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A search is reported for near-threshold structures in the J=ψJ=ψ invariant mass spectrum produced in
proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV from data collected by the CMS experiment, corresponding to an

integrated luminosity of 135 fb−1. Three structures are found, and a model with quantum interference
among these structures provides a good description of the data. A new structure is observed with a local
significance above 5 standard deviations at a mass of 6638þ43

−38 ðstatÞþ16
−31 ðsystÞ MeV. Another structure with

even higher significance is found at a mass of 6847þ44
−28 ðstatÞþ48

−20 ðsystÞ MeV, which is consistent with the
Xð6900Þ resonance reported by the LHCb experiment and confirmed by the ATLAS experiment. Evidence
for another new structure, with a local significance of 4.7 standard deviations, is found at a mass of
7134þ48

−25 ðstatÞþ41
−15 ðsystÞ MeV. Results are also reported for a model without interference, which does not fit

the data as well and shows mass shifts up to 150 MeV relative to the model with interference.

DOI: 10.1103/PhysRevLett.132.111901

The prospect of exotic hadrons—states other than qq̄ or
qqq—dates back to Gell-Mann’s seminal 1964 paper [1].
However, interest in exotics, both theoretical and exper-
imental, wavered for decades. The discovery of the
charmoniumlike Xð3872Þ state by the Belle Collabo-
ration in 2003 [2] propelled exotics from speculative
chimeras to the frontier of hadronic physics [3]. While
many tetraquark candidates containing heavy quarks (c, b)
are now known, questions still abound, including which of
these are truly exotic hadrons [3] and, if they are bound
states, what is their internal structure (e.g., molecules,
bound states of diquarks, etc. [4–6]).
Beginning with the J=ψ discovery in 1974 [7,8], heavy

quarkonia brought clarity to the quark model. Similarly,
exotic states composed entirely of heavy quarks may offer
analogous insights. Exotic states decaying into the J=ψJ=ψ
andϒϒ channels are particularly promising experimentally
because of the efficient triggering and reconstruction of
muonic channels. The possibility of structure appearing in
these channels is enhanced by an empirical pattern first
observed with light mesons: the mass spectra of two vector
states with the same isospin (e.g., ϕϕ and ωϕ) have near-
threshold enhancements, whereas systems of two vector
mesons of different isospin (e.g., ϕρ and ωρ) have no

structure [9]. Such a behavior has been corroborated by the
enhancements observed in J=ψω [10] and J=ψϕ [11]
spectra.
The first searches for all heavy quark states were in the

all-bottom sector and were inconclusive [12,13]. In 2020,
the LHCb Collaboration reported structure in the J=ψJ=ψ
channel, which consisted of a broad enhancement just
above the J=ψJ=ψ mass and a narrow peak designated as
Xð6900Þ [14]. The nature of the broad structure was
uncertain, but the narrow peak was interpreted to be an
all-charm tetraquark state [15–22]. Considerations of such
states date back to 1976 [23,24] and have recently become
the object of renewed interest [25–35]. However, non-
tetraquark interpretations of this new structure have also
been proposed [36–38].
Here we report on the J=ψJ=ψ invariant mass spectrum

from proton-proton (pp) collisions as recorded with the
CMS detector, where the J=ψ mesons are reconstructed
from μþμ− pairs. The data sample corresponds to an
integrated luminosity of 135 fb−1 [39–41] at a center-of-
mass energy of 13 TeV.
The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end
cap sections. Muons are detected in gas-ionization cham-
bers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector
can be found in Ref. [42].
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Several Monte Carlo (MC) samples are used to model
the detector mass resolution and efficiency of signals. As
simulations of tetraquarks states are not available and the
analysis is independent of signal kinematic details, we use
the production of other particles to simulate the signal, with
the masses defined appropriately. We use JP ¼ 0þ mesons
for a variety of masses decaying to J=ψJ=ψ as the signal
and simulate their production via gluon-gluon interactions.
We model signal particles by χb0ð1PÞ production using the
PYTHIA event generator (version 8.230) [43]. As an alter-
nate production model, signal is also simulated by gen-
erating a sample with “Higgs bosons” decaying to ZZð�Þ,
where the Zð�Þ is redefined as a J=ψ , using the JHUGen event
generator (version 7.40) [44,45]. To understand the detector
mass resolution, the samples are generated with a negligible
natural width.
Major sources of background, i.e., selected events that

are not from a resonant decay to two J=ψ candidates, are
expected to originate from two genuine J=ψ decays arising
either from a single parton-parton collision, i.e., nonreso-
nant single-parton scattering (NRSPS) [46–51], or a pair of
parton-parton interactions in a single pp collision, i.e.,
double-parton scattering (DPS) [52–58]. The NRSPS con-
tribution is expected to dominate the DPS contribution near
the J=ψJ=ψ threshold, with the DPS contribution domi-
nating at masses above 11 GeV. To simulate these back-
grounds we use the PYTHIA generator. The next-to-leading
order CASCADE generator [59] and the next-to-next-to-
leading order HELAC-Onia generator [47,48,60,61] are also
used to simulate alternative NRSPS shapes for the estima-
tion of the systematic uncertainty in the background. Direct
production, as well as feed-down processes where J=ψ
mesons arise as decay products, are included. Feed-down
processes from double-charmonium resonances [38] are
generated using the PYTHIA generator separately. Generated
events are processed through the full CMS detector
simulation, which utilizes the GEANT4 toolkit [62].
Events of interest are selected using a two-tiered trigger

system [63]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events. The second level,
known as the high-level trigger (HLT), consists of a farm
of processors running a faster version of the full event
reconstruction software, which reduces the event rate to
around 1 kHz. The data collected in 2016 correspond to an
integrated luminosity of 36.3 fb−1, and were obtained with
an L1 trigger that required at least three muon candidates to
balance the requirements of high efficiency for the signal
and a low trigger rate. The HLT required that the pseudor-
apidity of each muon candidate satisfies jηj < 2.5 and that a
muon pair candidate is composed of oppositely charged
muon candidates with an invariant mass between 2.95 and
3.25 GeV, a distance of closest approach between the two
muons less than 0.5 cm, and a fit to a common vertex with
a χ2 probability greater than 0.5%. The data collected in

2017–2018 correspond to an integrated luminosity of
98.6 fb−1 and utilized an L1 trigger requiring at least three
muons with at least two muons having pT > 3 GeV and one
of the two muons having pT > 5 GeV, and at least one
oppositely charged pair of muons with invariant mass below
9 GeV. The HLT criteria replicated those of 2016 with the
additional requirement that the two muons with invariant
mass between 2.95 and 3.25 GeVeach have pT > 3.5 GeV.
The off-line selection criteria were finalized before

unblinding the signal region (defined as invariant mass
below 7.8 GeV) and are based in part on an examination of
data collected in 2011 and 2012. It requires at least four
muons, each of them having pT > 2 GeV, jηj < 2.4, and
satisfying the “soft muon identification” requirements [64].
Pairs of oppositely charged muons are used to form J=ψ
candidates, and these are required to have pT > 3.5 GeV.
To confirm the HLT requirement, each muon pair is fit
to a vertex, requiring a fit probability greater than 0.5%.
Combinations of four muons from two J=ψ candidates are
fit to a common vertex, which must have a fit probability
greater than 0.5%. A mass constrained vertex fit is applied
to the oppositely charged muon pairs, in which the
muon pair’s mass is constrained to the known J=ψ mass
mJ=ψ [65], and the probability is required to be greater than
0.1%. The two constrained J=ψ candidates are then fit to a
common vertex and its fit probability must exceed 0.1%.
An event may have multiple J=ψ-pair candidates. If both
charge permutations of the same four muons have masses
within 3 standard deviations (3σ) of the known J=ψ mass,
we select the pairing that minimizes ðΔm1=σm1

Þ2þ
ðΔm2=σm2

Þ2, where Δm is the difference between the
reconstructed dimuon mass and the J=ψ mass, and σm is
the calculated uncertainty of the reconstructed dimuon
mass (affects 0.2% of events). All J=ψJ=ψ candidates
are kept if they arise from more than four muons (affects
0.2% of events).
The J=ψJ=ψ invariant mass spectrum of the 8651

selected candidate pairs below 9 GeV is shown in Fig. 1.
To better constrain the smooth background continuum, the
full analysis range extends up to an invariant mass of
15 GeV (the corresponding mass spectrum is shown in the
Supplemental Material [66]).
Using an unbinned extended likelihood method, we fit

the data from the threshold 2mJ=ψ to 15 GeV. Signals are
represented by relativistic S-wave Breit-Wigner (BW)
functions [65,67,68] convolved with resolution functions,
which are sums of two Gaussian functions with the same
mean value. The detector mass resolution varies from about
10 MeV at a mass of 6500 MeV to 18 MeV at 7300 MeV.
The BW functions are not modified by acceptance or
efficiency corrections because these vary only slowly, by
less than 1.3% over the natural width of the Xð6900Þ.
The NRSPS and DPS backgrounds are parametrizations

of distributions of the corresponding simulated events. The
NRSPS component includes an exponential function where
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one of its parameters is a free parameter in the fit. The effect
of feed-down from heavier mass states such as the ψð2SÞ is
accounted for as a systematic uncertainty. Combinatorial
backgrounds arise when one or more muon candidates are
not from a J=ψ meson decay and from hadrons that are
misidentified as a muon or misreconstructed. The shapes
of combinatorial backgrounds are well modeled by the
NRSPSþ DPS parametrizations, and the residual effects
are accounted for in the systematic uncertainties.
Aside from the NRSPS and DPS background compo-

nents, a component to model a threshold enhancement
is included, as was done in Ref. [14]. This excess may be
due to a resonance, but other processes could be respon-
sible: coupled-channel interactions [69], triangle singular-
ities [70], Pomeron exchange [36], or simply an inadequate
NRSPS model. This region could also include feed-down
from higher mass tetraquarks that are only partially
reconstructed. Because of these uncertainties, we regard
this enhancement as an additional background component
and model it with a BW function (BW0) with free mass and
width, which provides a good ad hoc description of this
feature.
We begin with a background-only fit (NRSPSþ

DPSþ BW0) and then add signal contributions one at a
time to the fit, with the yields of each signal and back-
ground component being free parameters of the fit. In this
first series of fits, the additional components are added
without interference. A signal BW function is kept as long
as its local significance exceeds 3σ, with the local signifi-
cance calculated from the difference in log-likelihood
between including and not including the component and
only accounting for statistical uncertainties. Three reso-
nance structures, labeled BW1, BW2, and BW3 in order of
increasing mass, are found to be statistically significant.

The local significance of these peaks, calculated from the
log-likelihood differences between the full fit and the fit
with the BW function of interest removed, are 6.5σ, 9.4σ,
and 4.1σ, respectively. Figure 1 (left) shows this fit, with
numerical results in Table I. The BW function widths are all
much larger than the detector mass resolution. Over the full
mass range of 6–15 GeV, the proportions of the background
components to the total are about 58%, 25%, and 9% for
NRSPS, DPS, and BW0, respectively.
We quantify the goodness of fit by the probability of the

fit’s χ2 (over the full mass range with the bin size of Fig. 1)
and the number of degrees of freedom. Because the signal
region is only a small fraction of the fit range, the impact of
deviations from the model in this region is diluted. As an
alternative, we also compute a probability using only the
bins below 7.8 GeV, which we refer to as the signal-region
χ2 probability.
The full χ2 fit probability is 98%. However, the dips in

the data around 6750 and 7150 MeV are poorly described:
the signal-region χ2 probability is 9%. Agreement may be
improved by introducing interference, as was done by
LHCb [14].
Our construction of interference models is based on

the three structures found in the no-interference fit. We
consider interference between pairs of (“two-way”) or
all three (“three-way”) components. The three-way inter-
ference is implemented with a term proportional to
jr1 expðiϕ1ÞBW1 þ BW2 þ r3 expðiϕ3ÞBW3j2, where r1;3
and ϕ1;3 are the relative magnitudes and phases of BW1;3

with respect to BW2 [65]. We report the results from the
three-way interference model, which shows a signal-region
χ2 probability of 65%, whereas all two-way models have
probabilities below 30%. The three-way interference fit is
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FIG. 1. The J=ψJ=ψ invariant mass spectrum in the range up to 9 GeV, with fits consisting of three signal functions (BW1, BW2, and
BW3) and a background model (see text). Left: the fit without interference. Right: the fit that includes interference, where “Interfering
BWs” refers to the total contribution of all the interfering amplitudes and their cross terms. For clarity, only the sum of the three
background components (NRSPSþ DPSþ BW0) is shown on the plots. The lower portion of the plots shows the pulls, i.e., the number
of standard deviations (statistical uncertainties only) that the binned data differ from the fit.
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shown in Fig. 1 (right), and the fit parameters are listed in
Table I.
In this fit, the local significances of all three structures

increase with respect to the model without interference. For
the structure with the lowest significance (BW3), a value
of 4.7σ is obtained. The global significance of BW3 is
estimated by generating MC pseudoexperiments and deter-
mining the probability that a statistical fluctuation yields a
“signal” whose local significance equals or exceeds that
of BW3 in the windows 7.05–7.8 GeV for mass and
50–260 MeV for width. The BW3 phase is unconstrained.
The resulting global significance for BW3 is 3.4σ.
The interference between different resonances is moti-

vated by the idea that the states could have the same
quantum numbers and be coherently produced. One can
also consider interference between the resonances and the
NRSPS background. We consider this scenario less prob-
able as the background is likely a mixture of JPC states. We
have investigated two models with this sort of interference.
The first model is identical to model II from Ref. [14] with
a signal BW function for the Xð6900Þ, an auxiliary BW
function around 6700 MeV, the NRSPS and DPS back-
ground, and interference between the NRSPS background
and the auxiliary BW function. This did not provide a good
fit to our data as shown in the Supplemental Material [66].
The second model starts from the three-way interference
model and adds interference between the three signal BW
functions and the NRSPS background. This model did not
significantly improve the fit quality.
While interference between resonances is one possible

mechanism, other models may also be able to reproduce
the dips. For example, inspired by predictions of dense
spectroscopy of tetracharm states [15–21], representing
individual peaks by multiple overlapping narrow resonan-
ces could provide good fits by enabling the BW functions
to fall more deeply into the dips.
Systematic uncertainties for masses and widths are

determined by varying aspects of, and inputs to, the fits.
For a given source, the largest deviation from a parameter’s
nominal value is taken as its systematic uncertainty. The
sources of systematic uncertainty that have been considered

are as follows: different BW function shapes (P and D
wave, and alternative values for the “interaction radius” in
the Blatt-Weisskopf barrier factor [67,68]); alternative DPS
parametrizations, such as those obtained by mixing data
events (artificial J=ψJ=ψ mass spectrum formed by two
J=ψs from different events); NRSPS parametrizations from
different simulations (CASCADE and HELAC-Onia) or floating
otherwise fixed parameters individually; momentum scale
(based on the shift in the unconstrained fitted J=ψ meson
mass from the world average value [65]); detector mass
resolution (slightly different resolution models based on the
PYTHIA or JHUGen generators); combinatorial background
shape (the result of altering the parametrization of the
combinatorial background); efficiency corrections (the
difference between not applying and applying efficiency
corrections based on the PYTHIA or JHUGen generator); and
the effects of including various feed-down components
from hypothetical heavier tetraquarks [38]. The effects of
feed-down components in the interference model can
produce asymmetric uncertainties, so an asymmetric uncer-
tainty is assigned for this source. For other sources,
symmetric uncertainties are assigned. The principal sys-
tematic effects are summarized in Table II. The total
uncertainties are their sum in quadrature and also appear
in Table I. Including feed-down in the fit affects signal
structures, especially for the BW1, because of their overlap
in the J=ψJ=ψ mass distribution. Compared to the no-
interference model, the greater complexity and increased
parameter correlations of the interference model result in
larger systematic uncertainties.
The impact of systematic uncertainties on the local

significances of the structures was checked in the interfer-
ence fit model by using discrete sets of individual alter-
native hypotheses and recomputing the significances. The
systematic uncertainties introduce no appreciable change.
The BW2 parameters are within 2σ, when comparing the

analogous no-interference or interference models, of the
Xð6900Þ values reported by LHCb. For their model I,
consisting of a BW function for the Xð6900Þ signal plus
two auxiliary threshold BW functions, they reported an
Xð6900Þmass of 6905� 11� 7 MeV with a natural width

TABLE I. Summary of the fit results for the J=ψJ=ψ invariant mass distribution. The mass m and natural width Γ
for both the no-interference model and the interference model, and the signal yields N for the no-interference model,
are given for the three signal structures. The dual uncertainties are the statistical followed by the systematic
components, and single uncertainties are only statistical.

BW1 BW2 BW3

No interference m (MeV) 6552� 10� 12 6927� 9� 4 7287þ20
−18 � 5

Γ (MeV) 124þ32
−26 � 33 122þ24

−21 � 18 95þ59
−40 � 19

N 470þ120
−110 492þ78

−73 156þ64
−51

Interference m (MeV) 6638þ43þ16
−38−31 6847þ44þ48

−28−20 7134þ48þ41
−25−15

Γ (MeV) 440þ230þ110
−200−240 191þ66þ25

−49−17 97þ40þ29
−29−26
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of 80� 19� 33 MeV, and 6886� 11� 11 MeV and
168� 33� 69 MeV for model II [14]. However, because
the two experiments use different fit models, quantitative
comparisons between them are not straightforward, and
thus we also fit our data with the two LHCb models.
Neither LHCb model provides a good description of the
CMS data; nevertheless, our Xð6900Þ parameters are again
compatible. More information about these comparisons,
including where some small discrepancies are present, is
summarized in the Supplemental Material [66].
Our measured masses appear compatible with recent

calculations of the ccc̄ c̄ spectrum [21,71], which would
indicate that these three structures may be a family of radial
excitations of the same JPC. This is the case for both no-
interference and interference masses, albeit for different
theoretical models.
In summary, the J=ψJ=ψ invariant mass spectrum has

been presented. The data were collected with the CMS
detector from pp collisions at

ffiffiffi

s
p ¼ 13 TeV and correspond

to an integrated luminosity of 135 fb−1. Three structures
are found in the J=ψJ=ψ invariant mass spectrum. The
spectrum is better described by a model with interference
among three resonances. Two new structures, tentatively
named Xð6600Þ and Xð7100Þ, are found with masses of
6638þ43

−38ðstatÞþ16
−31ðsystÞ and 7134þ48

−25ðstatÞþ41
−15ðsystÞ MeV;

and the Xð6900Þ structure observed by LHCb is confirmed
with a mass of 6847þ44

−28ðstatÞþ48
−20ðsystÞ MeV. The local

statistical significances of these peaks are, for increasing
mass, 7.9, 9.8, and 4.7 standard deviations. Numeric results
are provided in the HEPData record [72].

Note added.—Recently, the ATLAS Collaboration released
a Letter [73] confirming the Xð6900Þ structure in the
J=ψJ=ψ spectrum and also reported near-threshold
excesses, including a possible feature in the ψð2SÞJ=ψ
channel.
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TABLE II. Dominant contributions to the systematic uncertainties in masses and widths, in MeV, for the two fits. The “Total
uncertainty” is the quadratic sum of all individual components, including the unlisted nondominant contributions.

Fit Dominant sources MBW1
MBW2

MBW3
ΓBW1

ΓBW2
ΓBW3

No-interference Signal shape 3 3 3 10 5 5
NRSPS shape 3 1 1 18 15 17
Feed-down 11 1 1 25 8 6

Total uncertainty 12 4 5 33 18 19

Interference Signal shape 7 12 7 56 8 7
DPS shape 1 3 2 18 6 2

NRSPS shape 9 14 13 85 9 20
Mass resolution 8 4 1 24 7 13

Combinatorial background 7 2 <1 5 3 2
Feed-down þ0

−27
þ44
−0

þ38
−0

þ0
−210

þ19
−0

þ12
−0

Total uncertainty þ16
−31

þ48
−20

þ41
−15

þ110
−240

þ25
−17

þ29
−26
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L. Thomas ,5 M. Vanden Bemden,5 C. Vander Velde ,5 P. Vanlaer ,5 M. De Coen ,6 D. Dobur ,6 Y. Hong ,6

J. Knolle ,6 L. Lambrecht ,6 G. Mestdach,6 C. Rendón,6 A. Samalan,6 K. Skovpen ,6 N. Van Den Bossche ,6

L. Wezenbeek ,6 A. Benecke ,7 G. Bruno ,7 C. Caputo ,7 C. Delaere ,7 I. S. Donertas ,7 A. Giammanco ,7

K. Jaffel ,7 Sa. Jain ,7 V. Lemaitre,7 J. Lidrych ,7 P. Mastrapasqua ,7 K. Mondal ,7 T. T. Tran ,7 S. Wertz ,7

G. A. Alves ,8 E. Coelho ,8 C. Hensel ,8 T. Menezes De Oliveira,8 A. Moraes ,8 P. Rebello Teles ,8 M. Soeiro,8

W. L. Aldá Júnior ,9 M. Alves Gallo Pereira ,9 M. Barroso Ferreira Filho ,9 H. Brandao Malbouisson ,9 W. Carvalho ,9

J. Chinellato,9,f E. M. Da Costa ,9 G. G. Da Silveira ,9,g D. De Jesus Damiao ,9 S. Fonseca De Souza ,9 J. Martins ,9,h

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

A. Sznajder ,9 M. Thiel ,9 A. Vilela Pereira ,9 C. A. Bernardes ,10,g L. Calligaris ,10 T. R. Fernandez Perez Tomei,10

E. M. Gregores ,10 P. G. Mercadante ,10 S. F. Novaes ,10 B. Orzari ,10 Sandra S. Padula ,10 A. Aleksandrov ,11

G. Antchev ,11 R. Hadjiiska ,11 P. Iaydjiev ,11 M. Misheva ,11 M. Shopova ,11 G. Sultanov ,11 A. Dimitrov ,12

T. Ivanov ,12 L. Litov ,12 B. Pavlov ,12 P. Petkov ,12 A. Petrov ,12 E. Shumka ,12 S. Keshri ,13 S. Thakur ,13

T. Cheng ,14 Q. Guo,14 T. Javaid ,14 M. Mittal ,14 L. Yuan ,14 G. Bauer,15,i,j J. Chen,15,i J. Gu,15,i Z. Hu ,15 J. Liu,15

X. Wang ,15,k H. Wen,15,i K. Yi ,15,l,i J. Zhang ,15,i G. M. Chen ,16,m H. S. Chen ,16,m M. Chen ,16,m F. Iemmi ,16

C. H. Jiang,16 A. Kapoor ,16 H. Liao ,16 Z.-A. Liu ,16,n F. Monti ,16 R. Sharma ,16 J. N. Song,16,n J. Tao ,16

C. Wang ,16,m J. Wang ,16 Z. Wang ,16 H. Zhang ,16 A. Agapitos ,17 Y. Ban ,17 A. Levin ,17 C. Li ,17 Q. Li ,17

X. Lyu,17 Y. Mao,17 S. J. Qian ,17 X. Sun ,17 D. Wang ,17 H. Yang,17 C. Zhou ,17 Z. You ,18 N. Lu ,19 X. Gao ,20,o

D. Leggat,20 H. Okawa ,20 Y. Zhang ,20 Z. Lin ,21 C. Lu ,21 M. Xiao ,21 C. Avila ,22 D. A. Barbosa Trujillo,22

A. Cabrera ,22 C. Florez ,22 J. Fraga ,22 J. A. Reyes Vega,22 J. Mejia Guisao ,23 F. Ramirez ,23 M. Rodriguez ,23

J. D. Ruiz Alvarez ,23 D. Giljanovic ,24 N. Godinovic ,24 D. Lelas ,24 A. Sculac ,24 M. Kovac ,25 T. Sculac ,25

P. Bargassa ,26 V. Brigljevic ,26 B. K. Chitroda ,26 D. Ferencek ,26 S. Mishra ,26 A. Starodumov ,26,p T. Susa ,26

A. Attikis ,27 K. Christoforou ,27 S. Konstantinou ,27 J. Mousa ,27 C. Nicolaou,27 F. Ptochos ,27 P. A. Razis ,27

H. Rykaczewski,27 H. Saka ,27 A. Stepennov ,27 M. Finger ,28 M. Finger Jr. ,28 A. Kveton ,28 E. Ayala ,29

E. Carrera Jarrin ,30 A. A. Abdelalim ,31,q,r E. Salama ,31,s,t M. Abdullah Al-Mashad ,32 M. A. Mahmoud ,32

R. K. Dewanjee ,33,u K. Ehataht ,33 M. Kadastik,33 T. Lange ,33 S. Nandan ,33 C. Nielsen ,33 J. Pata ,33 M. Raidal ,33

L. Tani ,33 C. Veelken ,33 H. Kirschenmann ,34 K. Osterberg ,34 M. Voutilainen ,34 S. Bharthuar ,35 E. Brücken ,35

F. Garcia ,35 J. Havukainen ,35 K. T. S. Kallonen ,35 M. S. Kim ,35 R. Kinnunen,35 T. Lampén ,35 K. Lassila-Perini ,35

S. Lehti ,35 T. Lindén ,35 M. Lotti,35 L. Martikainen ,35 M. Myllymäki ,35 M. m. Rantanen ,35 H. Siikonen ,35

E. Tuominen ,35 J. Tuominiemi ,35 P. Luukka ,36 H. Petrow ,36 T. Tuuva,36,a M. Besancon ,37 F. Couderc ,37

M. Dejardin ,37 D. Denegri,37 J. L. Faure,37 F. Ferri ,37 S. Ganjour ,37 P. Gras ,37 G. Hamel de Monchenault ,37

V. Lohezic ,37 J. Malcles ,37 J. Rander,37 A. Rosowsky ,37 M. Ö. Sahin,37 A. Savoy-Navarro ,37,v P. Simkina ,37

M. Titov ,37 C. Baldenegro Barrera ,38 F. Beaudette ,38 A. Buchot Perraguin ,38 P. Busson ,38 A. Cappati ,38

C. Charlot ,38 F. Damas ,38 O. Davignon ,38 G. Falmagne ,38 B. A. Fontana Santos Alves ,38 S. Ghosh ,38

A. Gilbert ,38 R. Granier de Cassagnac ,38 A. Hakimi ,38 B. Harikrishnan ,38 L. Kalipoliti ,38 G. Liu ,38 J. Motta ,38

M. Nguyen ,38 C. Ochando ,38 L. Portales ,38 R. Salerno ,38 U. Sarkar ,38 J. B. Sauvan ,38 Y. Sirois ,38

A. Tarabini ,38 E. Vernazza ,38 A. Zabi ,38 A. Zghiche ,38 J.-L. Agram ,39,w J. Andrea ,39 D. Apparu ,39 D. Bloch ,39

J.-M. Brom ,39 E. C. Chabert ,39 C. Collard ,39 S. Falke ,39 U. Goerlach ,39 C. Grimault,39 R. Haeberle,39

A.-C. Le Bihan ,39 M. A. Sessini ,39 P. Van Hove ,39 S. Beauceron ,40 B. Blancon ,40 G. Boudoul ,40 N. Chanon ,40

J. Choi ,40 D. Contardo ,40 P. Depasse ,40 C. Dozen ,40,x H. El Mamouni,40 J. Fay ,40 S. Gascon ,40 M. Gouzevitch ,40

C. Greenberg,40 G. Grenier ,40 B. Ille ,40 I. B. Laktineh,40 M. Lethuillier ,40 L. Mirabito,40 S. Perries,40

M. Vander Donckt ,40 P. Verdier ,40 J. Xiao ,40 I. Lomidze ,41 T. Toriashvili ,41,y Z. Tsamalaidze ,41,p V. Botta ,42

L. Feld ,42 K. Klein ,42 M. Lipinski ,42 D. Meuser ,42 A. Pauls ,42 N. Röwert ,42 M. Teroerde ,42 S. Diekmann ,43

A. Dodonova ,43 N. Eich ,43 D. Eliseev ,43 F. Engelke ,43 M. Erdmann ,43 P. Fackeldey ,43 B. Fischer ,43

T. Hebbeker ,43 K. Hoepfner ,43 F. Ivone ,43 A. Jung ,43 M. y. Lee ,43 L. Mastrolorenzo,43 M. Merschmeyer ,43

A. Meyer ,43 S. Mukherjee ,43 D. Noll ,43 A. Novak ,43 F. Nowotny,43 A. Pozdnyakov ,43 Y. Rath,43 W. Redjeb ,43

F. Rehm,43 H. Reithler ,43 V. Sarkisovi ,43 A. Schmidt ,43 S. C. Schuler,43 A. Sharma ,43 A. Stein ,43

F. Torres Da Silva De Araujo ,43,z L. Vigilante,43 S. Wiedenbeck ,43 S. Zaleski,43 C. Dziwok ,44 G. Flügge ,44

PHYSICAL REVIEW LETTERS 132, 111901 (2024)

111901-8

https://orcid.org/0000-0002-3990-2074
https://orcid.org/0000-0003-1559-3606
https://orcid.org/0000-0002-2747-5095
https://orcid.org/0000-0001-8547-8211
https://orcid.org/0000-0001-5124-7693
https://orcid.org/0000-0003-1645-7454
https://orcid.org/0000-0002-4760-1597
https://orcid.org/0000-0003-3885-6608
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-8265-3595
https://orcid.org/0000-0001-8645-9282
https://orcid.org/0000-0001-8487-9603
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-2756-3853
https://orcid.org/0000-0003-3392-7294
https://orcid.org/0000-0002-7931-4496
https://orcid.org/0000-0002-5854-7442
https://orcid.org/0000-0003-0012-4866
https://orcid.org/0000-0003-4752-2458
https://orcid.org/0000-0002-4781-5704
https://orcid.org/0000-0001-9108-1560
https://orcid.org/0000-0002-1160-0621
https://orcid.org/0000-0003-2973-4991
https://orcid.org/0000-0001-6952-891X
https://orcid.org/0000-0003-0252-3609
https://orcid.org/0000-0001-8857-8197
https://orcid.org/0000-0001-7522-4808
https://orcid.org/0000-0001-8707-6021
https://orcid.org/0000-0001-7485-412X
https://orcid.org/0000-0001-9640-8294
https://orcid.org/0000-0001-7419-4248
https://orcid.org/0000-0001-5078-3689
https://orcid.org/0000-0003-1439-0196
https://orcid.org/0000-0002-2043-2367
https://orcid.org/0000-0001-5967-1245
https://orcid.org/0000-0003-3060-350X
https://orcid.org/0000-0002-8645-3670
https://orcid.org/0000-0002-8369-1446
https://orcid.org/0000-0001-6114-9907
https://orcid.org/0000-0001-8874-7624
https://orcid.org/0000-0002-5157-5686
https://orcid.org/0000-0001-9029-8506
https://orcid.org/0000-0001-5855-9817
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0003-3904-0571
https://orcid.org/0000-0002-1326-318X
https://orcid.org/0000-0003-0738-6615
https://orcid.org/0000-0002-5016-6434
https://orcid.org/0000-0003-3514-7056
https://orcid.org/0000-0002-3769-1680
https://orcid.org/0000-0001-7830-0837
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0003-3915-3170
https://orcid.org/0000-0003-1707-3348
https://orcid.org/0000-0001-9964-7805
https://orcid.org/0000-0001-7705-1066
https://orcid.org/0000-0002-0568-665X
https://orcid.org/0000-0002-0209-9687
https://orcid.org/0000-0001-6998-1108
https://orcid.org/0000-0001-7139-7963
https://orcid.org/0000-0003-3177-4626
https://orcid.org/0000-0001-5790-9563
https://orcid.org/0000-0002-9951-9448
https://orcid.org/0000-0003-0205-1672
https://orcid.org/0000-0001-8333-4302
https://orcid.org/0000-0003-0471-8549
https://orcid.org/0000-0003-4232-4743
https://orcid.org/0000-0003-3071-0559
https://orcid.org/0000-0001-6934-2541
https://orcid.org/0000-0003-3210-5037
https://orcid.org/0000-0003-1824-1737
https://orcid.org/0000-0001-6330-0607
https://orcid.org/0000-0003-4854-5301
https://orcid.org/0000-0001-6664-2493
https://orcid.org/0000-0002-8030-3866
https://orcid.org/0000-0003-2899-701X
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-8511-6883
https://orcid.org/0000-0003-3635-0646
https://orcid.org/0000-0002-0420-9480
https://orcid.org/0009-0003-8899-1514
https://orcid.org/0000-0002-0104-2574
https://orcid.org/0000-0003-3280-2350
https://orcid.org/0000-0002-1647-0360
https://orcid.org/0000-0003-2954-9315
https://orcid.org/0009-0007-2757-4054
https://orcid.org/0000-0002-6833-8521
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0001-8209-4343
https://orcid.org/0000-0003-2792-8493
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0003-3314-2534
https://orcid.org/0000-0002-2629-5420
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0000-0003-0489-9669
https://orcid.org/0000-0001-5911-4051
https://orcid.org/0000-0002-1844-1504
https://orcid.org/0000-0002-0124-6999
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0000-0001-5846-3655
https://orcid.org/0000-0003-1181-1426
https://orcid.org/0000-0003-2006-3490
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0002-3103-1083
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0001-8843-5209
https://orcid.org/0000-0002-8953-1232
https://orcid.org/0000-0002-1912-0374
https://orcid.org/0000-0001-9565-4186
https://orcid.org/0000-0002-6339-8154
https://orcid.org/0000-0002-8290-0517
https://orcid.org/0000-0002-0630-481X
https://orcid.org/0000-0003-4409-4574
https://orcid.org/0000-0002-9013-1199
https://orcid.org/0000-0001-5904-7258
https://orcid.org/0000-0001-8324-3291
https://orcid.org/0000-0002-2631-6770
https://orcid.org/0000-0001-7205-2318
https://orcid.org/0000-0002-2548-6567
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-1812-3474
https://orcid.org/0000-0002-7421-0313
https://orcid.org/0000-0001-9628-9336
https://orcid.org/0000-0002-5610-2693
https://orcid.org/0000-0002-0486-6296
https://orcid.org/0000-0002-3222-0249
https://orcid.org/0000-0002-5137-8543
https://orcid.org/0000-0002-1153-816X
https://orcid.org/0000-0002-7178-0484
https://orcid.org/0000-0002-9480-213X
https://orcid.org/0000-0002-3306-0363
https://orcid.org/0009-0005-6792-6881
https://orcid.org/0000-0002-4674-9450
https://orcid.org/0000-0002-8269-5760
https://orcid.org/0000-0001-7938-7559
https://orcid.org/0000-0002-2391-4599
https://orcid.org/0000-0002-9578-4105
https://orcid.org/0000-0001-8612-3332
https://orcid.org/0000-0001-5847-0062
https://orcid.org/0000-0002-0220-8441
https://orcid.org/0000-0001-9116-1202
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0001-9570-9255
https://orcid.org/0000-0001-7430-2552
https://orcid.org/0000-0002-4443-3794
https://orcid.org/0000-0003-2205-1100
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-2978-2718
https://orcid.org/0000-0002-3432-3452
https://orcid.org/0000-0002-4855-0162
https://orcid.org/0000-0001-7616-2573
https://orcid.org/0000-0001-7747-6582
https://orcid.org/0000-0002-7828-9970
https://orcid.org/0000-0003-3155-2484
https://orcid.org/0000-0001-8197-1914
https://orcid.org/0000-0002-0363-9198
https://orcid.org/0000-0002-0857-8507
https://orcid.org/0000-0002-2056-7894
https://orcid.org/0000-0002-9282-9806
https://orcid.org/0000-0002-7322-3374
https://orcid.org/0000-0001-8692-5458
https://orcid.org/0000-0001-6645-6244
https://orcid.org/0000-0002-2387-4777
https://orcid.org/0000-0001-6242-7331
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-3532-8132
https://orcid.org/0000-0002-5191-5759
https://orcid.org/0000-0001-7040-9491
https://orcid.org/0000-0002-6552-7255
https://orcid.org/0000-0002-3364-916X
https://orcid.org/0000-0001-7369-2536
https://orcid.org/0000-0003-4807-0414
https://orcid.org/0000-0002-5200-6477
https://orcid.org/0000-0001-5871-9622
https://orcid.org/0000-0001-6066-8756
https://orcid.org/0000-0002-4023-7964
https://orcid.org/0000-0003-2898-6900
https://orcid.org/0000-0001-9769-7163
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-8398-4249
https://orcid.org/0000-0002-5502-1795
https://orcid.org/0000-0003-1370-5598
https://orcid.org/0009-0002-4847-8882
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0000-0003-0510-3810
https://orcid.org/0000-0002-6764-0016
https://orcid.org/0000-0003-2039-5874
https://orcid.org/0000-0002-7073-7767
https://orcid.org/0000-0003-0386-8633
https://orcid.org/0000-0003-2340-4641
https://orcid.org/0000-0002-1133-5485
https://orcid.org/0000-0003-3278-3671
https://orcid.org/0000-0003-2040-4099
https://orcid.org/0009-0008-2784-615X
https://orcid.org/0000-0002-9860-101X
https://orcid.org/0000-0003-3090-9744
https://orcid.org/0000-0002-3932-5967
https://orcid.org/0000-0002-3872-3592
https://orcid.org/0009-0008-7976-851X
https://orcid.org/0000-0002-5388-5565
https://orcid.org/0000-0001-7803-6650
https://orcid.org/0000-0002-9481-5168
https://orcid.org/0000-0002-9813-372X
https://orcid.org/0000-0002-1119-6614
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-1194-8556
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0000-0001-6027-4511
https://orcid.org/0000-0003-4386-0564
https://orcid.org/0000-0002-4087-8155
https://orcid.org/0000-0001-6793-4359
https://orcid.org/0000-0001-8710-992X
https://orcid.org/0000-0002-6762-3937
https://orcid.org/0000-0001-9752-0624
https://orcid.org/0009-0006-5692-5688
https://orcid.org/0000-0001-7560-5790
https://orcid.org/0000-0002-1275-7292
https://orcid.org/0009-0008-2093-8131
https://orcid.org/0000-0003-0174-4020
https://orcid.org/0000-0002-5705-5059
https://orcid.org/0000-0001-7002-0937
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0001-7305-7102
https://orcid.org/0000-0002-3836-1173
https://orcid.org/0000-0002-9860-9185
https://orcid.org/0000-0003-3735-2707
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0001-5187-3571
https://orcid.org/0000-0001-5381-4807
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0003-4957-2782
https://orcid.org/0000-0002-7214-0673
https://orcid.org/0000-0002-1178-1450
https://orcid.org/0000-0001-7476-0158
https://orcid.org/0000-0002-8298-7560
https://orcid.org/0009-0004-1837-0496
https://orcid.org/0000-0002-4535-5273
https://orcid.org/0000-0003-0249-3622
https://orcid.org/0000-0003-2797-7690
https://orcid.org/0000-0002-5230-8387
https://orcid.org/0000-0002-0264-1632
https://orcid.org/0000-0001-8955-1666
https://orcid.org/0000-0002-8545-0187
https://orcid.org/0000-0003-2097-7065
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0002-8036-9267
https://orcid.org/0000-0001-9022-1509
https://orcid.org/0009-0002-9897-8439
https://orcid.org/0000-0002-2939-5646
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0000-0001-6768-7466
https://orcid.org/0000-0001-7556-2743
https://orcid.org/0000-0002-4301-634X
https://orcid.org/0000-0001-5790-1780
https://orcid.org/0000-0002-7204-1624
https://orcid.org/0000-0002-5524-880X
https://orcid.org/0000-0002-1976-5877
https://orcid.org/0000-0002-8679-3878
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0002-9253-8611
https://orcid.org/0000-0003-3090-2948
https://orcid.org/0000-0002-7860-3958
https://orcid.org/0009-0002-3901-2765
https://orcid.org/0000-0003-1655-6874
https://orcid.org/0000-0001-5377-3558
https://orcid.org/0000-0003-1661-9513
https://orcid.org/0000-0001-9813-8646
https://orcid.org/0000-0002-1546-7880
https://orcid.org/0000-0002-6839-0063
https://orcid.org/0000-0002-2722-7526
https://orcid.org/0000-0002-8117-5376
https://orcid.org/0000-0002-4745-5470
https://orcid.org/0000-0002-5892-1377
https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-9288-8144
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X
https://orcid.org/0000-0002-2008-8148
https://orcid.org/0000-0002-2388-5548
https://orcid.org/0000-0002-2511-1490
https://orcid.org/0000-0002-4430-1695
https://orcid.org/0000-0003-2081-7141
https://orcid.org/0000-0001-9598-6623
https://orcid.org/0000-0001-6341-9982
https://orcid.org/0000-0002-0176-2360
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-3478-9081
https://orcid.org/0000-0001-9794-8292
https://orcid.org/0000-0003-4409-702X
https://orcid.org/0000-0001-9430-5419
https://orcid.org/0000-0003-2711-8984
https://orcid.org/0000-0002-0688-923X
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


W. Haj Ahmad ,44,aa T. Kress ,44 A. Nowack ,44 O. Pooth ,44 A. Stahl ,44 T. Ziemons ,44 A. Zotz ,44

H. Aarup Petersen ,45 M. Aldaya Martin ,45 J. Alimena ,45 S. Amoroso,45 Y. An ,45 S. Baxter ,45 M. Bayatmakou ,45

H. Becerril Gonzalez ,45 O. Behnke ,45 A. Belvedere ,45 S. Bhattacharya ,45 F. Blekman ,45,bb K. Borras ,45,cc

D. Brunner ,45 A. Campbell ,45 A. Cardini ,45 C. Cheng,45 F. Colombina ,45 S. Consuegra Rodríguez ,45

G. Correia Silva ,45 M. De Silva ,45 G. Eckerlin,45 D. Eckstein ,45 L. I. Estevez Banos ,45 O. Filatov ,45 E. Gallo ,45,bb

A. Geiser ,45 A. Giraldi ,45 G. Greau,45 V. Guglielmi ,45 M. Guthoff ,45 A. Hinzmann ,45 A. Jafari ,45,dd L. Jeppe ,45

N. Z. Jomhari ,45 B. Kaech ,45 M. Kasemann ,45 H. Kaveh ,45 C. Kleinwort ,45 R. Kogler ,45 M. Komm ,45

D. Krücker ,45 W. Lange,45 D. Leyva Pernia ,45 K. Lipka ,45,ee W. Lohmann ,45,ff R. Mankel ,45

I.-A. Melzer-Pellmann ,45 M. Mendizabal Morentin ,45 J. Metwally,45 A. B. Meyer ,45 G. Milella ,45 A. Mussgiller ,45
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76cUniversità di Trento, Trento, Italy

77aINFN Sezione di Pavia, Pavia, Italy
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79dUniversità di Siena, Siena, Italy

80aINFN Sezione di Roma, Roma, Italy
80bSapienza Università di Roma, Roma, Italy
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