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A search for the rare η → μ
þ
μ
−

μ
þ
μ
− double-Dalitz decay is performed using a sample of proton-proton

collisions, collected by the CMS experiment at the CERN LHC with high-rate muon triggers during 2017

and 2018 and corresponding to an integrated luminosity of 101 fb−1. A signal having a statistical

significance well in excess of 5 standard deviations is observed. Using the η → μ
þ
μ
− decay as

normalization, the branching fraction Bðη → μ
þ
μ
−

μ
þ
μ
−Þ ¼ ½5.0� 0.8ðstatÞ � 0.7ðsystÞ � 0.7ðB2μÞ� ×

10−9 is measured, where the last term is the uncertainty in the normalization channel branching fraction.

This work achieves an improved precision of over 5 orders of magnitude compared to previous results,

leading to the first measurement of this branching fraction, which is found to agree with theoretical

predictions.
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The η and η0 mesons are JPC ¼ 0−þ particles with

masses of 547.9 and 957.8 MeV, respectively, comprising

admixtures of up, down, and strange quarks [1]. Despite a

comprehensive experimental campaign [2–6] to study these

light mesons, several properties of the η and η0 remain

unmeasured. Their leptonic radiative decays, also known as

Dalitz decays, constitute such an example. They proceed

via the electromagnetic coupling of pseudoscalar mesons to

the photon, where one or more of the photons internally

convert into a pair of leptons, as shown in Fig. 1. Such

decays are typically highly suppressed because they can

only occur through these electromagnetic interactions

instead of the comparatively stronger nuclear interactions.

To date, the only observed leptonic radiative decays are

η → μ
þ
μ
−, η → eþe−eþe−, and, more recently, η0 →

eþe−eþe− [3–5]. The decays η → eþe−, η → μ
þ
μ
−

μ
þ
μ
−,

η → eþe−μþμ−, and most η0 decays have so far eluded

discovery. Observing these rare decays is important

because they can serve as precision tests of the standard

model, they offer sensitivity to an array of new physics

scenarios [7,8], and the interaction between pseudoscalars

and photons contributes to the hadronic light-by-light

component of the anomalous magnetic moment of the

muon [7,9]. A thorough description of radiative decays and

their impact on several relevant standard model observ-

ables, as well as their sensitivity to new physics, can be

found in Ref. [8].

In this Letter, we report the first observation of the muon

double-Dalitz decay of the η meson, η → μ
þ
μ
−

μ
þ
μ
−, using

ffiffiffi

s
p ¼ 13 TeV proton-proton (pp) collision data collected

by the CMS experiment during 2017 and 2018 at the LHC.

The predicted branching fraction for this decay channel is

extremely small, Bðη → 4μÞ ¼ ð3.98� 0.15Þ × 10−9 [10],

making its observation particularly challenging. The analy-

sis measures the rate of η → 4μ events compared to the

normalization channel η → 2μ [3], for which the branching

fraction is known with a precision of 14% [1]. The product

of the CMS detector acceptance and signal efficiency, as

well as systematic uncertainties, is evaluated with simu-

lation studies for both channels. Tabulated results are

provided in the HEPData record for this analysis [11].

The defining feature of the measurement is the use of high-

rate triggers, which extends the sensitivity of CMS to

dimuon and four-muon resonances of masses lower than

what is achievable with the standard muon triggers [12],

leading to an improved precision of 5 orders of magnitude

compared to previous works [13].

The CMS apparatus is a multipurpose detector designed

to trigger on and identify electrons, muons, photons, and

(charged and neutral) hadrons [14–16]. A superconducting

solenoid of 6 m internal diameter provides a magnetic field

FIG. 1. Feynman diagram of pseudoscalar decays into four

leptons, known as double-Dalitz decays.
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of 3.8 T. Within the solenoid volume are the silicon pixel

and strip tracker, a crystal electromagnetic calorimeter, and

a brass and scintillator hadron calorimeter. Muons are

measured in gas-ionization detectors embedded in the steel

flux-return yoke outside the solenoid, covering the pseu-

dorapidity range jηj < 2.4. A more detailed description of

the CMS detector, together with a definition of the

coordinate system used and the relevant kinematic varia-

bles, can be found in Ref. [17].

Events are first selected by the two-tiered trigger system

[12]. The first tier (level-1, or L1) is a hardware-based

trigger that uses information from the calorimeters and the

muon detectors to select events at a rate of roughly

100 kHz. The second tier (high-level trigger, or HLT)

consists of a farm of processors running the CMS

reconstruction software optimized for fast online process-

ing. The HLT processes events at an output rate of about

1 kHz with approximately 1 MB=event, a limit imposed by

the total available data transfer bandwidth. These are the

“standard triggers” [18]. The standard dimuon triggers

require one muon with transverse momentum pT larger

than 12(15) GeV at L1 in 2017(2018) and 17 GeV at HLT,

and a second muon with pT at least 5(7) GeVat L1 in 2017

(2018) and 8 GeV at HLT. These triggers collect data at a

rate of about 30 Hz at a peak instantaneous luminosity of

2 × 1034 cm−2 s−1 [18].

For dimuon resonance masses below about 40 GeV, the

performance of the standard muon triggers deteriorates. To

improve efficiency for those masses, a dedicated set of

high-rate dimuon triggers was developed. These triggers

allow considerably lower muon pT thresholds but store

only a limited amount of information per event, ensuring

that the total data transfer bandwidth remains affordable.

The information stored in the event includes only muons

reconstructed at the HLT, apart from additional limited

event-level information, leading to an event size of around

4 kB in 2017 and 8 kB in 2018 [18]. This strategy, first

introduced by the CMS Collaboration in 2012, is referred to

as “data scouting” [18–20].

The high-rate triggers include several requirements at

L1, described in Table I. The fraction of events passing the

full four-muon selection that is accepted by each path is

shown in the last column. The first L1 path (#1) collects

most of the events of interest for the dimuon invariant mass

(m2μ) region below about 1 GeV; the decay products of the

η meson are generally collimated, given the small mass of

the η meson and its comparatively high pT distribution. At

the HLT, each of the two muons is further required to have a

pT of at least 3 GeV. These high-rate triggers were

commissioned in 2017 and found to provide a rate of

about 2 kHz at the peak instantaneous luminosity of

2 × 1034 cm−2 s−1 [18], more than 60 times the rate

of the standard muon triggers. The data were collected

in 2017 and 2018, corresponding to an integrated lumi-

nosity of 101 fb−1 [21–23].

Events passing the high-rate trigger requirements are

further selected to improve the signal-to-background dis-

crimination. The η → 2μ selection requires two oppositely

charged muons consistent with production at a common

origin (i.e., vertex). The vertex reconstruction is based on a

Kalman filtering algorithm [24] and performed pairwise,

regardless of the decay channel. The η → 4μ selection

requires four muons with a net charge of zero, which are

also consistent with a common origin. In this case, the full

set of six dimuon vertices must be reconstructed and

compatible in position. In both two- and four-muon

selections, more than one combination of muons (“candi-

dates”) per event is allowed if all muons satisfy the listed

requirements, but in both cases, more than 98% of events in

the signal mass window 0.53–0.57 GeV feature only one

passing combination. To maximize the signal efficiency for

reconstructing and identifying candidate η meson decays,

no additional selection is applied.

Figure 2 shows the m2μ spectrum in the region around

the η meson mass, 0.518–0.578 GeV, obtained with data

collected using the high-rate triggers after applying the

two-muon selection. The distributions are shown for the

inclusive dimuon pT (p
2μ
T ) range and additionally for three

slices, 8–9, 14–15, and 25–30 GeV, highlighting the rapid

decrease of the production cross section with p
2μ
T . A binned

maximum likelihood fit to the total spectrum with a sum of

two Gaussian functions and a third-order Chebychev poly-

nomial reveals approximately 4.5 million η → 2μ decays.

Given the branching fraction Bðη → 2μÞ ¼ ð5.8� 0.8Þ ×
10−6 [1], the total number of η mesons produced in the

sensitive kinematic region of the CMS detector is about

1012, neglecting reconstruction inefficiencies. This huge η

production rate is critical for the study of its rare decay

channels.

Figure 3 shows the four-muon invariant mass (m4μ)

distribution in the range 0.46–0.90 GeV, obtained with data

collected using the high-rate triggers after applying the

TABLE I. Set of dimuon L1 requirements applied in the high-

rate triggers. The angular separation between muons in the η-ϕ

plane is defined as ΔR≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

, where ϕ is the

azimuthal angle. The first L1 path requires, for each muon, pT >
4.0ð4.5Þ GeV in 2017 (2018). The third path imposes separate

requirements on each muon pT . The m2μ column denotes a range

of allowed dimuon invariant masses. The charge column indicates

if an opposite-sign (OS) requirement exists between muons. The

last column reports the fraction of selected events accepted by

each path.

L1 path pT [GeV] jηj ΔR m2μ [GeV] Charge Fraction

#1 > 4.0 (4.5) … < 1.2 … OS 90%

#2 … < 1.5 < 1.4 … OS 48%

#3 > 15, > 7 … … … … 46%

#4 > 4.5 < 2.0 … 7–18 OS 9%

PHYSICAL REVIEW LETTERS 131, 091903 (2023)

091903-2



four-muon selection. A clear peak is observed in the signal

mass window 0.53–0.57 GeV, corresponding to the η

meson mass. A binned maximum likelihood fit of the

spectrum to the sum of a single-sided Crystal-Ball function

[25] for the signal and a threshold function proportional to

ðm4μ − 4mμÞ
β for the background, where mμ is the muon

mass and β is a free parameter of the fit, yields N4μ ¼
49.6� 8.1 signal events and 16.6� 0.6 background events

(in the signal mass window). The parameters of the signal

function, except for the normalization, are fixed from

simulation. This corresponds to a statistical significance

in excess of 5 standard deviations, determined by means of

a log-likelihood ratio test with a saturated model [26],

under a signal-plus-background (Sþ B) hypothesis com-

pared to the background-only assumption.

Simulated samples of rare η decays are generated at

leading order with a custom workflow. The first step

employs the PLUTO v6 generator [27] to simulate the

two- and four-muon decays of the η meson in its rest

frame, using the vector meson dominance model [28].

Subsequently, the η meson and its decay products are

boosted to the laboratory frame by sampling from uniform

pT and rapidity distributions in the 5–70 GeVand jyj < 2.4

ranges, respectively. The decay products are then

embedded into complete CMS events, which also include

the simulation of fragmentation, parton shower, and hadro-

nization processes in the initial and final states with the

PYTHIA 8.230 package [29], and simulation of the underlying

event with the CP5 tune [30]. The location of the decay

products in the detector is sampled from the distribution of

the beam envelope. Finally, the interaction of final-state

particles with the CMS detector is simulated using the

GEANT4 toolkit [31]. Simulated events include the contri-

bution of additional particles produced in time within the

same or nearby bunch crossings. The multiplicity of

vertices is matched to the one observed in the data.

To check whether the observed peak is indeed compat-

ible with the η → 4μ decay, the signal simulation was used

to predict the four-muon pT (p
4μ
T ) spectrum for the

experimentally measured branching fraction Bðη → 4μÞ

of 5 × 10−9 (described later). The signal p
4μ
T distribution

was reweighted based on the η meson pT differential

production rate measured with the two-muon channel.

Figure 4 compares the predicted distribution to the mea-

sured spectrum and to the expected background, obtained

from events with m4μ within the 0.6–0.9 GeV sideband,

where no signal is expected. The shape is then normalized

such that the total background yield is fixed to the one

extracted from them4μ fit. The correlation between p
4μ
T and

m4μ for background events was verified to be weak by

comparing them4μ spectrum across several p
4μ
T ranges. The

sum of the predicted signal and background contributions

agrees with the observation. An additional check was

performed by applying a tight muon selection to muons

in the signal mass window and in the sideband, and by

comparing the fraction of muons surviving the selection

between the two regions. This selection requires at least six

energy deposits per muon track in the silicon tracker, of

which at least one is in the pixel layers, and a track

χ2=ndf < 10, where ndf is the number of degrees of

freedom. About 99% of four-muon combinations passed

this selection in the signal mass window, compared to only

84% in the sideband. Since the sidebands presumably

contain more hadrons misidentified as muons, this indicates

a negligible contamination of such hadrons in the signal

region.

FIG. 2. Distribution of m2μ obtained with the dimuon selection

integrated in dimuon pT and in three pT ranges as indicated in the

legend, with the number of events in the selected pT ranges

multiplied by 5 for better visibility.

FIG. 3. Measured m4μ distribution, with the fit result overlaid.

The pull distribution in the lower panel is shown relative to the

background component of the fit model and defined as ðData−

FitBkgÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2Data − σ2FitBkg

q

. Uncertainties are statistical only.
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To ensure that the observed peak cannot be explained by

other resonant backgrounds, such as additional decay

modes of the η meson, we studied these modes using

simplified Monte Carlo (MC) simulations. The decay

chains are simulated via a series of two-body decays of

the form M → m1m2. The results are reported in Fig. 5.

Decays with final-state photons (or neutral pions) could

mimic the four-muon signal if a photon converts to a pair of

muons after interacting with detector material. However, in

this case, the nearby nucleus imparts a momentum kick to

the system and increases its total invariant mass. Therefore,

as a general feature of this topology, backgrounds involving

photons do not present a peak in the signal mass window.

The only peaking background is η → π
þ
π
−

μ
þ
μ
−, where

both pions are misidentified as muons. Here, however, the

difference in mass between the two particles shifts the

invariant mass peak down to about 0.48 GeV, sufficiently

below the signal mass window. Furthermore, this decay

mode has never been observed. The current experimental

upper limit of Bðη → π
þ
π
−

μ
þ
μ
−Þ < 1.6 × 10−4 at the

90% confidence level [13], which is considerably higher

than the theoretical prediction of 6.5 × 10−9 [32], is used in

our estimate. Based on these studies, we conclude that other

decay modes of the η meson provide a negligible con-

tribution to the selected events.

The simulated samples of η → 4μ and η → 2μ events are

used to evaluate the total signal efficiencies A
i;j
4μ

and A
i;j
2μ
,

respectively, given by the product of detector geometric

acceptance and reconstruction and selection efficiencies, as

functions of pT for two rapidity regions: jyj < 1.5 and

1.5 < jyj < 2.4. Figure 6 shows the total efficiencies vs pT ,

split by rapidity range. In two-muon decays, A
i;j

2μ
is limited

by the trigger efficiency, reaching a plateau of about 70%.

In contrast, in four-muon decays, the efficiency to recon-

struct all four muons in the event has a maximum value of

about 15%. The low-pT behavior is understood to be

correlated with the minimum pT of about 3.5 GeV required

FIG. 4. Comparison of the four-muon pT spectrum observed in

data with 0.53 < m4μ < 0.57 GeV (black points) and the signal

prediction from simulation assuming the observed branching

fraction (orange dashed line). Also shown is the predicted

background shape, extracted from the mass sideband, normalized

to the background fit yield (dotted blue line), and the sum of

signal and background predictions (solid red line).

FIG. 5. Predicted background contributions to the signal mass

window, estimated with simplified MC simulations. The η →

μ
þ
μ
−

μ
þ
μ
− signal is displayed as a benchmark (red squares),

followed by various other decaymodes of the ηmeson. The curves

are normalized to an integrated luminosity of 101 fb−1. For

unobserved decay modes, the current experimental upper limits

are conservatively taken as the reference branching fractions in the

estimations, with the exception of the signal channel, where the

branching fraction measured in this work is used.

FIG. 6. Total efficiencies for the four-muon (A
i;j

4μ
, red and blue

points) and two-muon (A
i;j

2μ
, orange and green points) decay

channels, as functions of the generated meson’s pT and y,

evaluated through MC simulation.
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for a muon in the central region to reach the muon

detectors. The high-p
4μ

T dropoff, in turn, comes from the

difficulty of reconstructing four muons with very small

angular separation, owing to the boost of the parent

η meson.

The branching fraction B4μ ≡ Bðη → 4μÞ is determined

relative to B2μ ≡ Bðη → 2μÞ using

B4μ

B2μ

¼ N4μ

P

i;j N
i;j
2μ

A
i;j

4μ

A
i;j

2μ

; ð1Þ

where N4μ is the total four-muon signal yield, N
i;j
2μ

are the

two-muon signal yields in bins i and j of the candidate η

meson’s pT and rapidity, and A
i;j
4μ

and A
i;j
2μ

are the corre-

sponding efficiencies. We define 32 bins in pT in the range

7–70 GeVand two bins in jyj. Because of the relative nature
of the measurement, several uncertainties cancel out when

considering the ratio of quantities. Remaining uncertainties

are assessed for each component of Eq. (1). The uncertainty

on B2μ is 14% [1], while the statistical uncertainty onN4μ is

estimated to be 16% from the fit shown in Fig. 3. A similar

source of uncertainty would arise from the measurement of

N
i;j
2μ
, but it is negligible compared to the other uncertainties

when considering the large sample of η → 2μ decays.

The remaining dominant uncertainties are systematic in

nature and arise from incomplete knowledge of the effi-

ciencies evaluated by simulation. This type of uncertainty is

subdivided into three parts: (i) on the track pT threshold,

9.0%; (ii) on the trigger pT threshold, 8.4%; and (iii) on the

efficiency plateau, 3.2%. Parts (i) and (ii) are caused by

imperfect modeling of the turn-on behavior of the single-

muon reconstruction efficiency observed in data. They are

estimated by varying the thresholds in simulation and

measuring the corresponding variation of the relative

N4μ yield. A conservative but meaningful range of thresh-

old variations is determined for part (i) by comparing the

momentum scale variation that is required to shift the mass

peak of the ηmeson by the width observed in the two-muon

spectrum. For (ii), we assume a 10% uncertainty in the

effective threshold of the trigger. The uncertainty on (iii) is

determined by measuring the trigger efficiency in data with

an unbiased sample of events collected with electron

triggers. The discrepancy between this efficiency in data

and simulation leads to a 3.2% correction to the branching

fraction, which is also taken as the corresponding uncer-

tainty. This uncertainty affects both decay channels in an

unbalanced fashion owing to the different number of final-

state muons, and hence it only partially cancels out in the

ratio. A subdominant source of systematic uncertainty is

attributed to the choice of fit model used to extract the

signal yield in both channels. This uncertainty is assessed

by testing several alternative signal and background mod-

els, and determining the variation in signal yield, resulting

in a value of 6.6%. Overall, we estimate the total systematic

uncertainty in the branching ratio measurement to be 14%,

adding all contributions in quadrature.

The resulting B4μ=B2μ ratio is

B4μ

B2μ

¼ ½0.86� 0.14ðstatÞ � 0.12ðsystÞ� × 10−3:

With Bðη → 2μÞ ¼ ð5.8� 0.8Þ × 10−6 [1], the branching

fraction of the newly observed four-muon decay channel is

measured to be

Bðη→4μÞ¼½5.0�0.8ðstatÞ�0.7ðsystÞ�0.7ðB2μÞ�×10−9;

where the last term reflects the uncertainty in Bðη → 2μÞ.
The measurement is in agreement with the theoretical

prediction of ð3.98� 0.15Þ × 10−9 [10].

In summary, the first observation of the η meson’s rare

double-Dalitz decay to four muons is reported. This is made

possible by the use of CMS data collected with high-rate

muon triggers at
ffiffiffi

s
p ¼ 13 TeV in 2017 and 2018, corre-

sponding to an integrated luminosity of 101 fb−1. The

branching fraction of the η → 4μ decay is measured relative

to the η → 2μ decay, yielding a ratio of branching fractions

of ð0.86� 0.14ðstatÞ � 0.12ðsystÞÞ × 10−3. Using the

world average branching fraction value [1] for the normali-

zation channel, the branching fraction of the four-muon

decay channel is Bðη → μ
þ
μ
−

μ
þ
μ
−Þ ¼ ð5.0� 0.8ðstatÞ �

0.7ðsystÞ � 0.7ðB2μÞÞ × 10−9, where the last term is the

uncertainty in the normalization channel branching fraction.

This result is in agreement with theoretical predictions [10].

The augmented statistical power of data collected with high-

rate triggers in future runs of the LHC will enable a detailed

study of doubly virtual pseudoscalar transition form factors

(TFFs) in the timelike region [33]. Measuring TFFs is

crucial to understand the effects of the strong interaction

in a range of relevant processes, such as the anomalous

magnetic moment of the muon [7].
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N. Postiau,5 L. Thomas ,5 M. Vanden Bemden,5 C. Vander Velde ,5 P. Vanlaer ,5 M. De Coen ,6 D. Dobur ,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 Z. Hu ,15 K. Yi ,15,i,j G.M. Chen ,16,k

H. S. Chen ,16,k M. Chen ,16,k F. Iemmi ,16 C. H. Jiang,16 A. Kapoor ,16 H. Liao ,16 Z.-A. Liu ,16,l F. Monti ,16

R. Sharma ,16 J. N. Song,16,l J. Tao ,16 J. 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

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,m 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 Y. Assran,31,n,o S. Elgammal,31,n A. Lotfy ,32 Y. Mohammed ,32 R. K. Dewanjee ,33,p 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,q 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,r 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,s 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,t Z. Tsamalaidze ,41,m 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

PHYSICAL REVIEW LETTERS 131, 091903 (2023)

091903-7



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,u L. Vigilante,43 S. Wiedenbeck ,43 S. Zaleski,43 C. Dziwok ,44 G. Flügge ,44

W. Haj Ahmad ,44,v 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,w K. Borras ,45,x

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,w

A. Geiser ,45 A. Giraldi ,45 G. Greau,45 V. Guglielmi ,45 M. Guthoff ,45 A. Hinzmann ,45 A. Jafari ,45,y 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,z W. Lohmann ,45,aa R. Mankel ,45

I.-A. Melzer-Pellmann ,45 M. Mendizabal Morentin ,45 J. Metwally,45 A. B. Meyer ,45 G. Milella ,45 M. Mormile ,45
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Università di Milano-Bicocca, Milano, Italy
75a
INFN Sezione di Napoli, Napoli, Italy

75b
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Università di Trento, Trento, Italy

77a
INFN Sezione di Pavia, Pavia, Italy
77b

Università di Pavia, Pavia, Italy
78a
INFN Sezione di Perugia, Perugia, Italy
78b
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