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A search for nonresonant Higgs boson (H) pair production via gluon and vector boson (V) fusion is
performed in the four-bottom-quark final state, using proton-proton collision data at 13 TeV corresponding
to 138 fb−1 collected by the CMS experiment at the LHC. The analysis targets Lorentz-boosted H pairs
identified using a graph neural network. It constrains the strengths relative to the standard model of the H
self-coupling and the quartic VVHH couplings, κ2V , excluding κ2V ¼ 0 for the first time, with a
significance of 6.3 standard deviations when other H couplings are fixed to their standard model values.
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The discovery of a Higgs boson by the ATLAS and CMS
Collaborations at the CERN LHC in 2012 [1–3] started a
new era in experimental high energy physics. Since its
original observation, significant efforts have been made to
measure the properties of the Higgs boson, including its
self-coupling. The production of a pair of Higgs bosons
(HH) is a rare process that provides access to direct
measurements of the Higgs boson trilinear self-coupling
(λ) and the quartic couplings between two Higgs bosons
and two vector bosons.
The HH production takes place primarily via gluon-

gluon fusion (ggF) and vector boson fusion (VBF). In the
standard model (SM), the ggF cross section at

ffiffiffi

s
p ¼

13 TeV for a Higgs boson mass of 125 GeV, calculated
at next-to-next-to-leading order (NNLO) precision in per-
turbative quantum chromodynamics (QCD), is 31.1þ2.1

−7.2 fb
[4,5] and is sensitive to the values of λ and the top quark
Yukawa coupling yt. Variations from their SM values are
parametrized as κλ ¼ λ=λSM and κt ¼ yt=y

SM
t . The latter

has been measured to be consistent with the SM [6,7]. The
VBF cross section, calculated at next-to-NNLO (N3LO)
precision, is 1.726� 0.036 fb [8] and depends on the
strength of the self-coupling and on the interaction of a
pair of W or Z bosons (jointly denoted as V) with a single
Higgs boson (VVH) or a pair of Higgs bosons (VVHH),
whose values with respect to the SM predictions are para-
metrized as κV and κ2V , respectively. ATLAS and CMS
Collaborations have performed studies of HH production at
ffiffiffi

s
p ¼ 7, 8, and 13 TeV in the separate bb̄γγ [9–12],

bb̄τ−τþ [13,14], bb̄bb̄ [15–20], and bb̄VV [21–24] chan-
nels, as well as in combinations of channels [25–27].
This Letter reports the results of a search for nonresonant

HH production via both the ggF and VBF modes in the
channel where each Higgs boson decays to a bottom quark-
antiquark pair (bb̄). It is based on data from proton-proton
collisions at the LHC at

ffiffiffi

s
p ¼ 13 TeV, collected by the

CMS experiment in 2016–2018, corresponding to an
integrated luminosity of 138 fb−1. We select events with
both Higgs bosons in the highly Lorentz-boosted regime,
i.e., with sufficiently large transverse momentum (pT) for
the decay products of each Higgs boson to become merged
into a single large-radius jet. Events are separated into
mutually exclusive categories targeting either ggF or VBF
HH production, with the latter requiring a characteristic
VBF signature of two additional small-radius jets in
opposite forward regions. The ggF categories are designed
to select SM ggF HH signal events, whereas the VBF
categories target non-SM coupling hypotheses that can
dramatically increase the VBFHH cross section, especially
for highly Lorentz-boosted Higgs boson pairs [28–31].
Such non-SM couplings can arise for example in the
models where the Higgs boson is a pseudo-Goldstone
boson from a new tera-electron-volt–scale strong interac-
tion [30,32], and a case of particular interest is κ2V ¼ 0,
corresponding to vanishing VVHH couplings. The two
dominant background processes, namely QCD multijet
production, consisting uniquely of jets produced through
the strong interaction, and top quark-antiquark pair (tt̄)
production, are estimated utilizing dedicated data samples
enriched in these processes. One of the main challenges for
this search is the efficient reconstruction of the decay of a
pair of Higgs bosons, while rejecting jets originating from
light-flavor quarks and gluons. For this purpose, we use a
novel graph neural network (GNN) algorithm, ParticleNet
[33], to select large-radius jets resulting from H → bb̄
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decays, increasing signal purity in a mass-independent way.
The search complements that in Ref. [20], which targets the
same bb̄bb̄ final state in the nonboosted regime and covers
a region of signal phase space that is largely disjoint from
that of the present analysis.
The CMS apparatus [34] is a multipurpose, nearly

hermetic detector, designed to trigger on [35,36] and
identify electrons, muons, photons, and charged and neutral
hadrons [37–39]. A global reconstruction algorithm [40]
combines the information provided by the all-silicon inner
tracker and by the crystal electromagnetic (ECAL) and
brass-scintillator hadron calorimeters, operating inside a
3.8 T superconducting solenoid, with data from gas-
ionization muon detectors interleaved with the solenoid
return yoke [41–43]. The primary vertex (PV) is taken to be
the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone [44].
Simulated samples for the ggF process are generated at

next-to-leading order (NLO) precision using POWHEG 2.0

[45–53], and corrected as a function of HH mass based on
Ref. [54]. The VBF HH samples are generated at leading
order (LO) precision using MADGRAPH 5_aMC@NLO 2.6.5

[55]. A range of samples corresponding to different
combinations of the κV , κ2V , and κλ coupling modifiers
is generated. Samples for other coupling combinations are
constructed as linear combinations of the original generated
samples by applying appropriate event weights as described
in Ref. [20]. The ggF samples are normalized to the NNLO
cross sections [4,5,56–61] corresponding to the coupling
values considered. The VBF sample with SM couplings is
normalized to the N3LO cross section [8], and the same
N3LO/LO correction is applied to the VBF samples with
modified couplings.
Samples for the tt̄ background process are generated at

NLO precision using POWHEG v2.0 [45–47,62,63] with the
FxFx jet matching and merging scheme [64], and normal-
ized to the theoretical cross section calculated at NNLO
precision using TOP++ v2.0 [65]. The differential tt̄ cross
section as a function of the top quark pT is corrected to the
NNLO QCDþ NLO electroweak precision [66]. Samples
for other background processes, such as the QCD multijet,
single top quark, W and Z single-boson and diboson
production processes, as well as single Higgs boson
production in all relevant production modes, are also
generated. Parton showering, hadronization, and the under-
lying event are modeled by PYTHIA 8.205 [67] with param-
eters set by the CUETP8M1 [68] and CP5 tunes [69] used
for samples simulating the 2016 and 2017–2018 condi-
tions, respectively. The NNPDF 3.0 [70] and 3.1 [71]
parton distribution functions (PDFs) are used in the
generation of all simulated samples. The GEANT4 [72]
package is used to model the response of the CMS detector,
and simulated minimum bias interactions are mixed with
the hard interactions in simulated events to model addi-
tional proton-proton interactions within the same or nearby

bunch crossings (pileup). The simulated events are
weighted to match the pileup distributions measured
in data.
The reconstructed particles are clustered into jets using

the anti-kT algorithm [73] implemented in the FASTJET

package [74] with a distance parameter of 0.4 (small-radius
jets) or 0.8 (large-radius jets). To mitigate the effect of
pileup on small-radius jets, the charged-hadron subtraction
algorithm [40] is applied. For large-radius jets, the pileup-
per-particle identification algorithm [75,76] is used to
assign a weight to each particle prior to jet clustering
based on the likelihood of the particle originating from the
PV. Further corrections are applied to the jet energy as a
function of the jet pseudorapidity (η) and pT to account for
detector response nonlinearities [42]. The missing trans-
verse momentum vector p⃗miss

T is computed as the negative
vector sum of the transverse momenta of all the recon-
structed particles in an event, and its magnitude is denoted
as pmiss

T [43]. The p⃗miss
T is modified to account for

corrections to the energy scale of the reconstructed jets
in the event.
Electrons are reconstructed and their momentum is

estimated by combining the momentum measurement from
the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track [37].
Muons are reconstructed as tracks in the central tracker,
consistent with either a track or several hits in the muon
chambers, and their momentum is obtained from the
curvature of the corresponding track [38]. Electron candi-
dates are reconstructed within the tracker acceptance of
jηj < 2.5, whereas muon candidates are required to be
within the muon chamber acceptance of jηj < 2.4. The
electron and muon candidates are required to have
pT > 10 GeV. Only tracks consistent with the PV are
associated with the electrons or muons, and additional
identification criteria [38,77] are applied to improve the
purity of the lepton selection. Isolation criteria [78] are used
to distinguish leptons originating at the PV from those
originating from bottom or charm hadron decays.
Events are required to contain at least two large-radius

jets, and the two with the highest pT are considered as
Higgs boson candidates. A combination of several trigger
algorithms is used, all requiring the total hadronic trans-
verse energy in the event (HT) or jet pT to be above a given
threshold. After removing the remnants of soft radiation
[79], a minimum triggering threshold on the jet mass is
imposed in order to reduce the HT or pT thresholds relative
to a trigger algorithm with no jet mass requirement but of
an equivalent rate. The trigger efficiency varies between
10% and 95% for jets with pT in the range from 300 to
450 GeVand is fully efficient for jets with pT > 500 GeV.
The GNN algorithms [33,80–82] have been shown to

achieve state-of-the-art performance in jet classification
[83], and this analysis is among the first to use the
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ParticleNet GNN algorithm [33] to discriminate between
H → bb̄ and QCD-induced jets. Its inputs comprise 20
measured properties of jet constituent particles, such as the
pT , the angular separation between the particle and the jet
axis, and the transverse and longitudinal impact parameters
relative to the PV. The inputs also include eleven properties
of the secondary vertices [84] within the jet cone, such as
the displacement, pT , mass, and the number of associated
tracks. Given the relatively large masses, long lifetimes,
and high-pT and displaced decay products of b hadrons,
this low-level tracking and vertexing information is impor-
tant for identifying jets containing b hadron decays [85].
The algorithm treats each jet as an unordered set of its
constituents, considers their correlations at different scales
to extract jet features, and returns an output corresponding
to the probability that the jet belongs to either the H → bb̄
or the QCD multijet class. As shown in Ref. [86], algo-
rithms like this one that exploit the correlations between
many low-level input features outperform those that are
based on fewer high-level discriminating variables forH →
bb̄ identification. To achieve independence from the jet
mass, the classifier is trained using dedicated simulated
samples containing spin-0 particles with a uniform mass
spectrum between 15 and 250 GeVand decaying to quark-
antiquark pairs, as well as a QCD multijet sample [87]. In
addition, jets in each sample are reweighted to obtain
uniform distributions in both pT and mass for the training.
The ParticleNet algorithm yields significant improvements
both in terms of performance and jet mass decorrelation
compared to previous jet classifier algorithms [86,87]. The
discriminant (Dbb̄) is calibrated using data and simulated
samples dominated by QCDmultijet events [88]. A boosted
decision tree (BDT) classifier is used to select a sample of
jets enriched in gluon splittings to bb̄ that yields a Dbb̄

distribution similar to the HH signal. A fit to data is
performed to extract pT-dependent simulation-to-data cor-
rection factors, typically ranging from 0.9 to 1.2. They are
applied to correct large-radius jet selection efficiencies in
the signal events. Three working points (WPs) based on
Dbb̄ are used: these tight, medium, and loose WPs
correspond to H → bb̄ selection efficiencies of approx-
imately 60%, 80%, and 90%, and QCD background
misidentification rates of approximately 0.3%, 1%, and
2%, respectively.
The search for Higgs boson pairs relies on the ability to

reconstruct accurately the masses of the two Higgs boson
candidates. The soft-drop (SD) algorithm [89] with angular
exponent β ¼ 0 and soft radiation fraction z ¼ 0.1, also
known as the modified mass-drop algorithm [90], is usually
applied to the Higgs boson jet candidate to remove soft and
wide-angle radiation. The SD algorithm occasionally over-
subtracts genuine jet constituents that account for a large
fraction of the jet momentum, resulting in a jet mass (mSD)
that is negligible even for large-mass resonances. To
improve the jet mass estimation, we introduce a regression

algorithm based on the ParticleNet GNN architecture to
predict the jet mass [91]. To train the algorithm, the target
mass value that the algorithm aims to predict is chosen as
the true resonance mass for the heavy spin-0 particles, or
the SD mass of particle-level jets for QCD multijet events.
Particle-level jets are defined by clustering stable simulated
final-state particles, excluding neutrinos, using the same
procedure as for reconstructed jets, and they are geomet-
rically matched to the reconstructed jets. The training is
performed with the same samples and a similar event
weighting scheme as for jet classification. Data control
samples, dominated by tt̄ events, are used to calibrate the
jet mass from the regression (mreg). The small corrections to
mass scale (< 1%) and resolution (≈3%) are then applied
to all simulated samples in the rest of the analysis,
accompanied by systematic uncertainties that account for
the differences in regression performance between the jets
originating from W and Higgs boson decays.
Events containing at least two large-radius jets with

pT > 300 GeV and jηj < 2.4, and no isolated electrons or
muons, are selected and grouped into either the ggF or the
VBF categories.
For the VBF categories, we require the two large-radius

jets to have mreg between 50 and 200 GeV. The search
region (SR) is defined as the subset of events with mreg of
the pT-leading (pT-subleading) jet in the range 110–150
(90–145) GeV, while the remaining events are used as part
of the background estimation method described below. As
the VBF process is characterized by the presence of two
forward jets with a large dijet invariant mass and a gap in η,
we also require two additional small-radius jets, referred to
as VBF jet candidates, with pT > 25 GeV and jηj < 4.7.
They are required to be separated from both Higgs boson
candidate jets by a minimal distance of 1.2 in the η-ϕ plane,
where ϕ denotes the azimuthal angle. If more than two such
jets are found, the two with the highest pT are selected. The
absolute difference in pseudorapidity (ΔηVBFjj ) between the
two VBF jets must be larger than 4.0, and the invariant
mass of the two VBF jets (mVBF

jj ) must be larger than
500 GeV. To increase the sensitivity for the highly boosted
Higgs boson pairs from VBF production with non-SM
couplings, the pT-leading (pT-subleading) large-radius jet
is required to have pT > 500 (400) GeV. Additionally, the
azimuthal angle between the two large-radius jets (Δϕj1j2) is
required to be larger than 2.6, and the absolute difference in
pseudorapidity Δηj1j2 must be less than 2.0. Three VBF
event categories are defined based on the Dbb̄ scores of the
two Higgs boson candidate jets. Events in the high-purity
(HP) category must have both jets passing the tight Dbb̄

WP; events not in the HP category are categorized as
medium purity (MP) if both jets pass the medium Dbb̄ WP;
and events not in the HP or MP categories are categorized
as low purity (LP) if both jets pass the loose Dbb̄ WP.
The definitions of the three categories based on the
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correspondingDbb̄ WPs were optimized to provide the best
expected significance for the VBFHH signal hypotheses of
interest such as κ2V ¼ 0 (with other couplings at their SM
values), while enabling a robust background estimation and
reliable Dbb̄ calibration in all categories.
Events not assigned to any of the VBF categories are

considered for the ggF categories. The two selected large-
radius jets are ordered by the value ofDbb̄. TheDbb̄-leading
jet is required to have mSD > 50 GeV, while the Dbb̄-
subleading jet is required to have mreg > 50 GeV. A BDT
is trained to discriminate between the HH signal and QCD
multijet or tt̄ background processes. Input variables to the
BDT include: the pT and substructure variable τ32, used to
identify three-prong jets like those arising from fully
hadronic top quark decays [86,92], of each of the two
selected large-radius jets; the mSD, η, and Dbb̄ of the Dbb̄-
leading jet; the pmiss

T ; the pT , η, and mass of the dijet system
(mHH); and the ratios pTj1

=mHH, pTj2
=mHH, and

pTj2
=pTj1

. The mSD is used as an input to the BDT instead
of mreg in order to avoid correlations between the mass
regression and the BDT. The simulation modeling of the
BDT input variables is validated in signal and background
control regions and shown to be accurate. Based on the
BDT output score, tight, medium, and loose WPs are
defined, corresponding to HH signal selection efficiencies
of approximately 23%, 27%, and 33%, and QCD and tt̄
background misidentification rates of approximately 1%,
2%, and 12%, respectively. Three SR event categories
targeting ggF production are constructed. Events in the
highest signal purity category 1 are required to pass the
tight BDT WP and the Dbb̄-subleading large-radius jet is
required pass the tightDbb̄ WP. Events not in category 1 are
grouped into category 2 if they pass the tight BDT WP and
the Dbb̄-subleading jet passes the medium Dbb̄ WP, or if
they fail the tight but pass the medium BDT WP and the
Dbb̄-subleading jet passes the tight Dbb̄ WP. Finally, events
not in categories 1 or 2 are grouped into category 3 if they
pass the loose BDT WP and the Dbb̄-subleading jet passes
the medium Dbb̄ WP. The categorization thresholds are
chosen to maximize the expected sensitivity to the SM ggF
HH signal.
After all selection requirements, the remaining SM

background mainly consists of two processes: tt̄ and
QCD multijet production. These background contributions
are estimated by fitting the corresponding distributions
simultaneously via a maximum likelihood fit to data as
detailed in the following, similarly to previous CMS
searches for boosted Higgs boson signals [93–95]. Other
backgrounds include single Higgs boson production in the
tt̄H and VH modes, V þ jets production, and diboson
production. They are estimated from simulation in the ggF
event categories, and found to be negligible in the VBF
event categories.
A control region (CR) enriched in QCD multijet events

is selected by changing the requirement on the Dbb̄

discriminant. For the VBF categories, this CR is defined
by both Higgs boson candidate jets failing the loose Dbb̄

WP. Since the Dbb̄ discriminant is designed and measured
to be independent of the jet mass, the sidebands of the mass
distribution of the pT-subleading large-radius jet, namely
mreg ∈ ½50; 100� ∪ ½145; 200� GeV, are used to obtain
transfer factors that account for the ratio of selection
efficiencies in the QCD-enriched low-Dbb̄ CR and the
high-Dbb̄ VBF SRs. A separate transfer factor is derived
using the pT-subleading large-radius jet mass sidebands for
each mHH interval in each search category (HP, MP, and
LP). For the ggF categories, the QCD-enriched CR is
defined by the Dbb̄-subleading large-radius jet failing the
mediumDbb̄ WP and passing the loose BDTWP. The QCD
multijet background in the ggF SRs is estimated using the
mreg distribution of the Dbb̄-subleading jet, assuming a
constant transfer factor [95]. We have checked whether a
higher-order polynomial dependence on the mass shape is
necessary using a Fisher F test [96], and Kolmogorov-
Smirnov [97] and saturated model [98,99] goodness-of-fit
tests, but a constant factor is found to be sufficient.
For the VBF categories, an auxiliary sample enriched in

tt̄ events containing one leptonically decaying W boson is
used to extract two corrections for the tt̄ background
estimate: one for the difference in H → bb̄ misidentifica-
tion efficiency in tt̄ events between data and simulation,
measured separately for each Dbb̄ WP, and the other for the
overall normalization of the tt̄ process, measured inclu-
sively. We define this sample with a set of selections closely
following the definition of the tt̄-enriched region in
Ref. [86]. For the ggF categories, the simulation predictions
of the BDT and mreg distributions for the top quark
background are validated and corrected using a similar tt̄
sample containing one leptonicW boson decay, with τ32 <
0.46 required for two large-radius jets.
The dominant uncertainty in the analysis, corresponding

to 62% relative to the extracted signal yield is the statistical
uncertainty due to limited size of the data sample. Other
sources of uncertainty include: the QCD multijet back-
ground estimate (30%); the simulation modeling of theDbb̄

shape and selection efficiency (15%); the jet energy and
mass scale and resolution (13%); the theoretical uncertain-
ties from the PDFs, missing higher-order QCD corrections,
and initial- and final-state radiation (11%); the modeling of
the top quark background (7%); the trigger efficiency
measurement (4%); the integrated luminosity measurement
[100–102] (2%); and the pileup modeling (2%). The impact
of each uncertainty is evaluated by computing the uncer-
tainty excluding that source and subtracting it in quadrature
from the total uncertainty.
A binned maximum likelihood fit to the observed mHH,

Dbb̄, mreg, and BDT distributions is performed using the
sum of the signal and background contributions. Because
part of the VBF signal can enter the ggF categories, e.g.,
caused by failing to reconstruct the VBF jets or the Higgs
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boson candidate jet pT being too low, the fit is performed
simultaneously in all ggF and VBF categories, including
the CRs. The results of the fit in the ggF BDT event
category 1, which dominates the overall sensitivity, are
shown in Fig. 1. The results of the fit in the VBF LP, MP,
and HP categories are shown in Fig. 2.
The test statistic chosen to determine the signal yield is

based on the profile likelihood ratio [103]. Systematic
uncertainties are incorporated into the analysis via nuisance
parameters and treated according to the frequentist para-
digm. To ensure that the background estimation methods
and the resulting statistical model are able to disentangle
possible signal from background, we perform signal
injection tests. We generate various pseudoexperiment data
sets corresponding to different signal hypotheses, fit these
data sets, and verify that the extracted signal parameters
correspond to the injected ones within the fitted uncertain-
ties. Then we proceed to fit the observed data, for which the
signal strength modifier, defined as the ratio of the
measured to the expected SM HH production, extracted
from a combined fit of all categories is found to be
μ ¼ 3.5þ3.3

−2.5 . The best fit value of each parameter of interest
and approximate 1, 2, 3, and 5 standard deviation (σ)
confidence level (CL) intervals are extracted following the
procedure described in Sec. 3.2 of Ref. [104]. Figure 3
shows the profile likelihood test statistic scan in data over
the κλ-κ2V plane.

FIG. 1. The data and fitted signal and background distributions
for the Dbb̄-subleading jet regressed mass are shown for the ggF
BDTevent category 1, the category accounting for most of the sen-
sitivity to the ggF HH signal. The SM HH (κ2V ¼ κV ¼ κλ ¼ 1)
signal is shown scaled to the best fit signal strength μ ¼ 3.5. The
lower panel shows the ratio of the data and the total prediction, with
its uncertainty represented by the shaded band. The error bars on the
data points represent the statistical uncertainties.

FIG. 2. The distributions of the invariant mass of the HH
system after a background-only fit to the data, for the VBF low-
purity (LP), medium-purity (MP), and high-purity (HP) catego-
ries. The VBF signal for κ2V ¼ 0, κV ¼ κλ ¼ 1, is shown in red
with the vertical error bar indicating the prefit uncertainty. The
lower panel shows the ratio of the data and the total background
prediction, with its uncertainty represented by the shaded
band. The error bars on the data points represent the statistical
uncertainties.

FIG. 3. Two-parameter profile likelihood test statistic
(−2Δ lnL) scan in data as a function of κλ and κ2V . The black
cross indicates the minimum, while the red diamond marks the
SM expectation (κλ ¼ κ2V ¼ 1). The gray solid, dashed, dotted,
and dash-dotted contours enclose the 1, 2, 3, and 5σ CL regions,
respectively.
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Upper limits on the HH production cross section at 95%
CL based on the CLs criterion [105,106] are obtained using
asymptotic formulas [107]. The upper limit on the total HH
production cross section is observed (expected) to be
9.9 (5.1) relative to the SM prediction. The observed (expec-
ted) 95%CL interval for κλ is found to be ½−9.9; 16.9�
(½−5.1; 12.2�), assuming all other Higgs boson couplings to
be at their SM values. Similarly, the observed (expected)
95%CL interval for κ2V is found to be [0.62, 1.41] ([0.66,
1.37]). The observed (expected) interval for κV is found to be
½−1.18;−0.78�∪ ½0.79;1.19� (½−1.15;−0.80�∪ ½0.82;1.21�).
The lack of a large observable VBF HH signal establishes a
nonzero value of κ2V for the first time with a significance of
6.3σ, when other Higgs boson couplings are fixed to their
SM values. Tabulated results are provided in the HEPData
record for this analysis [108].
In summary, a search for nonresonant Higgs boson pair

(HH) production via gluon-gluon fusion and vector boson
(V) fusion in the final state with two bottom quark-
antiquark (bb̄) pairs has been presented. The search is
focused on the phase space region where both Higgs
bosons are highly Lorentz boosted so that each Higgs
boson is reconstructed as a large-radius jet. A novel
algorithm based on a graph neural network is applied to
identify the jets that correspond to H → bb̄ decays. The
data are found to agree with the background-only hypoth-
esis, and an observed (expected) upper limit at 95% con-
fidence level is set to 9.9 (5.1) relative to the standard model
cross section. This represents a factor of 30 improvement
over the previous best search for a pair of boosted H → bb̄

jets, which used only data collected in 2016 (36 fb−1) and
less advanced methods forH → bb̄ identification and event
selection [94]. Upper limits on the production cross section
are set as a function of the coupling modifier parameters κλ
and κ2V , which parametrize the strengths of the Higgs
boson self-coupling, and the quartic VVHH couplings,
respectively, relative to their standard model values. The
values of κλ and κ2V are observed (expected) to be in the
ranges ½−9.9; 16.9� (½−5.1; 12.2�) and [0.62, 1.41] ([0.66,
1.37]), respectively, excluding κ2V ¼ 0 for the first time,
with a significance of 6.3 standard deviations, when all the
Higgs boson couplings, except for the one being scanned,
are set to their standard model values.
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M. Galli ,115 K. Gedia ,115 F. Glessgen ,115 T. A. Gómez Espinosa ,115 C. Grab ,115 D. Hits ,115 W. Lustermann ,115

A.-M. Lyon ,115 R. A. Manzoni ,115 L. Marchese ,115 C. Martin Perez ,115 A. Mascellani ,115,iii M. T. Meinhard ,115

F. Nessi-Tedaldi ,115 J. Niedziela ,115 F. Pauss ,115 V. Perovic ,115 S. Pigazzini ,115 M. G. Ratti ,115 M. Reichmann ,115

C. Reissel ,115 T. Reitenspiess ,115 B. Ristic ,115 F. Riti ,115 D. Ruini,115 D. A. Sanz Becerra ,115 J. Steggemann ,115,iii

D. Valsecchi ,115,w R. Wallny ,115 C. Amsler ,116,kkk P. Bärtschi ,116 C. Botta ,116 D. Brzhechko,116 M. F. Canelli ,116

K. Cormier ,116 A. De Wit ,116 R. Del Burgo,116 J. K. Heikkilä ,116 M. Huwiler ,116 W. Jin ,116 A. Jofrehei ,116

B. Kilminster ,116 S. Leontsinis ,116 S. P. Liechti ,116 A. Macchiolo ,116 P. Meiring ,116 V.M. Mikuni ,116

PHYSICAL REVIEW LETTERS 131, 041803 (2023)

041803-13



U. Molinatti ,116 I. Neutelings ,116 A. Reimers ,116 P. Robmann,116 S. Sanchez Cruz ,116 K. Schweiger ,116

M. Senger ,116 Y. Takahashi ,116 C. Adloff,117,lll C.M. Kuo,117 W. Lin,117 S. S. Yu ,117 L. Ceard,118 Y. Chao ,118

K. F. Chen ,118 P. s. Chen,118 H. Cheng ,118 W.-S. Hou ,118 Y. y. Li ,118 R.-S. Lu ,118 E. Paganis ,118 A. Psallidas,118

A. Steen ,118 H. y. Wu,118 E. Yazgan ,118 P. r. Yu,118 C. Asawatangtrakuldee ,119 N. Srimanobhas ,119 D. Agyel ,120

F. Boran ,120 Z. S. Demiroglu ,120 F. Dolek ,120 I. Dumanoglu ,120,mmm E. Eskut,120 Y. Guler ,120,nnn

E. Gurpinar Guler ,120,nnn C. Isik ,120 O. Kara,120 A. Kayis Topaksu ,120 U. Kiminsu ,120 G. Onengut ,120

K. Ozdemir ,120,ooo A. Polatoz ,120 A. E. Simsek ,120 B. Tali ,120,ppp U. G. Tok ,120 S. Turkcapar ,120 E. Uslan ,120

I. S. Zorbakir ,120 G. Karapinar,121,qqq K. Ocalan ,121,rrr M. Yalvac ,121,sss B. Akgun ,122 I. O. Atakisi ,122

E. Gülmez ,122 M. Kaya ,122,ttt O. Kaya ,122,uuu Ö. Özçelik ,122 S. Tekten ,122,vvv A. Cakir ,123 K. Cankocak ,123,mmm

Y. Komurcu ,123 S. Sen ,123,www O. Aydilek ,124 S. Cerci ,124,ppp B. Hacisahinoglu ,124 I. Hos ,124,xxx B. Isildak ,124,yyy

B. Kaynak ,124 S. Ozkorucuklu ,124 C. Simsek ,124 D. Sunar Cerci ,124,ppp B. Grynyov ,125 L. Levchuk ,126

D. Anthony ,127 E. Bhal ,127 J. J. Brooke ,127 A. Bundock ,127 E. Clement ,127 D. Cussans ,127 H. Flacher ,127

M. Glowacki,127 J. Goldstein ,127 G. P. Heath,127 H. F. Heath ,127 L. Kreczko ,127 B. Krikler ,127 S. Paramesvaran ,127

S. Seif El Nasr-Storey,127 V. J. Smith ,127 N. Stylianou ,127,zzz K. Walkingshaw Pass,127 R. White ,127 A. H. Ball,128

K.W. Bell ,128 A. Belyaev,128,aaaa C. Brew ,128 R.M. Brown ,128 D. J. A. Cockerill ,128 C. Cooke ,128 K. V. Ellis,128

K. Harder ,128 S. Harper ,128 M.-L. Holmberg ,128,bbbb J. Linacre ,128 K. Manolopoulos,128 D.M. Newbold ,128

E. Olaiya,128 D. Petyt ,128 T. Reis ,128 G. Salvi ,128 T. Schuh,128 C. H. Shepherd-Themistocleous ,128 I. R. Tomalin,128

T. Williams ,128 R. Bainbridge ,129 P. Bloch ,129 S. Bonomally,129 J. Borg ,129 S. Breeze,129 C. E. Brown ,129

O. Buchmuller,129 V. Cacchio,129 V. Cepaitis ,129 G. S. Chahal ,129,cccc D. Colling ,129 J. S. Dancu,129 P. Dauncey ,129

G. Davies ,129 J. Davies,129 M. Della Negra ,129 S. Fayer,129 G. Fedi ,129 G. Hall ,129 M. H. Hassanshahi ,129

A. Howard,129 G. Iles ,129 J. Langford ,129 L. Lyons ,129 A.-M. Magnan ,129 S. Malik,129 A. Martelli ,129

M. Mieskolainen ,129 D. G. Monk ,129 J. Nash ,129,dddd M. Pesaresi,129 B. C. Radburn-Smith ,129 D.M. Raymond,129

A. Richards,129 A. Rose ,129 E. Scott ,129 C. Seez ,129 A. Shtipliyski,129 R. Shukla ,129 A. Tapper ,129 K. Uchida ,129

G. P. Uttley ,129 L. H. Vage,129 T. Virdee ,129,w M. Vojinovic ,129 N. Wardle ,129 S. N. Webb ,129 D. Winterbottom,129

K. Coldham,130 J. E. Cole ,130 A. Khan,130 P. Kyberd ,130 I. D. Reid ,130 S. Abdullin ,131 A. Brinkerhoff ,131

B. Caraway ,131 J. Dittmann ,131 K. Hatakeyama ,131 A. R. Kanuganti ,131 B. McMaster ,131 M. Saunders ,131

S. Sawant ,131 C. Sutantawibul ,131 J. Wilson ,131 R. Bartek ,132 A. Dominguez ,132 R. Uniyal ,132

A.M. Vargas Hernandez ,132 A. Buccilli ,133 S. I. Cooper ,133 D. Di Croce ,133 S. V. Gleyzer ,133 C. Henderson ,133

C. U. Perez ,133 P. Rumerio ,133,eeee C. West ,133 A. Akpinar ,134 A. Albert ,134 D. Arcaro ,134 C. Cosby ,134

Z. Demiragli ,134 C. Erice ,134 E. Fontanesi ,134 D. Gastler ,134 S. May ,134 J. Rohlf ,134 K. Salyer ,134 D. Sperka ,134

D. Spitzbart ,134 I. Suarez ,134 A. Tsatsos ,134 S. Yuan ,134 G. Benelli ,135 B. Burkle ,135 X. Coubez,135,y D. Cutts ,135

M. Hadley ,135 U. Heintz ,135 J. M. Hogan ,135,ffff T. Kwon ,135 G. Landsberg ,135 K. T. Lau ,135 D. Li,135 J. Luo ,135

M. Narain,135 N. Pervan ,135 S. Sagir ,135,gggg F. Simpson ,135 E. Usai ,135 W. Y. Wong,135 X. Yan ,135 D. Yu ,135

W. Zhang,135 J. Bonilla ,136 C. Brainerd ,136 R. Breedon ,136 M. Calderon De La Barca Sanchez ,136 M. Chertok ,136

J. Conway ,136 P. T. Cox ,136 R. Erbacher ,136 G. Haza ,136 F. Jensen ,136 O. Kukral ,136 G. Mocellin ,136

M. Mulhearn ,136 D. Pellett ,136 B. Regnery ,136 D. Taylor ,136 Y. Yao ,136 F. Zhang ,136 M. Bachtis ,137

R. Cousins ,137 A. Datta ,137 D. Hamilton ,137 J. Hauser ,137 M. Ignatenko ,137 M. A. Iqbal ,137 T. Lam ,137

W.A. Nash ,137 S. Regnard ,137 D. Saltzberg ,137 B. Stone ,137 V. Valuev ,137 Y. Chen,138 R. Clare ,138 J. W. Gary ,138

M. Gordon,138 G. Hanson ,138 G. Karapostoli ,138 O. R. Long ,138 N. Manganelli ,138 W. Si ,138 S. Wimpenny,138

J. G. Branson,139 P. Chang ,139 S. Cittolin,139 S. Cooperstein ,139 D. Diaz ,139 J. Duarte ,139 R. Gerosa ,139

L. Giannini ,139 J. Guiang ,139 R. Kansal ,139 V. Krutelyov ,139 R. Lee ,139 J. Letts ,139 M. Masciovecchio ,139

F. Mokhtar ,139 M. Pieri ,139 B. V. Sathia Narayanan ,139 V. Sharma,139 M. Tadel ,139 F. Würthwein ,139 Y. Xiang ,139

A. Yagil ,139 N. Amin,140 C. Campagnari ,140 M. Citron ,140 G. Collura ,140 A. Dorsett ,140 V. Dutta ,140

J. Incandela ,140 M. Kilpatrick ,140 J. Kim ,140 A. J. Li ,140 B. Marsh,140 P. Masterson ,140 H. Mei ,140 M. Oshiro ,140

M. Quinnan ,140 J. Richman ,140 U. Sarica ,140 R. Schmitz ,140 F. Setti ,140 J. Sheplock ,140 P. Siddireddy,140

D. Stuart ,140 S. Wang ,140 A. Bornheim ,141 O. Cerri,141 I. Dutta ,141 J. M. Lawhorn ,141 N. Lu ,141,hhhh J. Mao ,141

H. B. Newman ,141 T. Q. Nguyen ,141 M. Spiropulu ,141 J. R. Vlimant ,141 C. Wang ,141 S. Xie ,141 Z. Zhang ,141

R. Y. Zhu ,141 J. Alison ,142 S. An ,142 M. B. Andrews ,142 P. Bryant ,142 T. Ferguson ,142 A. Harilal ,142 C. Liu ,142

T. Mudholkar ,142 S. Murthy ,142 M. Paulini ,142 A. Roberts ,142 A. Sanchez ,142 W. Terrill ,142 J. P. Cumalat ,143

PHYSICAL REVIEW LETTERS 131, 041803 (2023)

041803-14



W. T. Ford ,143 A. Hassani ,143 G. Karathanasis ,143 E. MacDonald,143 F. Marini ,143 R. Patel,143 A. Perloff ,143

C. Savard ,143 N. Schonbeck ,143 K. Stenson ,143 K. A. Ulmer ,143 S. R. Wagner ,143 N. Zipper ,143 J. Alexander ,144

S. Bright-Thonney ,144 X. Chen ,144 D. J. Cranshaw ,144 J. Fan ,144 X. Fan ,144 D. Gadkari ,144 S. Hogan ,144

J. Monroy ,144 J. R. Patterson ,144 D. Quach ,144 J. Reichert ,144 M. Reid ,144 A. Ryd ,144 J. Thom ,144 P. Wittich ,144

R. Zou ,144 M. Albrow ,145 M. Alyari ,145 G. Apollinari ,145 A. Apresyan ,145 L. A. T. Bauerdick ,145 D. Berry ,145

J. Berryhill ,145 P. C. Bhat ,145 K. Burkett ,145 J. N. Butler ,145 A. Canepa ,145 G. B. Cerati ,145 H.W. K. Cheung ,145

F. Chlebana ,145 K. F. Di Petrillo ,145 J. Dickinson ,145 V. D. Elvira ,145 Y. Feng ,145 J. Freeman ,145

A. Gandrakota ,145 Z. Gecse ,145 L. Gray ,145 D. Green,145 S. Grünendahl ,145 O. Gutsche ,145 R.M. Harris ,145

R. Heller ,145 T. C. Herwig ,145 J. Hirschauer ,145 L. Horyn ,145 B. Jayatilaka ,145 S. Jindariani ,145 M. Johnson ,145

U. Joshi ,145 T. Klijnsma ,145 B. Klima ,145 K. H. M. Kwok ,145 S. Lammel ,145 D. Lincoln ,145 R. Lipton ,145

T. Liu ,145 C. Madrid ,145 K. Maeshima ,145 C. Mantilla ,145 D. Mason ,145 P. McBride ,145 P. Merkel ,145

S. Mrenna ,145 S. Nahn ,145 J. Ngadiuba ,145 D. Noonan ,145 V. Papadimitriou ,145 N. Pastika ,145 K. Pedro ,145

C. Pena ,145,iiii F. Ravera ,145 A. Reinsvold Hall ,145,jjjj L. Ristori ,145 E. Sexton-Kennedy ,145 N. Smith ,145

A. Soha ,145 L. Spiegel ,145 J. Strait ,145 L. Taylor ,145 S. Tkaczyk ,145 N. V. Tran ,145 L. Uplegger ,145

E.W. Vaandering ,145 H. A. Weber ,145 I. Zoi ,145 P. Avery ,146 D. Bourilkov ,146 L. Cadamuro ,146

V. Cherepanov ,146 R. D. Field,146 D. Guerrero ,146 M. Kim,146 E. Koenig ,146 J. Konigsberg ,146 A. Korytov ,146

K. H. Lo,146 K. Matchev ,146 N. Menendez ,146 G. Mitselmakher ,146 A. Muthirakalayil Madhu ,146 N. Rawal ,146

D. Rosenzweig ,146 S. Rosenzweig ,146 K. Shi ,146 J. Wang ,146 Z. Wu ,146 T. Adams ,147 A. Askew ,147

R. Habibullah ,147 V. Hagopian ,147 R. Khurana,147 T. Kolberg ,147 G. Martinez,147 H. Prosper ,147 C. Schiber,147

O. Viazlo ,147 R. Yohay ,147 J. Zhang,147 M.M. Baarmand ,148 S. Butalla ,148 T. Elkafrawy ,148,q M. Hohlmann ,148

R. Kumar Verma ,148 M. Rahmani,148 F. Yumiceva ,148 M. R. Adams ,149 H. Becerril Gonzalez ,149 R. Cavanaugh ,149

S. Dittmer ,149 O. Evdokimov ,149 C. E. Gerber ,149 D. J. Hofman ,149 D. S. Lemos ,149 A. H. Merrit ,149 C. Mills ,149

G. Oh ,149 T. Roy ,149 S. Rudrabhatla ,149 M. B. Tonjes ,149 N. Varelas ,149 X. Wang ,149 Z. Ye ,149 J. Yoo ,149

M. Alhusseini ,150 K. Dilsiz ,150,kkkk L. Emediato ,150 R. P. Gandrajula ,150 G. Karaman ,150 O. K. Köseyan ,150

J.-P. Merlo,150 A. Mestvirishvili ,150,llll J. Nachtman ,150 O. Neogi,150 H. Ogul ,150,mmmm Y. Onel ,150 A. Penzo ,150

C. Snyder,150 E. Tiras ,150,nnnn O. Amram ,151 B. Blumenfeld ,151 L. Corcodilos ,151 J. Davis ,151 A. V. Gritsan ,151

L. Kang ,151 S. Kyriacou ,151 P. Maksimovic ,151 J. Roskes ,151 S. Sekhar ,151 M. Swartz ,151 T. Á. Vámi ,151

A. Abreu ,152 L. F. Alcerro Alcerro ,152 J. Anguiano ,152 P. Baringer ,152 A. Bean ,152 Z. Flowers ,152 T. Isidori ,152

S. Khalil ,152 J. King ,152 G. Krintiras ,152 M. Lazarovits ,152 C. Le Mahieu ,152 C. Lindsey,152 J. Marquez ,152

N. Minafra ,152 M. Murray ,152 M. Nickel ,152 C. Rogan ,152 C. Royon ,152 R. Salvatico ,152 S. Sanders ,152

E. Schmitz ,152 C. Smith ,152 Q. Wang ,152 J. Williams ,152 G. Wilson ,152 B. Allmond ,153 S. Duric,153

R. Gujju Gurunadha ,153 A. Ivanov ,153 K. Kaadze ,153 D. Kim ,153 Y. Maravin ,153 T. Mitchell,153 A. Modak,153

K. Nam,153 J. Natoli ,153 D. Roy ,153 F. Rebassoo ,154 D. Wright ,154 E. Adams ,155 A. Baden ,155 O. Baron,155

A. Belloni ,155 A. Bethani ,155 S. C. Eno ,155 N. J. Hadley ,155 S. Jabeen ,155 R. G. Kellogg ,155 T. Koeth ,155

Y. Lai ,155 S. Lascio ,155 A. C. Mignerey ,155 S. Nabili ,155 C. Palmer ,155 C. Papageorgakis ,155 M. Seidel ,155

L. Wang ,155 K. Wong ,155 D. Abercrombie,156 R. Bi,156 W. Busza ,156 I. A. Cali ,156 Y. Chen ,156 M. D’Alfonso ,156

J. Eysermans ,156 C. Freer ,156 G. Gomez-Ceballos ,156 M. Goncharov,156 P. Harris,156 M. Hu ,156 D. Kovalskyi ,156

J. Krupa ,156 Y.-J. Lee ,156 K. Long ,156 C. Mironov ,156 C. Paus ,156 D. Rankin ,156 C. Roland ,156 G. Roland ,156

Z. Shi ,156 G. S. F. Stephans ,156 J. Wang,156 Z. Wang,156 B. Wyslouch ,156 R.M. Chatterjee,157 B. Crossman,157

A. Evans ,157 J. Hiltbrand ,157 Sh. Jain ,157 B.M. Joshi ,157 C. Kapsiak ,157 M. Krohn ,157 Y. Kubota ,157 J. Mans ,157

M. Revering ,157 R. Rusack ,157 R. Saradhy ,157 N. Schroeder ,157 N. Strobbe ,157 M. A. Wadud ,157

L. M. Cremaldi ,158 K. Bloom ,159 M. Bryson,159 D. R. Claes ,159 C. Fangmeier ,159 L. Finco ,159 F. Golf ,159

C. Joo ,159 I. Kravchenko ,159 I. Reed ,159 J. E. Siado ,159 G. R. Snow,159,a W. Tabb ,159 A. Wightman ,159 F. Yan ,159

A. G. Zecchinelli ,159 G. Agarwal ,160 H. Bandyopadhyay ,160 L. Hay ,160 I. Iashvili ,160 A. Kharchilava ,160

C. McLean ,160 M. Morris,160 D. Nguyen ,160 J. Pekkanen ,160 S. Rappoccio ,160 A. Williams ,160 G. Alverson ,161

E. Barberis ,161 Y. Haddad ,161 Y. Han ,161 A. Krishna ,161 J. Li ,161 J. Lidrych ,161 G. Madigan ,161

B. Marzocchi ,161 D.M. Morse ,161 V. Nguyen ,161 T. Orimoto ,161 A. Parker ,161 L. Skinnari ,161

A. Tishelman-Charny ,161 T. Wamorkar ,161 B. Wang ,161 A. Wisecarver ,161 D. Wood ,161 S. Bhattacharya ,162

J. Bueghly,162 Z. Chen ,162 A. Gilbert ,162 T. Gunter ,162 K. A. Hahn ,162 Y. Liu ,162 N. Odell ,162 M. H. Schmitt ,162

PHYSICAL REVIEW LETTERS 131, 041803 (2023)

041803-15



M. Velasco,162 R. Band ,163 R. Bucci,163 S. Castells ,163 M. Cremonesi,163 A. Das ,163 R. Goldouzian ,163

M. Hildreth ,163 K. Hurtado Anampa ,163 C. Jessop ,163 K. Lannon ,163 J. Lawrence ,163 N. Loukas ,163 L. Lutton ,163

J. Mariano,163 N. Marinelli,163 I. Mcalister,163 T. McCauley ,163 C. Mcgrady ,163 K. Mohrman ,163 C. Moore ,163

Y. Musienko ,163,n H. Nelson ,163 R. Ruchti ,163 A. Townsend ,163 M. Wayne ,163 H. Yockey,163 M. Zarucki ,163

L. Zygala ,163 B. Bylsma,164 M. Carrigan ,164 L. S. Durkin ,164 B. Francis ,164 C. Hill ,164 A. Lesauvage ,164

M. Nunez Ornelas ,164 K. Wei,164 B. L. Winer ,164 B. R. Yates ,164 F. M. Addesa ,165 B. Bonham ,165 P. Das ,165

G. Dezoort ,165 P. Elmer ,165 A. Frankenthal ,165 B. Greenberg ,165 N. Haubrich ,165 S. Higginbotham ,165

A. Kalogeropoulos ,165 G. Kopp ,165 S. Kwan ,165 D. Lange ,165 D. Marlow ,165 K. Mei ,165 I. Ojalvo ,165

J. Olsen ,165 D. Stickland ,165 C. Tully ,165 Z. Wang,165 S. Malik ,166 S. Norberg,166 A. S. Bakshi ,167 V. E. Barnes ,167

R. Chawla ,167 S. Das ,167 L. Gutay,167 M. Jones ,167 A.W. Jung ,167 D. Kondratyev ,167 A.M. Koshy,167 M. Liu ,167

G. Negro ,167 N. Neumeister ,167 G. Paspalaki ,167 S. Piperov ,167 A. Purohit ,167 J. F. Schulte ,167 M. Stojanovic ,167

J. Thieman ,167 F. Wang ,167 R. Xiao ,167 W. Xie ,167 J. Dolen ,168 N. Parashar ,168 D. Acosta ,169 A. Baty ,169

T. Carnahan ,169 M. Decaro,169 S. Dildick ,169 K.M. Ecklund ,169 P. J. Fernández Manteca ,169 S. Freed,169

P. Gardner,169 F. J. M. Geurts ,169 A. Kumar ,169 W. Li ,169 B. P. Padley ,169 R. Redjimi,169 J. Rotter ,169 W. Shi ,169

S. Yang ,169 E. Yigitbasi ,169 L. Zhang,169,oooo Y. Zhang ,169 X. Zuo ,169 A. Bodek ,170 P. de Barbaro ,170

R. Demina ,170 J. L. Dulemba ,170 C. Fallon,170 T. Ferbel ,170 M. Galanti,170 A. Garcia-Bellido ,170 O. Hindrichs ,170

A. Khukhunaishvili ,170 E. Ranken ,170 R. Taus ,170 G. P. Van Onsem ,170 K. Goulianos ,171 B. Chiarito,172

J. P. Chou ,172 Y. Gershtein ,172 E. Halkiadakis ,172 A. Hart ,172 M. Heindl ,172 D. Jaroslawski ,172

O. Karacheban ,172,aa I. Laflotte ,172 A. Lath ,172 R. Montalvo,172 K. Nash,172 M. Osherson ,172 S. Salur ,172

S. Schnetzer,172 S. Somalwar ,172 R. Stone ,172 S. A. Thayil ,172 S. Thomas,172 H. Wang ,172 H. Acharya,173

A. G. Delannoy ,173 S. Fiorendi ,173 T. Holmes ,173 E. Nibigira ,173 S. Spanier ,173 O. Bouhali ,174,pppp

M. Dalchenko ,174 A. Delgado ,174 R. Eusebi ,174 J. Gilmore ,174 T. Huang ,174 T. Kamon ,174,qqqq H. Kim ,174

S. Luo ,174 S. Malhotra,174 R. Mueller ,174 D. Overton ,174 D. Rathjens ,174 A. Safonov ,174 N. Akchurin ,175

J. Damgov ,175 V. Hegde ,175 K. Lamichhane ,175 S.W. Lee ,175 T. Mengke,175 S. Muthumuni ,175 T. Peltola ,175

I. Volobouev ,175 Z. Wang ,175 A. Whitbeck ,175 E. Appelt ,176 S. Greene,176 A. Gurrola ,176 W. Johns ,176

A. Melo ,176 F. Romeo ,176 P. Sheldon ,176 S. Tuo ,176 J. Velkovska ,176 J. Viinikainen ,176 B. Cardwell ,177

B. Cox ,177 G. Cummings ,177 J. Hakala ,177 R. Hirosky ,177 M. Joyce ,177 A. Ledovskoy ,177 A. Li ,177 C. Neu ,177

C. E. Perez Lara ,177 B. Tannenwald ,177 P. E. Karchin ,178 N. Poudyal ,178 S. Banerjee ,179 K. Black ,179 T. Bose ,179

S. Dasu ,179 I. De Bruyn ,179 P. Everaerts ,179 C. Galloni,179 H. He ,179 M. Herndon ,179 A. Herve ,179

C. K. Koraka ,179 A. Lanaro,179 A. Loeliger ,179 R. Loveless ,179 J. Madhusudanan Sreekala ,179 A. Mallampalli ,179

A. Mohammadi ,179 S. Mondal ,179 G. Parida ,179 D. Pinna,179 A. Savin,179 V. Shang ,179 V. Sharma ,179

W. H. Smith ,179 D. Teague,179 H. F. Tsoi ,179 W. Vetens ,179 S. Afanasiev,180 V. Andreev ,180 Yu. Andreev ,180

T. Aushev ,180 M. Azarkin ,180 A. Babaev ,180 A. Belyaev ,180 V. Blinov,180,n E. Boos ,180 V. Borshch ,180

D. Budkouski ,180 V. Bunichev ,180 O. Bychkova,180 V. Chekhovsky,180 R. Chistov ,180,n M. Danilov ,180,n

A. Dermenev ,180 T. Dimova ,180,n I. Dremin ,180 M. Dubinin ,180,iiii L. Dudko ,180 V. Epshteyn ,180,rrrr

G. Gavrilov ,180 V. Gavrilov ,180 S. Gninenko ,180 V. Golovtcov ,180 N. Golubev ,180 I. Golutvin,180 I. Gorbunov ,180

V. Ivanchenko ,180 Y. Ivanov ,180 V. Kachanov ,180 L. Kardapoltsev ,180,n V. Karjavine ,180 A. Karneyeu ,180

V. Kim ,180,n M. Kirakosyan,180 D. Kirpichnikov ,180 M. Kirsanov ,180 V. Klyukhin ,180 O. Kodolova ,180,ssss

D. Konstantinov ,180 V. Korenkov ,180 A. Kozyrev ,180,n N. Krasnikov ,180 E. Kuznetsova,180,tttt A. Lanev ,180

P. Levchenko ,180 A. Litomin,180 N. Lychkovskaya ,180 V. Makarenko ,180 A. Malakhov ,180 V. Matveev ,180,n

V. Murzin ,180 A. Nikitenko ,180,uuuu S. Obraztsov ,180 V. Okhotnikov ,180 I. Ovtin ,180,n V. Palichik ,180

P. Parygin ,180,vvvv V. Perelygin ,180 M. Perfilov,180 S. Petrushanko ,180 G. Pivovarov ,180 S. Polikarpov ,180,n

V. Popov,180 O. Radchenko ,180,n M. Savina ,180 V. Savrin ,180 D. Selivanova ,180 V. Shalaev ,180 S. Shmatov ,180

S. Shulha ,180Y. Skovpen ,180,n S. Slabospitskii ,180V. Smirnov ,180A. Snigirev ,180D. Sosnov ,180A. Stepennov ,180

V. Sulimov ,180 E. Tcherniaev ,180 A. Terkulov ,180 O. Teryaev ,180 I. Tlisova ,180 M. Toms ,180,wwww A. Toropin ,180

L. Uvarov ,180 A. Uzunian ,180 E. Vlasov ,180,xxxx A. Vorobyev,180 N. Voytishin ,180 B. S. Yuldashev,180,yyyy

A. Zarubin ,180 I. Zhizhin ,180 and A. Zhokin 180

(CMS Collaboration)

PHYSICAL REVIEW LETTERS 131, 041803 (2023)

041803-16



1
Yerevan Physics Institute, Yerevan, Armenia

2
Institut für Hochenergiephysik, Vienna, Austria
3
Universiteit Antwerpen, Antwerpen, Belgium
4
Vrije Universiteit Brussel, Brussel, Belgium

5
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Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain
108

Universidad Autónoma de Madrid, Madrid, Spain
109

Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologías Espaciales de Asturias (ICTEA), Oviedo, Spain
110

Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
111

University of Colombo, Colombo, Sri Lanka
112

University of Ruhuna, Department of Physics, Matara, Sri Lanka
113

CERN, European Organization for Nuclear Research, Geneva, Switzerland
114

Paul Scherrer Institut, Villigen, Switzerland
115

ETH Zurich—Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
116

Universität Zürich, Zurich, Switzerland
117

National Central University, Chung-Li, Taiwan
118

National Taiwan University (NTU), Taipei, Taiwan
119

Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
120

Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
121

Middle East Technical University, Physics Department, Ankara, Turkey
122

Bogazici University, Istanbul, Turkey
123

Istanbul Technical University, Istanbul, Turkey
124

Istanbul University, Istanbul, Turkey
125

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv, Ukraine
126

National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
127

University of Bristol, Bristol, United Kingdom
128

Rutherford Appleton Laboratory, Didcot, United Kingdom
129

Imperial College, London, United Kingdom
130

Brunel University, Uxbridge, United Kingdom
131

Baylor University, Waco, Texas, USA
132

Catholic University of America, Washington, DC, USA
133

The University of Alabama, Tuscaloosa, Alabama, USA
134

Boston University, Boston, Massachusetts, USA
135

Brown University, Providence, Rhode Island, USA
136

University of California, Davis, Davis, California, USA
137

University of California, Los Angeles, California, USA
138

University of California, Riverside, Riverside, California, USA
139

University of California, San Diego, La Jolla, California, USA
140

University of California, Santa Barbara—Department of Physics, Santa Barbara, California, USA
141

California Institute of Technology, Pasadena, California, USA
142

Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
143

University of Colorado Boulder, Boulder, Colorado, USA
144

Cornell University, Ithaca, New York, USA
145

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
146

University of Florida, Gainesville, Florida, USA
147

Florida State University, Tallahassee, Florida, USA
148

Florida Institute of Technology, Melbourne, Florida, USA
149

University of Illinois at Chicago (UIC), Chicago, Illinois, USA
150

The University of Iowa, Iowa City, Iowa, USA
151

Johns Hopkins University, Baltimore, Maryland, USA
152

The University of Kansas, Lawrence, Kansas, USA
153

Kansas State University, Manhattan, Kansas, USA
154

Lawrence Livermore National Laboratory, Livermore, California, USA
155

University of Maryland, College Park, Maryland, USA
156

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

PHYSICAL REVIEW LETTERS 131, 041803 (2023)

041803-19



157
University of Minnesota, Minneapolis, Minnesota, USA
158

University of Mississippi, Oxford, Mississippi, USA
159

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
160

State University of New York at Buffalo, Buffalo, New York, USA
161

Northeastern University, Boston, Massachusetts, USA
162

Northwestern University, Evanston, Illinois, USA
163

University of Notre Dame, Notre Dame, Indiana, USA
164

The Ohio State University, Columbus, Ohio, USA
165

Princeton University, Princeton, New Jersey, USA
166

University of Puerto Rico, Mayaguez, Puerto Rico, USA
167

Purdue University, West Lafayette, Indiana, USA
168

Purdue University Northwest, Hammond, Indiana, USA
169

Rice University, Houston, Texas, USA
170

University of Rochester, Rochester, New York, USA
171

The Rockefeller University, New York, New York, USA
172

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
173

University of Tennessee, Knoxville, Tennessee, USA
174

Texas A&M University, College Station, Texas, USA
175

Texas Tech University, Lubbock, Texas, USA
176

Vanderbilt University, Nashville, Tennessee, USA
177

University of Virginia, Charlottesville, Virginia, USA
178

Wayne State University, Detroit, Michigan, USA
179

University of Wisconsin—Madison, Madison, Wisconsin, USA
180

An institute or international laboratory covered by a cooperation agreement with CERN

aDeceased.
bAlso at Yerevan State University, Yerevan, Armenia.
cAlso at TU Wien, Vienna, Austria.
dAlso at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for Science, Technology and Maritime
Transport, Alexandria, Egypt.
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