lindén ,33 M. Lotti,33 L. Martikainen ,33 M. Myllymäki ,33 J. Ott ,33 M. m. Rantanen ,33 H. Siikonen ,33

E. Tuominen ,33 J. Tuominiemi ,33 P. Luukka ,34 H. Petrow ,34 T. Tuuva,34 C. Amendola ,35 M. Besancon ,35

F. Couderc ,35 M. Dejardin ,35 D. Denegri,35 J. L. Faure,35 F. Ferri ,35 S. Ganjour ,35 P. Gras ,35

G. Hamel de Monchenault ,35 P. Jarry ,35 V. Lohezic ,35 J. Malcles ,35 J. Rander,35 A. Rosowsky ,35 M. Ö. Sahin ,35

A. Savoy-Navarro ,35,r P. Simkina ,35 M. Titov ,35 C. Baldenegro Barrera ,36 F. Beaudette ,36 A. Buchot Perraguin ,36

P. Busson ,36 A. Cappati ,36 C. Charlot ,36 O. Davignon ,36 B. Diab ,36 G. Falmagne ,36

B. A. Fontana Santos Alves ,36 S. Ghosh ,36 R. Granier de Cassagnac ,36 A. Hakimi ,36 B. Harikrishnan ,36

J. Motta ,36 M. Nguyen ,36 C. Ochando ,36 L. Portales ,36 J. Rembser ,36 R. Salerno ,36 U. Sarkar ,36 J. B. Sauvan ,36

Y. Sirois ,36 A. Tarabini ,36 E. Vernazza ,36 A. Zabi ,36 A. Zghiche ,36 J.-L. Agram ,37,s J. Andrea,37 D. Apparu ,37

D. Bloch ,37 G. Bourgatte,37 J.-M. Brom ,37 E. C. Chabert ,37 C. Collard ,37 D. Darej,37 U. Goerlach ,37 C. Grimault,37

A.-C. Le Bihan ,37 E. Nibigira ,37 P. Van Hove ,37 S. Beauceron ,38 C. Bernet ,38 G. Boudoul ,38 C. Camen,38

A. Carle,38 N. Chanon ,38 J. Choi,38 D. Contardo ,38 P. Depasse ,38 C. Dozen ,38,t H. El Mamouni,38 J. Fay ,38

S. Gascon ,38 M. Gouzevitch ,38 G. Grenier ,38 B. Ille ,38 I. B. Laktineh,38 M. Lethuillier ,38 L. Mirabito,38 S. Perries,38

K. Shchablo,38 V. Sordini ,38 L. Torterotot ,38 M. Vander Donckt ,38 P. Verdier ,38 S. Viret,38 A. Khvedelidze ,39,n

PHYSICAL REVIEW LETTERS 131, 061801 (2023)

061801-9



I. Lomidze ,39 Z. Tsamalaidze ,39,n V. Botta ,40 L. Feld ,40 K. Klein ,40 M. Lipinski ,40 D. Meuser ,40 A. Pauls ,40

N. Röwert ,40 M. Teroerde ,40 S. Diekmann ,41 A. Dodonova ,41 N. Eich ,41 D. Eliseev ,41 M. Erdmann ,41

P. Fackeldey ,41 B. Fischer ,41 T. Hebbeker ,41 K. Hoepfner ,41 F. Ivone ,41 M. y. Lee ,41 L. Mastrolorenzo,41

M. Merschmeyer ,41 A. Meyer ,41 S. Mondal ,41 S. Mukherjee ,41 D. Noll ,41 A. Novak ,41 F. Nowotny,41

A. Pozdnyakov ,41 Y. Rath,41 H. Reithler ,41 A. Schmidt ,41 S. C. Schuler,41 A. Sharma ,41 L. Vigilante,41

S. Wiedenbeck ,41 S. Zaleski,41 C. Dziwok ,42 G. Flügge ,42 W. Haj Ahmad ,42,u O. Hlushchenko,42 T. Kress ,42

A. Nowack ,42 O. Pooth ,42 A. Stahl ,42,v T. Ziemons ,42 A. Zotz ,42 H. Aarup Petersen,43 M. Aldaya Martin ,43

P. Asmuss,43 S. Baxter ,43 M. Bayatmakou ,43 O. Behnke,43 A. Bermúdez Martínez ,43 S. Bhattacharya ,43

A. A. Bin Anuar ,43 F. Blekman ,43,w K. Borras ,43,x D. Brunner ,43 A. Campbell ,43 A. Cardini ,43 C. Cheng,43

F. Colombina,43 S. Consuegra Rodríguez ,43 G. Correia Silva ,43 M. De Silva ,43 L. Didukh ,43 G. Eckerlin,43

D. Eckstein,43 L. I. Estevez Banos ,43 O. Filatov ,43 E. Gallo ,43,w A. Geiser ,43 A. Giraldi ,43 G. Greau,43

A. Grohsjean ,43 V. Guglielmi ,43 M. Guthoff ,43 A. Jafari ,43,y N. Z. Jomhari ,43 B. Kaech ,43 A. Kasem ,43,x

M. Kasemann ,43 H. Kaveh ,43 C. Kleinwort ,43 R. Kogler ,43 D. Krücker ,43 W. Lange,43 D. Leyva Pernia,43

K. Lipka ,43 W. Lohmann ,43,z R. Mankel ,43 I.-A. Melzer-Pellmann ,43 M. Mendizabal Morentin ,43 J. Metwally,43

A. B. Meyer ,43 G. Milella ,43 M. Mormile ,43 A. Mussgiller ,43 A. Nürnberg ,43 Y. Otarid,43 D. Pérez Adán ,43
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

36
Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France

37
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