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A search for the standard model (SM) Higgs boson (H) produced with transverse momentum (pT)
greater than 450 GeV and decaying to a charm quark-antiquark (cc̄) pair is presented. The search is
performed using proton-proton collision data collected at

ffiffiffi
s

p ¼ 13 TeV by the CMS experiment at
the LHC, corresponding to an integrated luminosity of 138 fb−1. Boosted H → cc̄ decay products are
reconstructed as a single large-radius jet and identified using a deep neural network charm tagging
technique. The method is validated by measuring the Z → cc̄ decay process, which is observed in
association with jets at high pT for the first time with a signal strength of 1.00þ0.17

−0.14 ðsystÞ �
0.08ðtheoÞ � 0.06ðstatÞ, defined as the ratio of the observed process rate to the SM expectation. The
observed (expected) upper limit on σðHÞBðH → cc̄Þ is set at 47 (39) times the SM prediction at 95%
confidence level.
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The standard model (SM) Higgs boson (H) has been
observed at the LHC [1–3] in all its expected primary
production modes and most of its dominant decay
channels. With the observations of direct couplings to
τ leptons [4,5], top quarks [6,7], and bottom quarks [8,9]
confirming that the SM Yukawa sector gives rise to the
masses of third-generation fermions, attention naturally
turns to probing the second generation, specifically
muons and charm quarks.
The search for H decays to muon pairs is the most

experimentally accessible channel, and has been explored
by the ATLAS [10,11] and CMS [12] Collaborations.
The latter recently found evidence of the H coupling to
muons [13].
In contrast, the search for H decays to charm quark-

antiquark pairs (H → cc̄) is considerably more challeng-
ing, because of the difficulty of identifying such decays and
due to the enormous multijet background. However, recent
advances in jet substructure and flavor tagging techniques
[14] have greatly improved the experimental sensitivity to
this decay mode. Prior searches by ATLAS [15,16] and
CMS [17,18] have focused on H production in association
with a vector boson (VH, where V stands for a W or Z
boson), which benefits from strong background rejection
thanks to leptonic decays of the vector bosons. The

gluon-gluon fusion (ggF) and vector boson fusion (VBF)
production modes have larger cross sections, but have yet
to be explored.
This letter reports on the first search for theH → cc̄ decay

at the LHC, where the H is produced with transverse
momentum (pT) greater than 450 GeV, enriched in events
from the ggF production. The search employs the same
general strategy as earlier CMS searches for boostedH in the
bb̄ decay channel [19,20], but uses new mass decorrelated
discriminators to define a charm-enriched signal region.
This search strategy provides an additional constraint on the
decay process to the existing ATLAS and CMS measure-
ments, in terms of production mode and H pT .
The search is performed using a dataset of proton-

proton collisions at
ffiffiffi
s

p ¼ 13 TeV, collected with the
CMS detector at the LHC, and corresponding to an
integrated luminosity of 138 fb−1. Candidate events are
selected by requiring a high-pT , large-radius jet with
substructure observables compatible with those expected
from an H → cc̄ decay. Deep neural network (DNN)
discriminators are employed to separate the H signal
events from the dominant background, specifically quan-
tum chromodynamics (QCD)-induced multijet events.
The discriminators are designed to be independent of
jet mass, which allows for both an estimation of the QCD
background from control samples in data and for the
validation of the analysis procedure through a search for
Z → cc̄ decays. A model of the jet mass distributions for
theH → cc̄ and Z → cc̄ signals, QCD multijet events, and
other background processes is fit simultaneously in
several disjoint signal and control regions to extract the
signal production cross sections.
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The CMS apparatus [21] is a multipurpose, nearly
hermetic detector, designed to trigger on [22,23] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [24–26]. A global “particle-flow” (PF)
algorithm [27] aims to reconstruct all individual particles in
an event, combining 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 the gas-ioniza-
tion muon detectors embedded in the flux-return yoke
outside the solenoid. The reconstructed particles are used to
build τ leptons, jets, and missing transverse momentum
(pmiss

T ) [28–30].
Simulated samples of signal and background events

are produced at the matrix element level using various
Monte Carlo (MC) event generators. The QCD multijet,
Z þ jets, and W þ jets processes are modeled at QCD
leading order (LO) accuracy using the MADGRAPH5_

aMC@NLO v2.4.2 generator [31]. The vector boson samples
contain decays to all flavors of quarks, and include up to
3 (4) extra partons at the matrix element level for V þ jets
events. Jets from the matrix element calculations and the
parton shower description are matched using the MLM
prescription [32]. The tt̄ and single top quark processes are
modeled at next-to-LO (NLO) using POWHEG2.0 [33–38].
The diboson processes are modeled at LO accuracy with
PYTHIA8.226 [39]. For 2016 data-taking conditions, QCD
samples are modeled with MADGRAPH5_aMC@NLO v2.2.2,
and diboson samples are modeled with PYTHIA8.205.
The differential cross sections for the Z þ jets and

W þ jets (V þ jets) samples are corrected with boson
pT-dependent functions for higher-order QCD and electro-
weak (EW) effects. The QCD NLO corrections are
derived using MADGRAPH5_aMC@NLO, simulating W and
Z production with up to two additional partons and the
FxFx matching to the parton shower [40]. The EW NLO
corrections are taken from theoretical calculations of
Refs. [41–44]. Additionally, the total cross sections for
the diboson samples are corrected to next-to-NLO (NNLO)
accuracy with the MCFM 7.0 program [45].
The ggF H production process is simulated using

the HJ-MINLO [35,46–48] event generator with mass
mH ¼ 125 GeV and including finite top quark mass
effects, following the recommendation in Ref. [48]. The
POWHEG [49] generator is used to model the H produc-
tion through the VBF, VH, and tt̄H processes [47,50,51].
For parton showering and hadronization, the POWHEG

and MADGRAPH5_aMC@NLO samples are interfaced with
PYTHIA8.205 (8.230) for 2016 (2017–2018) running con-
ditions. The corresponding PYTHIA parameters for the
underlying event description are set to the CUETP8M1
[52] (CP5 [53]) tune. For 2016 samples the parton distri-
bution function (PDF) set NNPDF3.0 [54] is used, with
either LOorNLOaccuracy, corresponding to that used in the
matrix element calculations, while for 2017–2018 samples

NNPDF3.1 [55] at NNLO accuracy is used for all processes.
The detector response is modeled with GEANT4 [56].
Reconstructed particles are clustered into jets using the

anti-kT algorithm [57,58]. Small-radius jets are clustered
with a distance parameter of 0.4 (AK4 jets). Large-radius
jets arising from the decays of boosted heavy particles are
reconstructed with a distance parameter of 0.8 (AK8 jets).
The effect of particles from additional proton-proton
interactions within the same or nearby bunch crossings
(pileup) is mitigated through the charged hadron subtrac-
tion [27] and pileup-per-particle identification [59] algo-
rithms for AK4 and AK8 jets, respectively. Additional
corrections are applied to the jet energy as functions of
jet pseudorapidity (η) and pT to account for the detector
response.
The H candidate is reconstructed as a single AK8 jet

with pT > 450 GeV. A mix of triggers using jet pT or a
scalar sum of the jet pT in the event is employed for online
selection. At pT ¼ 450 GeV, the online selection is 90%
efficient with respect to the offline selection, reaching full
efficiency by 500 GeV. The soft-drop (SD) algorithm [60]
with parameters β ¼ 0 and z ¼ 0.1 is applied to the jet
mass (mSD) to remove soft and wide-angle radiation,
which reduces the mass of jets originating from QCD
background events while preserving the mass of jets
originating from heavy boson decays. The range of
interest is set to 40 < mSD < 201 GeV. To match the
tracker acceptance region, jets are required to have
jηj < 2.5. In case of several jets in the event passing
the criteria, the jet with the highest charm versus light
tagging score, defined below, is taken to be the H
candidate.
After the above selections, the dominant background is

the QCDmultijet production, which accounts for more than
95% of the expected yield and is estimated from data. The
V þ jets processes are significant resonant backgrounds at
approximately 4%, and are estimated from simulation. The
tt̄ process constitutes a subdominant nonresonant back-
ground across the mSD spectrum, the shape of which is
taken from simulation, while the total yield is estimated
from data. Other EW processes, including diboson, tribo-
son, and tt̄V processes, are estimated from simulation and
found to be negligible.
Events containing leptons are vetoed to reduce SM EW

backgrounds. The selection criteria for electrons, muons,
and hadronic τ leptons are pT > 10, 10, and 20 GeV and
jηj < 2.5, 2.4, and 2.3, along with “veto,” “loose,” and
“very loose” identification requirements [24,28,61], respec-
tively. In addition, muons are required to have a relative
isolation (scalar pT sum of the PF candidates within a cone
with a distance parameter of 0.4, divided by the lepton pT)
of less than 0.25. Events with pmiss

T > 140 GeV, as well as
events with AK4 b-tagged jets with pT > 30 GeV opposite
in azimuth to the H candidate jet [ΔϕðAK4;AK8Þ > π=2],
are removed to reduce the top quark background. The AK4
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b jet identification is performed using the DEEPCSV DNN
algorithm [62] with a working point corresponding to a 1%
misidentification probability for light (u, d, s quark, or
gluon) jets.
The dimensionless mass scale variable ρ ¼ 2 lnðmSD=

pTÞ [63,64] is used to parametrize the QCD background
model (described below) as its distribution is approxi-
mately invariant versus jet pT , unlike jet mSD. A selection
of −6.0 < ρ < −2.1 is imposed to avoid instabilities and
edge effects from the SD algorithm and jet clustering [65].
The lower ρ threshold implies an upper jet pT threshold,
which is made explicit by requiring pT < 1200 GeV. In
simulation, less than 1% of signal events are found above
this upper bound.
The N1

2 variable [66], a ratio of energy correlation
functions [67], is a powerful way to identify two-pronged
signatures. However, using it for selection distorts the
background jet mass distribution as a function of pT . To
mitigate this effect, the designing decorrelated taggers
(DDT) technique [64], effectively a sliding selection, is
applied. The selection is onN1;DDT

2 ≡N1
2−q0.26ðpT;ρÞ< 0,

where q0.26ðpT; ρÞ is theN1
2 value corresponding to the 26%

efficiency for the QCD background, as a function of jet pT
and ρ. The target percentile is chosen to optimize the
H → cc̄ expected significance.
Finally, jet flavor is determined by the DEEPDOUBLEX

DNN algorithm [68]. The model comprises convolutional
and recurrent units processing low-level features of
secondary vertices and PF candidates, the outputs of
which are joined with expert variables [62] in a fully
connected layer. The application of feature importance
ranking techniques, such as integrated gradients [69]
and deep Taylor decomposition [70], indicates the key
features to be the angular distances of the PF candi-
dates from both the jet and 2-subjetiness [71] axes. The
kinematic properties of the PF candidates defined
relative to the parent jet have subleading importance.
The model is trained to distinguish between two-pronged
H-like signatures of bottom and charm flavors, as well as
the QCD background, yielding two per-jet classifiers:
charm versus light, referred to as DEEPDOUBLECVL
(DDCVL), and charm versus bottom, referred to as
DEEPDOUBLECVB (DDCVB). The performance of the
two classifiers is shown, prior to any analysis-specific
selection, in Fig. 1. The optimal working point, maxi-
mizing the H → cc̄ expected significance after all pre-
vious selections are applied, is found with respect to both
classifiers at a QCD efficiency of 0.5% and a H → cc̄
efficiency of 20.6%. The corresponding efficiency for
H → bb̄ events is 4.8%. As the classifiers are mass
independent, the quoted efficiencies also apply to
Z → cc̄ and Z → bb̄.
The relative contributions of H production modes

to the overall signal yield are 55%, 25%, and 20% for

ggF, VBF, and VH, respectively, and are similar for both
cc̄ and bb̄ decay modes. The tt̄H contribution is sup-
pressed due to the top veto and found to be negligible.
Events passing all of the selection requirements described
above constitute the signal or “passing” region (SR),
whereas events failing the DDCVL requirement while
passing the rest, including the DDCVB requirement,
constitute the control or “failing” region (CR). Both
the SR and CR are subdivided into 23 evenly spaced
bins of jet mSD in the range 40–201 GeV and 6 pT bins
from 450 (or 475) to 1200 GeV. Additionally, all regions
are subdivided according to the three data-taking years
(2016–2018).
The QCD background is not accurately predicted in

simulation. Since the flavor discrimination is nearly inde-
pendent of the jet pT and mass, the ratio of the passing and
failing region distributions, Rp=f , is expected to be approx-
imately flat with respect to the jet pT and mSD. This can be
exploited to obtain an SR prediction of the QCD back-
ground from the CR via an appropriate efficiency scaling.
A residual difference in shapes can be accounted for by
parametrizing the Rp=f shape in the two dimensions. In
order to take into account a potential mass dependence of
the flavor selection efficiency, a correction factor,
RQCD
p=f ðpT; ρÞ, is fit to the simulated QCD background

shapes. Then, a second correction factor of the same
functional form, RdataðpT; ρÞ, accounts for mismodelings

FIG. 1. The DDCVL and DDCVB performance for H → cc̄
identification versus QCD and H → bb̄ processes, respectively.
No selection apart from the displayedmSD and pT requirements is
applied. The working points used in this search are marked with a
cross. The AUC is the area-under-curve metric.
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in simulation. Both are parametrized in terms of Bernstein
polynomials [72] in pT and ρ:

RðpT; ρÞ ¼
Xnρ

k¼0

XnpT

l¼0

ak;lbl;npT ðpTÞbk;nρðρÞ; ð1Þ

where npT
is the degree of the polynomial in pT , nρ is the

degree of the polynomial in ρ, ak;l is a Bernstein coef-
ficient, and bν;n is a Bernstein basis polynomial of degree n.
The coefficients ak;l of R

QCD
p=f ðpT; ρÞ are determined in a fit

to simulated QCD background events; ak;l of Rdata
p=f ðpT; ρÞ

are unconstrained and are determined during the maximum
likelihood fit to data. The total effective Rp=f is then
expressed as

Rp=fðpT; ρÞ ¼ RQCD
p=f ðpT; ρÞRdataðpT; ρÞ: ð2Þ

The Rp=f are expected to vary between data-taking years
because of changes in detector conditions, and are thus fit
independently for each year. The minimal degree of the
polynomials necessary to fit the QCD simulation and the
data is determined by a Fisher F-test [73] and found to be
ðnpT

; nρÞ ¼ ð0; 2Þ; ð1; 2Þ, and (0, 2) for RQCD
p=f ðpT; ρÞ and

(1, 0), (0, 0), and (1, 0) for RdataðpT; ρÞ for the years 2016,
2017, and 2018, respectively. Bias tests were performed
with respect to the choice of parametrization, and no
significant bias was found.
The V þ jets processes are modeled using simulation.

The differential tt̄ contribution is taken from simulation;
however, the normalizations in the SR and CR are
corrected via two scale factors measured in a dedicated
tt̄-enriched control region, parametrizing the overall
normalization and the efficiency of the DDCVL selection
between the SR and CR. This control region is adapted
from the SR selection by lowering the H candidate pT
threshold, requiring exactly one muon, and inverting the
selection requirements on pmiss

T and b-tagged AK4 jets.
The scale factor measurement is performed in situ during
the signal extraction, separately for each data-taking
period, and the values are given in Table I. The H →
bb̄ contribution is taken from the simulation and is fixed to
the SM expectation. While its expected SR yield is greater
by approximately a factor of 5 than that of the H → cc̄
signal, its impact is negligible with respect to the overall
background uncertainty.

The dominant systematic uncertainties for this search are
related to the flavor tagging efficiency and jet mass
shape. Corrections of the jet mass, jet mass resolution,
and N1;DDT

2 and DDCVB efficiencies are derived from data
using W boson jets from semileptonic tt̄ events. These
corrections are measured independently of jet flavor, and as
such are correlated among all considered resonant (H, Z,
W) production and decay processes. The DDCVL mis-
identification efficiency of the W process is measured here
as well. The corrections and their associated uncertainties
are given in Table I.
The efficiency of the DDCVL selection for the signal

processes is estimated using data and simulation samples
enriched in cc̄ pairs from gluon splitting [62]. Signal-like
events are selected by requiring each of the two SD subjets
of an AK8 jet to contain a muon, targeting semileptonic
decays of b=c hadrons. The efficiency is extracted from a
template fit to the combined mass of all matched secon-
dary vertices; the measured correction factors are given in
Table I. The relative uncertainty of the misidentification
efficiency of bb̄ decays is assigned to be 30%. Varying
this value from 10% to 50% has a negligible effect on
reported results.
Other systematic uncertainties are assigned to cover

potential mismodeling of the H signal, in particular for
the ggF and VBF production modes [48], and higher-
order corrections to the W and Z processes [44]. Finally,
systematic uncertainties for experimental effects, includ-
ing jet energy scale and resolution [74], trigger and veto
efficiencies [75,76], variations in the measured pileup
[77], finite simulated sample size [78], and an integrated
luminosity measurement [79–81], are also included, but
are found to have a comparatively small effect.
The parameter of interest in this analysis is the signal

strength μH or μZ, defined as the ratio of the observed to the
SM expected H or Z boson production cross section times
the H → cc̄ or Z → cc̄ branching fraction, respectively.
These parameters are extracted from a binned (mSD, pT)
maximum likelihood fit to the observed data, where the
expected value is the sum of the signal contribution (scaled
by the signal strength parameter) and the background
contributions, each modified by nuisance parameters to
account for the previously discussed systematic effects. The
magnitude of each systematic uncertainty is encoded in the
likelihood model as an additional constraint, treated

TABLE I. Summary of the applied data-to-simulation scale factors for the jet mass, jet mass resolution, N1;DDT
2 selection, tt̄

normalization, and DEEPDOUBLEX selections for different data-taking periods. The jet mass correction is additive, in units of GeV.

Data
period

Jet mass
correction (GeV)

Jet mass
resolution

N1;DDT
2 , CvB
selection

tt̄
normalization

CvL
selection tt̄

CvL selection
(W þ jets)

CvL selection
(signal)

2016 −1.17� 0.22 1.021� 0.017 0.89� 0.02 0.84� 0.05 0.93� 0.15 0.62� 0.09 1.15� 0.25
2017 −1.19� 0.23 1.019� 0.016 0.90� 0.02 0.86� 0.09 0.93� 0.15 0.64� 0.09 0.85� 0.16
2018 −0.12� 0.21 1.090� 0.031 0.92� 0.02 0.86� 0.08 1.00� 0.14 0.72� 0.08 0.74� 0.20
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according to the frequentist paradigm [82]. The fit is
performed simultaneously across all subdivisions of the
SR and CR described previously, as well as the per-year
tt̄ background enriched CRs.
To validate the analysis strategy, and to confirm the

presence of Z → cc̄ decays, the Z signal strength μZ is
measured via a profile likelihood fit, treating μH as a
nuisance parameter, and is found to be 1.00þ0.17

−0.14ðsystÞ �
0.08ðtheoÞ � 0.06ðstatÞ. This corresponds to an excess,
both observed and expected, over the μZ ¼ 0 hypothesis
with a significance of well over 5 standard deviations.
The precision of the μZ measurement is primarily limited
by the systematic uncertainty in the DDCVL signal tagging
efficiency. The subleading uncertainty comes from the
modeling of the Z þ jets production cross section.
For the extraction of μH, since theZ cross section has been

measured in leptonic decay channels and found to agreewith
theoretical predictions within 5% in this pT regime [83] and
since the Z → cc̄ branching ratio is known to 2% precision
[84], we fix μZ ≡ 1, constraining the expected Z contribu-
tion to bewithin the applicable uncertainties of its SMvalue.
This serves to further constrain in situ the DDCVL signal
tagging efficiency uncertainty. The measured efficiencies
are compatible with the values quoted in Table I and have
approximately 30% lower uncertainty.
An observed (expected) upper limit is placed on the signal

strength μH using the profile likelihood ratio test statistic
[82], CLs criterion [85,86], and asymptotic formulas [87],
and found to be 47 (39) at 95% confidence level. For the best
fit value of μH ¼ 9.4þ20.3

−19.9 , the total mSD distributions in the
passing and failing regions are shown in Fig. 2, and a

FIG. 2. The observed and fitted mSD distributions for the
passing (left) and failing (right) regions, combining all pT

categories and the three data-taking years. The fit is performed
under the signal-plus-background hypothesis with a single
inclusive H → cc̄ signal strength parameter. The tt̄ background
yields and the QCD background yields and shapes are estimated
from data. The tt̄ process constitutes the majority of contributions
labeled “other.” The dashed line represents the H → cc̄ expect-
ation, multiplied by a factor of 200. The steplike features at
166 and 180 GeV are due to the ρ acceptance upper bound,
which excludes bins with high mSD and low pT from the ana-
lysis. The lower panel shows the residual difference between the
data and the overall background (excluding Z → cc̄), divided
by the statistical uncertainty in the data. The near perfect
model agreement with data in the failing region (right) is by
construction.

TABLE II. Sources of uncertainty in the measurement of the
signal strength μH ¼ 9.4þ20.3

−19.9 , and their observed impact (ΔμH) in
the fit to the full dataset. The impact of each uncertainty is
evaluated by computing the uncertainty excluding that source and
subtracting it in quadrature from the total uncertainty. The total
uncertainty does not match the sum in quadrature of each source
because of correlations among the components.

Uncertainty source ΔμH
Statistical þ16.7 −16.6
Signal extraction þ14.2 −14.1
QCD pass-fail ratio (data correction) þ7.4 −7.4
tt̄ normalization and misidentification þ0.9 −0.7

Systematic þ10.5 −10.4
QCD pass-fail ratio (simulation) þ9.7 −9.8
Flavor (mis-)tagging efficiency þ1.7 −2.2
Simulated sample size þ4.2 −3.6
Other experimental uncertainties þ2.1 −1.4

Theoretical þ3.9 −1.6
V þ jets modeling þ2.3 −1.2
H modeling þ3.2 −1.0

Total þ20.3 −19.9
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breakdown of the sources of uncertainty affecting the
measurement is shown in Table II. Tabulated results are
provided in the HEPData record for this analysis [88].
In conclusion, a search for standard model (SM) Z and

Higgs bosons produced with transverse momenta greater
than 450 GeV and decaying to charm quark-antiquark (cc̄)
pairs has been performed in a data sample corresponding to
an integrated luminosity of 138 fb−1 at

ffiffiffi
s

p ¼ 13 TeV. New
algorithms based on deep neural networks have been
developed to identify jets originating from charm quark
pairs. The Z → cc̄ process is observed in association with
jets at a hadron collider for the first time, with a signal
strength of 1.00þ0.19

−0.17 relative to the SM prediction. This
observation establishes Z → cc̄ as an important reference
for future X → cc̄ searches. An observed (expected) upper
limit on the product of the Higgs boson production cross
section and branching fraction to cc̄ of 47 (39) times the
SM expectation is set at 95% confidence level.
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A. Raspereza,45 B. Ribeiro Lopes ,45 J. Rübenach,45 A. Saggio ,45 M. Savitskyi ,45 M. Scham ,45,v,z V. Scheurer,45

S. Schnake ,45,v P. Schütze ,45 C. Schwanenberger ,45,u M. Shchedrolosiev ,45 R. E. Sosa Ricardo ,45 D. Stafford,45

N. Tonon ,45,a M. Van De Klundert ,45 F. Vazzoler ,45 A. Ventura Barroso ,45 R. Walsh ,45 D. Walter ,45 Q. Wang ,45

Y. Wen ,45 K. Wichmann,45 L. Wiens ,45,v C. Wissing ,45 S. Wuchterl ,45 Y. Yang,45 A. Zimermmane Castro Santos ,45

A. Albrecht ,46 S. Albrecht ,46 M. Antonello ,46 S. Bein ,46 L. Benato ,46 M. Bonanomi ,46 P. Connor ,46

K. De Leo ,46 M. Eich,46 K. El Morabit ,46 F. Feindt,46 A. Fröhlich,46 C. Garbers ,46 E. Garutti ,46 M. Hajheidari,46

J. Haller ,46 A. Hinzmann ,46 H. R. Jabusch ,46 G. Kasieczka ,46 P. Keicher,46 R. Klanner ,46 W. Korcari ,46

T. Kramer ,46 V. Kutzner ,46 F. Labe ,46 J. Lange ,46 A. Lobanov ,46 C. Matthies ,46 A. Mehta ,46 L. Moureaux ,46

M. Mrowietz,46 A. Nigamova ,46 Y. Nissan,46 A. Paasch ,46 K. J. Pena Rodriguez ,46 T. Quadfasel ,46 M. Rieger ,46

O. Rieger,46 D. Savoiu ,46 J. Schindler ,46 P. Schleper ,46 M. Schröder ,46 J. Schwandt ,46 M. Sommerhalder ,46

H. Stadie ,46 G. Steinbrück ,46 A. Tews,46 M. Wolf ,46 S. Brommer ,47 M. Burkart,47 E. Butz ,47 T. Chwalek ,47

A. Dierlamm ,47 A. Droll,47 N. Faltermann ,47 M. Giffels ,47 J. O. Gosewisch,47 A. Gottmann ,47 F. Hartmann ,47,aa

M. Horzela ,47 U. Husemann ,47 M. Klute ,47 R. Koppenhöfer ,47 M. Link,47 A. Lintuluoto ,47 S. Maier ,47

S. Mitra ,47 Th. Müller ,47 M. Neukum,47 M. Oh ,47 G. Quast ,47 K. Rabbertz ,47 J. Rauser,47 I. Shvetsov,47

H. J. Simonis ,47 N. Trevisani ,47 R. Ulrich ,47 J. van der Linden ,47 R. F. Von Cube ,47 M.Wassmer ,47 S. Wieland ,47

R. Wolf ,47 S. Wozniewski ,47 S. Wunsch,47 X. Zuo ,47 G. Anagnostou,48 P. Assiouras ,48 G. Daskalakis ,48

A. Kyriakis,48 A. Stakia ,48 M. Diamantopoulou,49 D. Karasavvas,49 P. Kontaxakis ,49 A. Manousakis-Katsikakis ,49

A. Panagiotou,49 I. Papavergou ,49 N. Saoulidou ,49 K. Theofilatos ,49 E. Tziaferi ,49 K. Vellidis ,49 I. Zisopoulos ,49

G. Bakas ,50 T. Chatzistavrou,50 K. Kousouris ,50 I. Papakrivopoulos ,50 G. Tsipolitis,50 A. Zacharopoulou,50

K. Adamidis,51 I. Bestintzanos,51 I. Evangelou ,51 C. Foudas,51 P. Gianneios ,51 C. Kamtsikis,51 P. Katsoulis,51

P. Kokkas ,51 P. G. Kosmoglou Kioseoglou ,51 N. Manthos ,51 I. Papadopoulos ,51 J. Strologas ,51 M. Csanád ,52

K. Farkas ,52 M.M. A. Gadallah ,52,bb S. Lökös ,52,cc P. Major ,52 K. Mandal ,52 G. Pásztor ,52 A. J. Rádl ,52,dd

O. Surányi ,52 G. I. Veres ,52 M. Bartók ,53,ee G. Bencze,53 C. Hajdu ,53 D. Horvath ,53,ff,gg F. Sikler ,53

V. Veszpremi ,53 N. Beni ,54 S. Czellar,54 J. Karancsi ,54,ee J. Molnar,54 Z. Szillasi,54 D. Teyssier ,54 P. Raics,55

B. Ujvari ,55,hh G. Zilizi ,55 T. Csorgo ,56,dd F. Nemes ,56,dd T. Novak ,56 J. Babbar ,57 S. Bansal ,57 S. B. Beri,57

V. Bhatnagar ,57 G. Chaudhary ,57 S. Chauhan ,57 N. Dhingra ,57,ii R. Gupta,57 A. Kaur ,57 A. Kaur ,57 H. Kaur ,57

M. Kaur ,57 S. Kumar ,57 P. Kumari ,57 M. Meena ,57 K. Sandeep ,57 T. Sheokand,57 J. B. Singh ,57,jj A. Singla ,57

A. K. Virdi ,57 A. Ahmed ,58 A. Bhardwaj ,58 A. Chhetri ,58 B. C. Choudhary ,58 A. Kumar ,58 M. Naimuddin ,58

K. Ranjan ,58 S. Saumya ,58 S. Baradia ,59 S. Barman ,59,kk S. Bhattacharya ,59 D. Bhowmik,59 S. Dutta ,59

S. Dutta ,59 B. Gomber ,59,ll M. Maity,59,kk P. Palit ,59 G. Saha ,59 B. Sahu ,59 S. Sarkar,59 P. K. Behera ,60

S. C. Behera ,60 S. Chatterjee ,60 P. Kalbhor ,60 J. R. Komaragiri ,60,mm D. Kumar ,60,mm A. Muhammad ,60

L. Panwar ,60,mm R. Pradhan ,60 P. R. Pujahari ,60 N. R. Saha ,60 A. Sharma ,60 A. K. Sikdar ,60 S. Verma ,60

K. Naskar ,61,nn T. Aziz,62 I. Das ,62 S. Dugad,62 M. Kumar ,62 G. B. Mohanty ,62 P. Suryadevara,62 S. Banerjee ,63

M. Guchait ,63 S. Karmakar ,63 S. Kumar ,63 G. Majumder ,63 K. Mazumdar ,63 S. Mukherjee ,63 A. Thachayath ,63

S. Bahinipati ,64,oo A. K. Das,64 C. Kar ,64 P. Mal ,64 T. Mishra ,64 V. K. Muraleedharan Nair Bindhu ,64,pp

A. Nayak ,64,pp P. Saha ,64 S. K. Swain,64 D. Vats ,64,pp A. Alpana ,65 S. Dube ,65 B. Kansal ,65 A. Laha ,65

S. Pandey ,65 A. Rastogi ,65 S. Sharma ,65 H. Bakhshiansohi ,66,qq E. Khazaie ,66 M. Zeinali ,66,rr S. Chenarani ,67,ss

PHYSICAL REVIEW LETTERS 131, 041801 (2023)

041801-10

https://orcid.org/0000-0002-5295-1460
https://orcid.org/0000-0003-0713-811X
https://orcid.org/0000-0002-4785-3057
https://orcid.org/0000-0002-4692-9304
https://orcid.org/0000-0001-9806-0244
https://orcid.org/0000-0003-3681-9272
https://orcid.org/0000-0003-1491-0446
https://orcid.org/0000-0002-2702-8201
https://orcid.org/0000-0002-3522-5926
https://orcid.org/0000-0001-6445-6160
https://orcid.org/0000-0002-8369-7506
https://orcid.org/0000-0003-1697-2130
https://orcid.org/0000-0002-1320-1712
https://orcid.org/0000-0003-1533-0945
https://orcid.org/0000-0001-6030-3191
https://orcid.org/0009-0008-4191-6716
https://orcid.org/0009-0002-9905-0667
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0001-8822-4727
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-2988-9830
https://orcid.org/0000-0002-7366-7098
https://orcid.org/0000-0003-1111-249X
https://orcid.org/0000-0001-9518-0435
https://orcid.org/0000-0003-4439-5748
https://orcid.org/0000-0003-1803-0999
https://orcid.org/0000-0002-1383-1837
https://orcid.org/0000-0001-6232-3591
https://orcid.org/0000-0002-5804-6226
https://orcid.org/0000-0001-6195-3102
https://orcid.org/0000-0001-9850-6170
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-4423-2631
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0001-7327-1870
https://orcid.org/0000-0001-9127-7408
https://orcid.org/0000-0002-1194-2306
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-3273-5859
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0002-9952-9267
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0003-4301-2688
https://orcid.org/0000-0001-8596-2812
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0003-1014-8677
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0000-0001-9955-9258
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0000-0001-6004-6180
https://orcid.org/0000-0002-5960-6803
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0003-2444-1014
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0001-7379-4540
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0009-0006-6551-0660
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-7174-781X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0001-8563-0412
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0002-5152-9006
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-6277-7171
https://orcid.org/0000-0002-4860-5979
https://orcid.org/0000-0002-0530-1182
https://orcid.org/0000-0002-7992-2686
https://orcid.org/0000-0001-6958-4196
https://orcid.org/0000-0001-8448-883X
https://orcid.org/0000-0003-4958-0408
https://orcid.org/0000-0001-5680-8357
https://orcid.org/0000-0001-5212-4353
https://orcid.org/0000-0003-0287-1937
https://orcid.org/0000-0002-6360-0869
https://orcid.org/0000-0002-8440-0487
https://orcid.org/0000-0002-5903-5481
https://orcid.org/0009-0003-7233-0738
https://orcid.org/0009-0009-3752-6253
https://orcid.org/0000-0002-7440-4396
https://orcid.org/0000-0003-3247-8909
https://orcid.org/0000-0002-9937-3063
https://orcid.org/0000-0002-2225-7160
https://orcid.org/0000-0002-3154-6925
https://orcid.org/0000-0003-1740-6974
https://orcid.org/0000-0002-8305-6661
https://orcid.org/0000-0002-4447-4836
https://orcid.org/0000-0002-5476-0414
https://orcid.org/0000-0002-3966-7182
https://orcid.org/0000-0003-0707-9762
https://orcid.org/0000-0001-8810-0388
https://orcid.org/0000-0002-4684-495X
https://orcid.org/0000-0002-5440-4356
https://orcid.org/0000-0002-4440-2701
https://orcid.org/0000-0002-7193-800X
https://orcid.org/0000-0003-0091-477X
https://orcid.org/0000-0001-9608-3901
https://orcid.org/0000-0001-9783-0315
https://orcid.org/0000-0002-3185-7889
https://orcid.org/0000-0003-0802-7665
https://orcid.org/0000-0002-5259-7983
https://orcid.org/0000-0003-0498-4265
https://orcid.org/0000-0002-0480-0000
https://orcid.org/0000-0002-9110-9663
https://orcid.org/0000-0002-1451-6484
https://orcid.org/0000-0001-6253-4356
https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-8392-9610
https://orcid.org/0000-0003-0168-3336
https://orcid.org/0000-0001-6974-4129
https://orcid.org/0000-0002-7200-6204
https://orcid.org/0000-0002-1640-9180
https://orcid.org/0000-0003-3609-4777
https://orcid.org/0000-0002-8659-7092
https://orcid.org/0000-0002-3440-2767
https://orcid.org/0000-0001-9212-9108
https://orcid.org/0000-0002-6623-8586
https://orcid.org/0000-0003-4536-3967
https://orcid.org/0000-0002-3220-3668
https://orcid.org/0000-0001-9029-2462
https://orcid.org/0000-0003-2550-139X
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-4500-8853
https://orcid.org/0000-0002-7544-3258
https://orcid.org/0000-0001-7495-1923
https://orcid.org/0000-0001-5029-1887
https://orcid.org/0000-0001-9212-9108
https://orcid.org/0000-0003-4542-386X
https://orcid.org/0000-0002-5540-3750
https://orcid.org/0000-0001-7842-9518
https://orcid.org/0000-0001-9860-7262
https://orcid.org/0000-0001-8891-1674
https://orcid.org/0000-0002-8110-4957
https://orcid.org/0000-0001-9650-8121
https://orcid.org/0000-0001-9650-8121
https://orcid.org/0000-0002-4446-0258
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-6125-1941
https://orcid.org/0000-0002-8073-5140
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0002-0798-2727
https://orcid.org/0000-0003-2660-0349
https://orcid.org/0000-0002-5892-3743
https://orcid.org/0000-0002-9344-6655
https://orcid.org/0000-0002-6636-5331
https://orcid.org/0000-0002-7535-7149
https://orcid.org/0000-0003-2461-4907
https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0002-0994-7212
https://orcid.org/0000-0002-7954-7898
https://orcid.org/0000-0002-0688-923X
https://orcid.org/0000-0002-5437-5217
https://orcid.org/0000-0003-1163-6955
https://orcid.org/0000-0003-0638-4378
https://orcid.org/0000-0002-5437-2067
https://orcid.org/0000-0003-0312-057X
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0002-7953-4683
https://orcid.org/0009-0004-0928-7922
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-2405-915X
https://orcid.org/0000-0002-3815-5222
https://orcid.org/0000-0003-3136-1653
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0001-6545-0350
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0000-0002-0870-8420
https://orcid.org/0000-0002-2121-3932
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0002-7716-4981
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0009-0007-8224-4664
https://orcid.org/0000-0003-3294-2345
https://orcid.org/0000-0002-5145-3777
https://orcid.org/0000-0002-6604-1011
https://orcid.org/0000-0001-9440-7028
https://orcid.org/0000-0003-0440-6019
https://orcid.org/0000-0003-1245-6710
https://orcid.org/0000-0001-6886-0726
https://orcid.org/0000-0001-5741-3357
https://orcid.org/0000-0001-9810-7743
https://orcid.org/0000-0001-8367-6257
https://orcid.org/0000-0002-1425-076X


S. M. Etesami ,67 M. Khakzad ,67 M. Mohammadi Najafabadi ,67 M. Grunewald ,68 M. Abbrescia ,69a,69b

R. Aly ,69a,69c,tt C. Aruta ,69a,69b A. Colaleo ,69a D. Creanza ,69a,69c L. Cristella ,69a,69b N. De Filippis ,69a,69c

M. De Palma ,69a,69b A. Di Florio ,69a,69b W. Elmetenawee ,69a,69b F. Errico ,69a,69b L. Fiore ,69a G. Iaselli ,69a,69c

G. Maggi ,69a,69c M. Maggi ,69a I. Margjeka ,69a,69b V. Mastrapasqua ,69a,69b S. My ,69a,69b S. Nuzzo ,69a,69b

A. Pellecchia ,69a,69b A. Pompili ,69a,69b G. Pugliese ,69a,69c R. Radogna ,69a D. Ramos ,69a A. Ranieri ,69a

G. Selvaggi ,69a,69b L. Silvestris ,69a F. M. Simone ,69a,69b Ü. Sözbilir ,69a A. Stamerra ,69a R. Venditti ,69a

P. Verwilligen ,69a G. Abbiendi ,70a C. Battilana ,70a,70b D. Bonacorsi ,70a,70b L. Borgonovi ,70a L. Brigliadori,70a

R. Campanini ,70a,70b P. Capiluppi ,70a,70b A. Castro ,70a,70b F. R. Cavallo ,70a M. Cuffiani ,70a,70b G. M. Dallavalle ,70a

T. Diotalevi ,70a,70b F. Fabbri ,70a A. Fanfani ,70a,70b P. Giacomelli ,70a L. Giommi ,70a,70b C. Grandi ,70a

L. Guiducci ,70a,70b S. Lo Meo ,70a,uu L. Lunerti ,70a,70b S. Marcellini ,70a G. Masetti ,70a F. L. Navarria ,70a,70b

A. Perrotta ,70a F. Primavera ,70a,70b A. M. Rossi ,70a,70b T. Rovelli ,70a,70b G. P. Siroli ,70a,70b S. Costa ,71a,71b,vv

A. Di Mattia ,71a R. Potenza,71a,71b A. Tricomi ,71a,71b,vv C. Tuve ,71a,71b G. Barbagli ,72a G. Bardelli ,72a,72b

B. Camaiani ,72a,72b A. Cassese ,72a R. Ceccarelli ,72a,72b V. Ciulli ,72a,72b C. Civinini ,72a R. D’Alessandro ,72a,72b

E. Focardi ,72a,72b G. Latino ,72a,72b P. Lenzi ,72a,72b M. Lizzo ,72a,72b M. Meschini ,72a S. Paoletti ,72a G. Sguazzoni ,72a

L. Viliani ,72a L. Benussi ,73 S. Bianco ,73 S. Meola ,73,ww D. Piccolo ,73 M. Bozzo ,74a,74b P. Chatagnon ,74a

F. Ferro ,74a E. Robutti ,74a S. Tosi ,74a,74b A. Benaglia ,75a G. Boldrini ,75a F. Brivio ,75a,75b F. Cetorelli ,75a,75b

F. De Guio ,75a,75b M. E. Dinardo ,75a,75b P. Dini ,75a S. Gennai ,75a A. Ghezzi ,75a,75b P. Govoni ,75a,75b L. Guzzi ,75a,75b

M. T. Lucchini ,75a,75b M. Malberti ,75a S. Malvezzi ,75a A. Massironi ,75a D. Menasce ,75a L. Moroni ,75a

M. Paganoni ,75a,75b D. Pedrini ,75a B. S. Pinolini,75a S. Ragazzi ,75a,75b N. Redaelli ,75a T. Tabarelli de Fatis ,75a,75b

D. Zuolo ,75a,75b S. Buontempo ,76a F. Carnevali,76a,76b N. Cavallo ,76a,76c A. De Iorio ,76a,76b F. Fabozzi ,76a,76c

A. O. M. Iorio ,76a,76b L. Lista ,76a,76b,xx P. Paolucci ,76a,aa B. Rossi ,76a C. Sciacca ,76a,76b P. Azzi ,77a

N. Bacchetta ,77a,yy M. Bellato ,77a M. Benettoni ,77a D. Bisello ,77a,77b P. Bortignon ,77a A. Bragagnolo ,77a,77b

R. Carlin ,77a,77b P. Checchia ,77a T. Dorigo ,77a U. Gasparini ,77a,77b G. Grosso,77a L. Layer,77a,zz E. Lusiani ,77a

M. Margoni ,77a,77b J. Pazzini ,77a,77b P. Ronchese ,77a,77b R. Rossin ,77a,77b F. Simonetto ,77a,77b G. Strong ,77a

M. Tosi ,77a,77b H. Yarar,77a,77b M. Zanetti ,77a,77b P. Zotto ,77a,77b A. Zucchetta ,77a,77b G. Zumerle ,77a,77b
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74bUniversità di Genova, Genova, Italy
75aINFN Sezione di Milano-Bicocca, Milano, Italy
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