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Abstract

Bound states of charm and anticharm quarks, known as charmonia, have a rich spec-
troscopic structure that can be used to probe the dynamics of hadron production in
high-energy hadron collisions. Here, the cross section ratio of excited (ψ(2S)) and
ground state (J/ψ) vector mesons is measured as a function of the charged-particle
multiplicity in proton-lead (pPb) collisions at a center-of-mass (CM) energy per nu-
cleon pair of 8.16 TeV. The data corresponding to an integrated luminosity of 175 nb−1

were collected using the CMS detector. The ratio is measured separately for prompt
and nonprompt charmonia in the transverse momentum range 6.5 < pT < 30 GeV
and in four rapidity ranges spanning −2.865 < yCM < 1.935. For the first time, a
statistically significant multiplicity dependence of the prompt cross section ratio is
observed in proton-nucleus collisions. There is no clear rapidity dependence in the
ratio. The prompt measurements are compared with a theoretical model which in-
cludes interactions with nearby particles during the evolution of the system. These
results provide additional constraints on hadronization models of heavy quarks in
nuclear collisions.
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Quantum chromodynamics (QCD) is the theory describing the strong interaction between fun-
damental particles having color charge, quarks and gluons. The study of QCD and its emer-
gent properties, particularly at high energy and/or parton density, is a major goal of nuclear
physics [1–3]. Bound states of heavy quark-antiquark pairs, referred to as quarkonia, are key
experimental tools in this effort since they are massive enough to enable the calculation of re-
lated observables through perturbative methods, even at low momenta [4].

Quarkonia production is affected by the presence of the hot quark-gluon plasma (QGP) cre-
ated in relativistic heavy ion collisions [5–11]. The production time of heavy-flavor quarks is
shorter than the QGP formation time, making them excellent probes of the QGP because they
experience the entire evolution of the system [12]. At energies achieved by the CERN LHC, the
primary influences on quarkonium production within the QGP are medium color screening,
leading to quarkonium dissociation, along with compensating effects that cause bound state
regeneration [13–19]. Furthermore, excited quarkonia states respond differently to these effects
as compared to more tightly bound ground states.

Small collision systems, such as proton-proton (pp) and proton-ion (pA), provide baselines
against which ion-ion collisions can be compared. Measurements of these small systems per-
formed at the CERN SPS [20–24], FNAL [25–27], HERA [28], the BNL RHIC [29–31], and the
LHC [32–42] revealed a notable suppression of excited charmonia (ψ(2S)) and bottomonia
(Υ(2S), Υ(3S)) mesons compared to their ground states J/ψ and Υ(1S). The observed suppres-
sion cannot be wholly attributed to the presence of initial-state effects related to nuclear parton
distribution functions (nPDFs) [43] or energy losses caused by multiparticle scattering in cold
nuclear matter [44, 45]. Consequently, these differences in ground and excited state production
motivate measurements that specifically probe the potential presence of final-state effects, such
as the hypothesized formation of a small amount of QGP [46–48], in small collision systems.

The co-mover effect [49, 50] is an alternative final-state mechanism that may suppress the
observed yields of excited quarkonium states in small systems without the need to gener-
ate a QGP medium. In this paradigm, co-moving particles that travel along with the quark-
antiquark pair can interact with nascent quarkonia states, leading to their dissociation. Ex-
cited states, with larger radii and smaller binding energies, are more susceptible to dissociation
upon interaction with co-moving particles, resulting in relative suppression of their yields com-
pared to ground state yields. The strength of this suppression is predicted to be correlated with
the number of co-moving particles and therefore, with the charged-particle multiplicity of the
event. In pA collisions, more particles are created at rapidities (y) closer to the outgoing ion di-
rection, resulting in a larger predicted co-mover suppression for quarkonia at these rapidities
as compared to those moving in the proton-going direction. This asymmetry becomes more
pronounced as the charged-particle multiplicity of the event increases [51].

Transport models involving the formation of a small amount of QGP [52] and co-mover mod-
els [50] have successfully explained aspects of the rapidity and multiplicity dependence of
quarkonia suppression in various collision systems [53–57]. However, large experimental un-
certainties have so far prevented definitive conclusions regarding final-state effects in the char-
monia sector for pA collisions.

In this Letter, we present a measurement of the production cross-section ratio of ψ(2S) to J/ψ
mesons in pPb collisions at a center-of-mass (CM) energy per nucleon pair of 8.16 TeV, with
proton and lead beam energies of 6.50 and 2.56 TeV per nucleon, respectively. The data cor-
responding to an integrated luminosity of 175 nb−1 were collected using the CMS detector in
2016. Ground and excited charmonium vector meson states J/ψ and ψ(2S) are reconstructed
using the dimuon decay channel. The ratio is measured for both prompt (directly produced via
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the hadronization of a quark-antiquark pair from the earliest stages of the collision) and non-
prompt (originating from b hadron decays) charmonia. The precision achieved in this analysis
allows for quantitative assessment of the charmonium rapidity and charged-particle multiplic-
ity dependence, enabling stringent tests of hadronization models.

The cross section for a charmonia state having a transverse momentum, pT, and rapidity, y, can
be measured using the relation σ(pT, y) = N(pT, y)/[Lϵ(pT, y)B], where N(pT, y) is the num-
ber of signal candidates extracted from a fit to the dimuon invariant mass, L is the integrated
luminosity, B is the branching fraction for the decay channel resulting in two muons [58], and ϵ
is the efficiency associated with the charmonium reconstruction. The observable of interest for
this analysis is defined as the cross section ratio of ψ(2S) to J/ψ mesons for a selection of events
containing a multiplicity of charged particles, Ntrk, normalized by the multiplicity-integrated
cross section ratio:

Normalized

(
σψ(2S)

σJ/ψ

)
Ntrk

≡
(

σψ(2S)

σJ/ψ

)
Ntrk

/(
∑ σψ(2S)

∑ σJ/ψ

)
, (1)

where Ntrk indicates a given charged-particle multiplicity selection, and the sum is over all
multiplicity bins. Notably, the factors related to the integrated luminosity, branching fraction,
and muon acceptance exactly cancel, and many experimental uncertainties partially cancel in
this ratio. Initial-state effects related to nPDFs or other cold nuclear matter effects almost fully
cancel as well [50, 55, 56], making this observable a clean probe of potential final-state effects.

The CMS detector [59, 60] is a multipurpose, nearly hermetic detector, designed to trigger
on [61, 62] and identify electrons, muons, photons, and hadrons [63–65]. A global algorithm [66]
aims to reconstruct all individual particles in an event, combining information provided by the
all-silicon inner tracker and by the crystal electromagnetic, and brass and scintillator hadron
calorimeters, operating inside a 3.8 T superconducting solenoid, with data from the gas-ionization
muon detectors embedded in the flux-return yoke outside the solenoid. The hadron forward
(HF) calorimeters, made of steel and quartz-fibres, extend the pseudorapidity coverage pro-
vided by the barrel and endcap detectors.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [61]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [62]. The events used in this analysis were collected using a
trigger at first level requiring two muon candidates found in the muon detectors [67].

The data were collected in two configurations, in which the directions of the proton and lead
beams were reversed. We adopt the convention that the proton-going side of the detector
corresponds to positive rapidity values, regardless of the beam directions. For pPb collisions,
the CM reference frame is not at rest with respect to the detector, but rather is boosted in the
direction of the outgoing proton beam with a rapidity shift of 0.465 units. Results are reported
versus the charmonia rapidity in the CM reference frame, yCM, where y = yCM + 0.465.

For the offline analysis, events have to pass a set of selection criteria designed to reject back-
ground processes, such as beam-gas collisions and beamscraping events [68]. Events are re-
quired to have at least one reconstructed primary interaction vertex [65] with a distance from
the center of the nominal interaction region of less than 15 cm along the beam direction and 2 cm
in the plane transverse to the beam direction. To select inelastic hadronic collisions, events are
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also required to have at least one detector element in each of the HF detectors with energy de-
posits of more than 3 GeV, which is above the detector noise level. In the pPb data sample, the
average number of interactions per bunch crossing, commonly referred to as “pileup,” ranged
from 0.10 to 0.25. A procedure similar to that outlined in Refs. [69–71] is used to identify and
reject pileup events, effectively removing approximately 3% of the total events.

Muons of interest are required to pass the “soft” muon selection and acceptance requirements
described in Ref. [67]. The J/ψ and ψ(2S) candidates are formed by combining all possible
oppositely-charged muon pairs within a single event. The rapidity of the resulting candidates
in the laboratory reference frame must be |ylab| < 2.4. Additionally, a vertex fit is performed
on the muon pair, and there must be a probability larger than 1% that the two muons originate
from a common vertex.

To measure the multiplicity dependence of the cross section ratio, the total reconstructed charged-
particle multiplicity (Noffline

track ) is calculated in each event using tracks passing the quality se-
lection criteria described in Ref. [70]. In particular, tracks must fall in the kinematic ranges
|ηtrack| < 2.4 and ptrack

T > 0.4 GeV. The Noffline
track values are corrected for detector inefficiencies

and track misidentification rates using Monte Carlo (MC) simulations, with an average cor-
rection of around ∼21%. The resulting average number of tracks in each Noffline

track range after
correction is denoted as Ncorr.

track. To cancel residual uncertainties related to the Ncorr.
track calculation,

results are presented as a function of the ratio Ncorr.
track/⟨Ncorr.

track⟩MB, where ⟨Ncorr.
track⟩MB = 59.5 ± 0.5

is the average corrected multiplicity in an inclusive minimum bias (MB) sample. These MB
events are selected by requiring energy deposits exceeding approximately 1 GeV in at least one
of the two HF calorimeters, and the presence of at least one track with ptrack

T > 0.4 GeV in the
pixel tracker.

Monte Carlo simulations are used to correct for dimuon reconstruction inefficiency, as well
as for parameterizing the signal probability density function during signal extraction. Separate
MC simulations are used to model prompt and nonprompt processes. The simulated events are
generated with PYTHIA 8 (v8.212) [72] tune CUETP8M1 [73] and EVTGEN (v1.3.0) [74] is used
to model nonprompt decays. The quantum electrodynamics final-state radiation is modeled by
PHOTOS (v3.56) [75] at leading order. Next, the PYTHIA event is embedded in an underlying
pPb collision that is simulated with EPOS LHC (v3400) [76]. The events are then processed
through a detailed simulation of the CMS detector using the GEANT4 [77] package. A separate
MC sample is created for each beam direction.

The MC samples are weighted to match the data distributions that are most relevant for effi-
ciency corrections: those of Noffline

track , the pT of the charmonium candidates, and the z coordinate
of the primary vertex. The individual components of the muon reconstruction efficiency (muon
identification, selection, and triggering) are measured using single muons from J/ψ meson de-
cays in both simulated and collision data with the “tag-and-probe” (T&P) method [67, 78]. The
data-to-simulation ratios of single-muon efficiencies obtained from the T&P method, calculated
as a function of muon pµ

T and pseudorapidity, ηµ , are used as weights to fine-tune the dimuon
efficiencies obtained from simulation on an event-by-event basis.

Candidates are separated into two classes with an enriched fraction of either prompt or non-
prompt charmonia, based on whether the dimuon secondary µ+µ− vertex displacement from
the primary collision vertex falls below (for prompt) or above (for nonprompt) a set threshold
determined from simulation. For each class, the yields of J/ψ and ψ(2S) mesons are calculated
by performing an unbinned maximum likelihood fit of the dimuon invariant mass distribu-
tion in the range 2.5 < mµ+µ− < 4.3 GeV. Cross-contamination between the two classes of
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Figure 1: The prompt (red circular points) and nonprompt (blue square points) normalized
cross section ratio for −2.865 < yCM < −2 (the leftmost), −2 < yCM < −1 (center-
left), −1 < yCM < 1 (center-right), and 1 < yCM < 1.935 (the rightmost) in the range
6.5 < pT < 30 GeV. The black line with a gray band shows a model incorporating co-mover
effects [50] for prompt charmonia. Error bars represent statistical uncertainties, while boxes
display systematic uncertainties.

candidates is corrected using a method similar to that of Refs. [32, 33, 35], with nonprompt
contamination estimated to be approximately 5% for J/ψ and 8% for ψ(2S) candidates, respec-
tively. Details on the prompt and nonprompt vector meson separation, the invariant mass
fitting procedure, and examples of invariant mass peaks are provided in Appendix A.

The systematic uncertainty in the prompt and nonprompt separation procedure is evaluated by
calculating the difference between the prompt and nonprompt meson yields with and without
correction for residual contamination. It is below 1 and 2% for the prompt and nonprompt dou-
ble ratios, respectively. The systematic uncertainty associated with the invariant mass fitting
procedure includes three components: variations in the signal function, background function,
and signal function parameterization. The total systematic uncertainties associated with the
fitting procedure on the double ratio remain below 1 and 2% for the prompt and nonprompt
double ratio, respectively, with details of the procedure provided in Appendix A. The statisti-
cal uncertainties in the MC sample used to calculate candidate reconstruction efficiencies are
propagated to the final result as systematic uncertainties and amount to 0.5% in the prompt and
1% in the nonprompt ratio, respectively. Finally, the systematic uncertainty due to variations in
the pileup filter [69, 70] amounts to 0.5%. Uncertainties associated with the muon trigger and
muon identification efficiencies, calculated with the T&P method, are found to be negligible as
a result of the cancellation effect inherent in the normalized ratio observable. Similarly, system-
atic uncertainties related to the variation of the dimuon pT and Noffline

track spectrum reweighting
functions are found to be negligible. Systematic uncertainties from different sources are added
in quadrature to estimate the overall systematic uncertainty. When evaluating the systematic
uncertainties, variations are made simultaneously for both J/ψ and ψ(2S) candidates to ensure
that correlations between the two are appropriately taken into account. The total systematic
uncertainty for the inclusive yCM selection is 1–2 (2–4)% for prompt (nonprompt) charmonia
across all multiplicity ranges studied, and extends up to 4 (8)% when examining prompt (non-
prompt) mesons in the highest multiplicity range and the rapidity range −2.865 < yCM < −2.

The normalized cross section ratios for charmonia in the range 6.5 < pT < 30 GeV are reported
in four yCM ranges as a function of normalized multiplicity in Fig. 1. The red circular (blue
square) points show the results for prompt (nonprompt) charmonia. In all four rapidity ranges
examined, a decreasing trend of the prompt cross section ratio is observed, with values falling
from around 1.3 at low multiplicity to approximately 0.9 at high multiplicity. This indicates
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that the charged-particle multiplicity of the event is correlated with an increased tendency to
observe prompt charmonia in the ground state compared to excited states. On the other hand,
the ratio measurements for nonprompt charmonia do not exhibit any strong multiplicity de-
pendence, and their values are largely consistent with unity. As nonprompt charmonia result
from b hadron decays that largely occur after the system has reached a stage of reduced inter-
actions with the surrounding environment, this implies that the multiplicity dependence of the
prompt charmonia cross-section ratio originates fairly early in the evolution of the system.

The data are compared to a prediction calculated using a co-mover model described in Ref. [50],
shown by the solid black line, with the gray band representing the 10% normalization uncer-
tainty of the model. This uncertainty is fully correlated across all panels in Fig. 1. The prediction
is calculated for prompt charmonia in the same yCM, pT, and Ncorr.

track/⟨Ncorr.
track⟩MB ranges as the

data. Comparison of this model with the prompt data reveals reasonable agreement in the ra-
pidity range closest to the proton-going direction (1 < yCM < 1.935), with the data lying on the
top edge of the uncertainty band for the model. Although the shape of the distribution seems to
be well described in all rapidity ranges, the co-mover model shows an increasing discrepancy
with the data as the rapidity selection gets closer to the lead-going direction, i.e., more negative.
The discrepancy between data and model is never more than ∼2 standard deviations.
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Figure 2: (upper) The prompt normalized cross section ratio versus normalized event charged-
particle multiplicity for four different rapidity selections. The different sets of colored data
points have a slight horizontal offset applied for visual clarity. (lower) The same observable for
prompt (red circular points) and nonprompt (blue square points) mesons when combining all
four rapidity selections into a single measurement. The black line with a gray band shows a
model incorporating co-mover effects [50] for prompt charmonia. Error bars represent statisti-
cal uncertainties, while boxes display systematic uncertainties.

A comparison between the four different rapidity ranges studied for the prompt data is shown
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in Fig. 2 (upper). No clear rapidity dependence of the cross section ratio can be seen in the pT
range of 6.5–30 GeV. Thus, the rapidity-dependent offset between the data and the co-mover
model prediction originates from the model overestimation of the rapidity dependence for this
ratio, presumably due to a larger co-mover density present in the lead-going direction. This
conclusion appears consistent with previous multiplicity-inclusive measurements of the rapid-
ity dependence of charmonia production in pPb collisions by the LHCb Collaboration [57],
although larger experimental uncertainties masked the effect. The co-mover model largely
focuses on describing charmonium dynamics at relatively low pT, so it is possible that addi-
tional mechanisms related to high pT charmonium formation, such as jet production, could
explain the differences between the data and model. To explore this possibility, two additional
measurements of the same observable in the pT range 3–6.5 GeV are performed in the rapidity
ranges of −2.865 < yCM < −2 and 1 < yCM < 1.935 and are detailed in Appendix B. An
indication of a stronger rapidity dependence may be present for this lower pT selection, but the
experimental uncertainties prevent definitive conclusions.

Because of the lack of observed rapidity dependence for high-pT charmonia, the four rapidity
selections are merged into a single measurement, shown in Fig. 2 (lower), to probe the multi-
plicity dependence of the cross section ratio as precisely as possible. To test a null hypothesis
assuming no multiplicity dependence, the agreement between the prompt data and a constant-
value fit was evaluated. When accounting for bin-by-bin correlations between data points, the
null hypothesis is disfavored with a statistical significance of 5.3 standard deviations. Thus,
this measurement constitutes the first observation of multiplicity dependence of the cross sec-
tion ratio for charmonia produced in pA collisions. The null hypothesis is only disfavored by
2.1 standard deviations when the same procedure is applied to the nonprompt data.

Given that initial-state effects almost completely cancel in the normalized cross section ratio,
the prompt measurements provide a clear indication of the presence of multiplicity-dependent
final-state modifications to excited charmonium production. Furthermore, the lack of multi-
plicity dependence for the nonprompt data indicates that this final-state effect occurs relatively
early in the evolution of the system. The co-mover effect is one such mechanism that naturally
explains these properties of the cross section ratio, and it appears to qualitatively describe the
data well [50]. However, other explanations, e.g., the formation of a small amount of QGP
in pPb collisions, are also possible. Future comparisons with models incorporating QGP ef-
fects, e.g., Ref. [52], could test if this alternative mechanism produces the correct multiplicity
and rapidity dependence of the cross section ratio, potentially yielding insights into which of
these two final-state mechanisms is more likely to occur. Tabulated results are provided in the
HEPData record for this analysis [79].

In summary, this Letter presents a measurement of the normalized production cross section
ratio of ψ(2S) over J/ψ mesons as a function of charged-particle multiplicity in proton-lead
collisions at a center-of-mass energy per nucleon pair of 8.16 TeV with a data sample collected
with the CMS detector. The ratio is measured for both prompt and nonprompt ψ(2S) and
J/ψ mesons separately. For the first time in proton-ion collisions, a statistically significant
multiplicity-dependent modification of the ratio is observed for prompt charmonia, indicat-
ing a decreasing trend with increasing multiplicity. The ratio of the nonprompt cross sections
shows no dependency on the multiplicity. No appreciable rapidity dependence is observed
within the charmonium rapidity and transverse momentum ranges probed. These observa-
tions support the presence of final state effects dissociating weakly bound excited states of
charmonia more than the ground state, which can be interpreted as co-mover dissociation or,
potentially, the formation of quark-gluon plasma. These new data provide powerful tests for
hadronization models in small collision systems.
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Figure 3: Dimuon invariant mass distribution showing the J/ψ and ψ(2S) peaks in pPb data,
for −2.865 < yCM < −2 (left) and 1 < yCM < 1.935 (right) for 3 < pT < 30 GeV. The total fit is
shown with a solid blue line, and the dotted blue line represents the background contribution.

The invariant mass fits are performed by maximizing an unbinned and extended likelihood in
the region of 2.5 < mµ+µ− < 4.3 GeV using a method that is similar to that of Ref. [35]. Both the
J/ψ and ψ(2S) nominal signal shapes are described using the sum of two Crystal Ball (CB) [80]
functions. The background distribution is described by a Chebyshev polynomial of order (0 ≤
N ≤ 3), with the appropriate order for each analysis bin selected based on log-likelihood ratio
tests. The tail parameters are fixed to the values calculated using a J/ψ MC sample, and both
the J/ψ and ψ(2S) signal functions use the same values of these tail parameters. In the fits to
the data, the ratio of the widths of two CB functions and the relative yield fractions of two CB
functions are also fixed to the values found in a J/ψ MC sample. The mean and width of the
ψ(2S) invariant mass distribution are obtained by fitting the mean and width of the J/ψ mass
peak and scaling it by the ratio of the ψ(2S) to J/ψ masses, as calculated using world-average
values [58]. Representative examples of invariant mass distributions for two different rapidity
selections can be seen in Fig. 3. To evaluate the systematic uncertainty associated with the
choice of signal probability density function, a CB function plus a Gaussian function is used
instead of the nominal sum of two CB functions. For the systematic component related to the
background model similar to that of Ref. [35], the order of the Chebyshev polynomial is varied
by increasing N to N + 1 if the nominal fit uses N ≤ 2, and decreasing to N − 1 for N >
2. Lastly, the uncertainty associated with constraining the signal shape parameters to those
obtained from simulations is assessed by individually releasing each parameter and repeating
the fit. The differences between the nominal double ratio values and those obtained when a
parameter is allowed to vary are calculated, and the root-mean-square of these differences is
taken as the systematic uncertainty.

Prompt and nonprompt charmonia candidates are separated using a method that is similar to
those used in earlier analyses such as Refs. [32, 33, 35]. The separation is done before perform-
ing the invariant mass fit by selecting on the pseudo-proper decay lengths of the candidates.
The decay length is expressed as l3D = Lxyzm/|p|, where Lxyz is the distance between the pri-
mary and the dimuon vertices in the laboratory frame, |p| is the magnitude of the dimuon
momentum, and m is the world-average J/ψ or ψ(2S) mass [58], depending on the meson
being studied. Prompt (nonprompt) charmonia are measured by rejecting dimuons with l3D
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above (below) a threshold value that is determined by examining the efficiency of selecting
prompt (nonprompt) charmonia, denoted as ϵP (ϵNP), in simulated samples. The threshold is
chosen separately for each rapidity selection so that the efficiency for prompt J/ψ is fixed at
90%. This value is around 35–50 µm for charmonia candidates in the pT range 6.5–30 GeV and
corresponds to a nonprompt charmonium rejection rate of >86%. In the pT range of 3.0–6.5
GeV, the threshold value is in the range of 74–78 µm, with a nonprompt charmonium rejection
rate of >81%. The l3D cut that is used for J/ψ is also used for ψ(2S) candidates, resulting in a
prompt ψ(2S) efficiency that is slightly >90%. Residual contamination of the prompt or non-
prompt charmonium samples by candidates of the other type is corrected after the invariant
mass fit performed. The corrected prompt meson yield can be expressed as

Nprompt =
(1 − ϵNP)Npass − ϵNPNfail

ϵP − ϵNP
,

where Npass (Nfail) is the number of dimuon candidates in data below (above) the l3D selection.
The corrected nonprompt meson yield is given by the difference between the total number of
candidates and the prompt candidates, Nnonprompt = (Npass + Nfail)− Nprompt.

B Results in low-pT region
Because of the larger backgrounds in the low-pT region, which reduces the ψ(2S) signal signifi-
cance, as well as for muon acceptance considerations, measurements in the range 3 < pT <
6.5 GeV are limited to the endcap regions of the CMS detector, i.e., the rapidity regions of
−2.865 < yCM < −2 and 1 < yCM < 1.935. Measurements of the normalized cross section
ratio in this kinematic region are presented in Fig. 4. A decreasing trend appears to be present
for the prompt charmonia in the lead-going rapidity selection, while a relatively flat trend is
present for charmonia traveling in the proton-going direction. However, the uncertainties in
this pT region are also larger than those for the higher-pT selection because of lower reconstruc-
tion efficiencies and signal significances. When evaluating the agreement of the prompt data
with a constant-value fit, the null hypothesis of no multiplicity dependence is only disfavored
with a statistical significance of 1.7 (0.6) standard deviations in the lead- (proton-)going direc-
tion. Thus, there may be a hint of rapidity-dependence of the normalized cross section ratio for
this lower pT selection, but measurement uncertainties prevent definitive conclusions at this
point. Like the measurements performed at higher pT, the nonprompt ratio values are largely
consistent with unity.



16

0 0.5 1 1.5 2 2.5 3

0.5

1

1.5

2
 < 6.5 GeV

T
3 < p

 < 1.935
CM

1 < y

MB
>

track
corr./<Ntrack

corr.N

ψ
J/σ/

(2
S

)
ψσ

N
or

m
al

iz
ed

 

0 0.5 1 1.5 2 2.5 3

0.5

1

1.5

2
 < 6.5 GeV

T
3 < p

 < -2
CM

-2.865 < y

Prompt Nonprompt

ψ
J/σ/

(2
S

)
ψσ

N
or

m
al

iz
ed

 

 (8.16 TeV)-1pPb 175 nbCMS

Figure 4: The prompt (red circular points) and nonprompt (blue square points) normalized
cross section ratio for −2.865 < yCM < −2 (upper), and 1 < yCM < 1.935 (lower) in the range
3 < pT < 6.5 GeV. Error bars represent statistical uncertainties, while boxes display systematic
uncertainties.



17

C The CMS Collaboration
Yerevan Physics Institute, Yerevan, Armenia
V. Chekhovsky, A. Hayrapetyan, V. Makarenko , A. Tumasyan1

Institut für Hochenergiephysik, Vienna, Austria
W. Adam , J.W. Andrejkovic, L. Benato , T. Bergauer , S. Chatterjee , K. Damanakis ,
M. Dragicevic , P.S. Hussain , M. Jeitler2 , N. Krammer , A. Li , D. Liko ,
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D. Rastorguev , J. Rübenach, L. Rygaard, M. Scham28,25 , S. Schnake25 , P. Schütze ,
C. Schwanenberger24 , D. Selivanova , K. Sharko , M. Shchedrolosiev , D. Stafford ,
F. Vazzoler , A. Ventura Barroso , R. Walsh , D. Wang , Q. Wang , K. Wichmann,
L. Wiens25 , C. Wissing , Y. Yang , S. Zakharov, A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
A. Albrecht , S. Albrecht , M. Antonello , S. Bollweg, M. Bonanomi , P. Connor ,
K. El Morabit , Y. Fischer , E. Garutti , A. Grohsjean , J. Haller , D. Hundhausen,
H.R. Jabusch , G. Kasieczka , P. Keicher , R. Klanner , W. Korcari , T. Kramer ,
C.c. Kuo, V. Kutzner , F. Labe , J. Lange , A. Lobanov , C. Matthies , L. Moureaux ,
M. Mrowietz, A. Nigamova , Y. Nissan, A. Paasch , K.J. Pena Rodriguez , T. Quadfasel ,
B. Raciti , M. Rieger , D. Savoiu , J. Schindler , P. Schleper , M. Schröder ,
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INFN Sezione di Napolia, Università di Napoli ’Federico II’b, Napoli, Italy; Università della
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M. León Coello , J.A. Murillo Quijada , A. Sehrawat , L. Valencia Palomo

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
G. Ayala , H. Castilla-Valdez , H. Crotte Ledesma, E. De La Cruz-Burelo , I. Heredia-
De La Cruz57 , R. Lopez-Fernandez , J. Mejia Guisao , C.A. Mondragon Herrera,
A. Sánchez Hernández

Universidad Iberoamericana, Mexico City, Mexico
C. Oropeza Barrera , D.L. Ramirez Guadarrama, M. Ramı́rez Garcı́a

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
I. Bautista , F.E. Neri Huerta , I. Pedraza , H.A. Salazar Ibarguen , C. Uribe Estrada

University of Montenegro, Podgorica, Montenegro
I. Bubanja , N. Raicevic

University of Canterbury, Christchurch, New Zealand
P.H. Butler

National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan
A. Ahmad , M.I. Asghar, A. Awais , M.I.M. Awan, H.R. Hoorani , W.A. Khan

AGH University of Krakow, Krakow, Poland
V. Avati, A. Bellora , L. Forthomme , L. Grzanka , M. Malawski , K. Piotrzkowski

National Centre for Nuclear Research, Swierk, Poland
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
D. Agyel , F. Boran , F. Dolek , I. Dumanoglu65 , E. Eskut , Y. Guler66 ,
E. Gurpinar Guler66 , C. Isik , O. Kara, A. Kayis Topaksu , Y. Komurcu , G. Onengut ,
K. Ozdemir67 , A. Polatoz , B. Tali68 , U.G. Tok , E. Uslan , I.S. Zorbakir

Middle East Technical University, Physics Department, Ankara, Turkey
M. Yalvac69

Bogazici University, Istanbul, Turkey
B. Akgun , I.O. Atakisi , E. Gülmez , M. Kaya70 , O. Kaya71 , S. Tekten72

Istanbul Technical University, Istanbul, Turkey
A. Cakir , K. Cankocak65,73 , S. Sen74

Istanbul University, Istanbul, Turkey
O. Aydilek75 , B. Hacisahinoglu , I. Hos76 , B. Kaynak , S. Ozkorucuklu , O. Potok ,
H. Sert , C. Simsek , C. Zorbilmez

Yildiz Technical University, Istanbul, Turkey
S. Cerci , B. Isildak77 , D. Sunar Cerci , T. Yetkin

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

https://orcid.org/0000-0001-9791-2353
https://orcid.org/0000-0001-5677-6033
https://orcid.org/0000-0003-4472-867X
https://orcid.org/0000-0001-9964-249X
https://orcid.org/0000-0002-5594-1321
https://orcid.org/0000-0002-9576-055X
https://orcid.org/0000-0003-1979-7331
https://orcid.org/0000-0001-5333-4918
https://orcid.org/0000-0002-3632-3157
https://orcid.org/0000-0002-1780-1344
https://orcid.org/0000-0001-6125-7203
https://orcid.org/0009-0005-6188-7754
https://orcid.org/0000-0002-7671-243X
https://orcid.org/0000-0002-5888-2304
https://orcid.org/0009-0003-0647-5103
https://orcid.org/0000-0001-7774-0099
https://orcid.org/0000-0003-0001-7657
https://orcid.org/0000-0002-6674-0015
https://orcid.org/0000-0002-9925-5753
https://orcid.org/0000-0003-2533-2856
https://orcid.org/0000-0002-4549-2569
https://orcid.org/0000-0001-9830-0412
https://orcid.org/0009-0002-0638-3447
https://orcid.org/0000-0002-9408-4756
https://orcid.org/0009-0006-0914-7684
https://orcid.org/0000-0001-5309-1960
https://orcid.org/0000-0002-6182-3380
https://orcid.org/0000-0002-7217-4750
https://orcid.org/0000-0002-3135-6427
https://orcid.org/0000-0003-4970-2217
https://orcid.org/0009-0004-1393-6577
https://orcid.org/0000-0002-7584-5038
https://orcid.org/0000-0002-0389-8640
https://orcid.org/0000-0001-6627-8716
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0000-0002-4721-7966
https://orcid.org/0000-0002-3752-4639
https://orcid.org/0009-0002-8559-0531
https://orcid.org/0000-0002-8046-4344
https://orcid.org/0000-0002-8610-1130
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0001-8587-8266
https://orcid.org/0000-0001-8038-1613
https://orcid.org/0000-0002-7695-501X
https://orcid.org/0000-0002-8842-6027
https://orcid.org/0000-0001-6361-2117
https://orcid.org/0000-0001-7873-3579
https://orcid.org/0000-0002-9806-5907
https://orcid.org/0009-0009-8976-7702
https://orcid.org/0000-0002-8992-5426
https://orcid.org/0000-0002-6657-0407
https://orcid.org/0000-0002-7561-6091
https://orcid.org/0000-0002-1192-1628
https://orcid.org/0000-0003-0199-6957
https://orcid.org/0009-0001-9480-4039
https://orcid.org/0000-0003-0443-5071
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0002-9438-2059
https://orcid.org/0000-0002-1992-5711
https://orcid.org/0009-0003-0724-7727
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-8149-6180
https://orcid.org/0000-0002-3667-3843
https://orcid.org/0000-0003-1304-3782
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-3285-1497
https://orcid.org/0000-0003-3598-556X
https://orcid.org/0000-0001-6828-1695
https://orcid.org/0000-0002-1950-8993
https://orcid.org/0009-0009-0207-4904
https://orcid.org/0000-0003-1293-4153
https://orcid.org/0000-0001-5732-7950
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0003-3563-2959
https://orcid.org/0000-0001-8251-5160
https://orcid.org/0000-0002-4960-7458
https://orcid.org/0000-0002-1797-8844
https://orcid.org/0000-0002-3611-390X
https://orcid.org/0000-0001-7092-5517
https://orcid.org/0000-0002-0039-5503
https://orcid.org/0000-0001-8328-3314
https://orcid.org/0000-0001-7598-5252
https://orcid.org/0000-0002-6172-0285
https://orcid.org/0000-0002-7977-0811
https://orcid.org/0000-0002-3169-4573
https://orcid.org/0000-0002-7084-030X
https://orcid.org/0000-0002-6274-4254
https://orcid.org/0000-0002-0103-1488
https://orcid.org/0000-0001-9516-0821
https://orcid.org/0000-0002-7447-5602
https://orcid.org/0000-0002-3039-021X
https://orcid.org/0000-0002-2472-0526
https://orcid.org/0000-0002-5962-2221
https://orcid.org/0000-0003-4915-9162
https://orcid.org/0000-0001-8888-3562
https://orcid.org/0000-0002-9231-7464
https://orcid.org/0000-0002-6353-518X
https://orcid.org/0000-0003-2890-4493
https://orcid.org/0000-0002-8485-3822
https://orcid.org/0000-0002-9624-5525
https://orcid.org/0000-0002-8627-7689
https://orcid.org/0000-0002-3829-3481
https://orcid.org/0000-0001-7325-1087
https://orcid.org/0000-0002-2567-6766
https://orcid.org/0000-0002-2646-1230
https://orcid.org/0000-0002-7678-1101
https://orcid.org/0000-0003-3857-2496
https://orcid.org/0000-0001-5153-9266
https://orcid.org/0009-0005-1141-6401
https://orcid.org/0000-0003-0716-6727
https://orcid.org/0000-0002-7359-8635
https://orcid.org/0000-0002-5199-061X
https://orcid.org/0000-0002-8702-6152
https://orcid.org/0000-0002-0283-5234
https://orcid.org/0000-0002-5412-4688
https://orcid.org/0000-0003-3277-5612


28

A. Boyaryntsev , B. Grynyov

National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
D. Anthony , J.J. Brooke , A. Bundock , F. Bury , E. Clement , D. Cussans ,
H. Flacher , M. Glowacki, J. Goldstein , H.F. Heath , M.-L. Holmberg , L. Kreczko ,
S. Paramesvaran , L. Robertshaw, V.J. Smith , K. Walkingshaw Pass

Rutherford Appleton Laboratory, Didcot, United Kingdom
A.H. Ball, K.W. Bell , A. Belyaev78 , C. Brew , R.M. Brown , D.J.A. Cockerill ,
C. Cooke , A. Elliot , K.V. Ellis, K. Harder , S. Harper , J. Linacre , K. Manolopoulos,
D.M. Newbold , E. Olaiya, D. Petyt , T. Reis , A.R. Sahasransu , G. Salvi , T. Schuh,
C.H. Shepherd-Themistocleous , I.R. Tomalin , K.C. Whalen , T. Williams

Imperial College, London, United Kingdom
I. Andreou , R. Bainbridge , P. Bloch , O. Buchmuller, C.A. Carrillo Montoya ,
G.S. Chahal79 , D. Colling , J.S. Dancu, I. Das , P. Dauncey , G. Davies ,
M. Della Negra , S. Fayer, G. Fedi , G. Hall , A. Howard, G. Iles , C.R. Knight ,
P. Krueper, J. Langford , K.H. Law , J. León Holgado , L. Lyons , A.-M. Magnan ,
B. Maier , S. Mallios, M. Mieskolainen , J. Nash80 , M. Pesaresi , P.B. Pradeep,
B.C. Radburn-Smith , A. Richards, A. Rose , K. Savva , C. Seez , R. Shukla ,
A. Tapper , K. Uchida , G.P. Uttley , T. Virdee29 , M. Vojinovic , N. Wardle ,
D. Winterbottom

Brunel University, Uxbridge, United Kingdom
J.E. Cole , A. Khan, P. Kyberd , I.D. Reid

Baylor University, Waco, Texas, USA
S. Abdullin , A. Brinkerhoff , E. Collins , M.R. Darwish , J. Dittmann ,
K. Hatakeyama , V. Hegde , J. Hiltbrand , B. McMaster , J. Samudio , S. Sawant ,
C. Sutantawibul , J. Wilson

Catholic University of America, Washington, DC, USA
R. Bartek , A. Dominguez , A.E. Simsek , S.S. Yu

The University of Alabama, Tuscaloosa, Alabama, USA
B. Bam , A. Buchot Perraguin , R. Chudasama , S.I. Cooper , C. Crovella ,
S.V. Gleyzer , E. Pearson, C.U. Perez , P. Rumerio81 , E. Usai , R. Yi

Boston University, Boston, Massachusetts, USA
A. Akpinar , C. Cosby , G. De Castro, Z. Demiragli , C. Erice , C. Fangmeier ,
C. Fernandez Madrazo , E. Fontanesi , D. Gastler , F. Golf , S. Jeon , J. O‘cain,
I. Reed , J. Rohlf , K. Salyer , D. Sperka , D. Spitzbart , I. Suarez , A. Tsatsos ,
A.G. Zecchinelli

Brown University, Providence, Rhode Island, USA
G. Barone , G. Benelli , D. Cutts , L. Gouskos , M. Hadley , U. Heintz , K.W. Ho ,
J.M. Hogan82 , T. Kwon , G. Landsberg , K.T. Lau , J. Luo , S. Mondal , T. Russell,
S. Sagir83 , X. Shen , M. Stamenkovic , N. Venkatasubramanian

University of California, Davis, Davis, California, USA
S. Abbott , B. Barton , C. Brainerd , R. Breedon , H. Cai ,
M. Calderon De La Barca Sanchez , M. Chertok , M. Citron , J. Conway , P.T. Cox ,

https://orcid.org/0000-0001-9252-0430
https://orcid.org/0000-0003-1700-0173
https://orcid.org/0000-0001-5889-7410
https://orcid.org/0000-0002-5016-8886
https://orcid.org/0000-0003-2529-0684
https://orcid.org/0000-0002-2916-6456
https://orcid.org/0000-0002-3077-2090
https://orcid.org/0000-0003-3412-4004
https://orcid.org/0000-0001-8192-0826
https://orcid.org/0000-0002-5371-941X
https://orcid.org/0000-0003-1591-6014
https://orcid.org/0000-0001-6576-9740
https://orcid.org/0000-0002-9473-5985
https://orcid.org/0000-0003-2341-8330
https://orcid.org/0000-0003-4748-8296
https://orcid.org/0000-0003-4543-2547
https://orcid.org/0000-0002-2294-5860
https://orcid.org/0000-0002-1733-4408
https://orcid.org/0000-0001-6595-8365
https://orcid.org/0000-0002-6728-0153
https://orcid.org/0000-0003-2427-5765
https://orcid.org/0000-0003-3730-4895
https://orcid.org/0000-0003-0921-0314
https://orcid.org/0000-0002-2965-6973
https://orcid.org/0000-0001-5637-2653
https://orcid.org/0000-0001-7555-652X
https://orcid.org/0000-0002-9015-9634
https://orcid.org/0000-0002-2369-4469
https://orcid.org/0000-0003-3703-6624
https://orcid.org/0000-0003-1505-1743
https://orcid.org/0000-0002-2787-1063
https://orcid.org/0000-0003-0551-6949
https://orcid.org/0000-0003-2419-4439
https://orcid.org/0000-0002-9383-8763
https://orcid.org/0000-0002-8724-4678
https://orcid.org/0000-0002-3031-8728
https://orcid.org/0000-0001-9157-4832
https://orcid.org/0000-0001-6716-979X
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0003-0320-4407
https://orcid.org/0000-0001-9959-4977
https://orcid.org/0000-0002-5437-2067
https://orcid.org/0000-0001-6839-9466
https://orcid.org/0000-0001-8668-5001
https://orcid.org/0000-0001-6497-8081
https://orcid.org/0000-0001-9101-2573
https://orcid.org/0000-0002-6299-8385
https://orcid.org/0000-0002-1219-5859
https://orcid.org/0009-0008-1167-4816
https://orcid.org/0000-0002-3931-4379
https://orcid.org/0000-0003-4725-6989
https://orcid.org/0000-0002-4156-6460
https://orcid.org/0000-0001-7945-9188
https://orcid.org/0000-0002-4266-1646
https://orcid.org/0000-0001-5270-7540
https://orcid.org/0000-0001-8893-7401
https://orcid.org/0000-0003-0607-6519
https://orcid.org/0000-0002-9759-1083
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0002-9773-550X
https://orcid.org/0009-0000-7646-3376
https://orcid.org/0000-0002-1637-5494
https://orcid.org/0000-0001-5670-5497
https://orcid.org/0000-0003-4543-864X
https://orcid.org/0000-0003-0742-2276
https://orcid.org/0009-0002-6248-6467
https://orcid.org/0000-0001-7429-2198
https://orcid.org/0000-0001-8665-2808
https://orcid.org/0000-0003-1344-3356
https://orcid.org/0000-0003-4582-150X
https://orcid.org/0000-0001-5638-7599
https://orcid.org/0000-0002-7353-7090
https://orcid.org/0000-0002-9235-779X
https://orcid.org/0000-0003-4885-6935
https://orcid.org/0000-0002-4819-7995
https://orcid.org/0009-0008-1661-3537
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-1911-3158
https://orcid.org/0000-0002-6012-2451
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0003-1691-5937
https://orcid.org/0000-0002-4494-0446
https://orcid.org/0000-0002-4767-8463
https://orcid.org/0000-0002-1981-7753
https://orcid.org/0000-0003-0600-0151
https://orcid.org/0000-0002-5672-7394
https://orcid.org/0000-0002-1686-2882
https://orcid.org/0000-0002-7420-5493
https://orcid.org/0000-0002-9074-2256
https://orcid.org/0000-0002-6011-8516
https://orcid.org/0000-0002-9102-4483
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0001-7572-188X
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0001-5818-1682
https://orcid.org/0000-0001-7510-6617
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-5998-8047
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0009-0000-7307-6311
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0003-1208-6940
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0001-8986-278X
https://orcid.org/0000-0001-5163-5936
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-9547-7471
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0009-0000-6519-9274
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7791-894X
https://orcid.org/0000-0003-4390-5881
https://orcid.org/0000-0002-9552-1006
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0002-5759-0297
https://orcid.org/0000-0001-9835-4349
https://orcid.org/0000-0002-2729-6273
https://orcid.org/0000-0001-6250-8465
https://orcid.org/0000-0003-2719-5779
https://orcid.org/0000-0003-1218-2828


29

R. Erbacher , F. Jensen , O. Kukral , G. Mocellin , M. Mulhearn , S. Ostrom ,
W. Wei , S. Yoo , F. Zhang

University of California, Los Angeles, California, USA
K. Adamidis, M. Bachtis , D. Campos, R. Cousins , A. Datta , G. Flores Avila ,
J. Hauser , M. Ignatenko , M.A. Iqbal , T. Lam , Y.f. Lo, E. Manca , A. Nunez Del Prado,
D. Saltzberg , V. Valuev

University of California, Riverside, Riverside, California, USA
R. Clare , J.W. Gary , G. Hanson

University of California, San Diego, La Jolla, California, USA
A. Aportela, A. Arora , J.G. Branson , S. Cittolin , S. Cooperstein , D. Diaz ,
J. Duarte , L. Giannini , Y. Gu, J. Guiang , R. Kansal , V. Krutelyov , R. Lee ,
J. Letts , M. Masciovecchio , F. Mokhtar , S. Mukherjee , M. Pieri , D. Primosch,
M. Quinnan , V. Sharma , M. Tadel , E. Vourliotis , F. Würthwein , Y. Xiang ,
A. Yagil

University of California, Santa Barbara - Department of Physics, Santa Barbara, California,
USA
A. Barzdukas , L. Brennan , C. Campagnari , K. Downham , C. Grieco , M.M. Hussain,
J. Incandela , J. Kim , A.J. Li , P. Masterson , H. Mei , J. Richman , S.N. Santpur ,
U. Sarica , R. Schmitz , F. Setti , J. Sheplock , D. Stuart , T.Á. Vámi , X. Yan ,
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pinosa , A. Harilal , A. Kallil Tharayil, C. Liu , T. Mudholkar , S. Murthy , P. Palit ,
K. Park, M. Paulini , A. Roberts , A. Sanchez , W. Terrill

University of Colorado Boulder, Boulder, Colorado, USA
J.P. Cumalat , W.T. Ford , A. Hart , A. Hassani , N. Manganelli , J. Pearkes ,
C. Savard , N. Schonbeck , K. Stenson , K.A. Ulmer , S.R. Wagner , N. Zipper ,
D. Zuolo

Cornell University, Ithaca, New York, USA
J. Alexander , X. Chen , D.J. Cranshaw , J. Dickinson , J. Fan , X. Fan , S. Hogan ,
P. Kotamnives, J. Monroy , M. Oshiro , J.R. Patterson , M. Reid , A. Ryd , J. Thom ,
P. Wittich , R. Zou

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
M. Albrow , M. Alyari , O. Amram , G. Apollinari , A. Apresyan , L.A.T. Bauerdick ,
D. Berry , J. Berryhill , P.C. Bhat , K. Burkett , J.N. Butler , A. Canepa , G.B. Cerati ,
H.W.K. Cheung , F. Chlebana , G. Cummings , I. Dutta , V.D. Elvira , J. Freeman ,
A. Gandrakota , Z. Gecse , L. Gray , D. Green, A. Grummer , S. Grünendahl ,
D. Guerrero , O. Gutsche , R.M. Harris , T.C. Herwig , J. Hirschauer , B. Jayatilaka ,
S. Jindariani , M. Johnson , U. Joshi , T. Klijnsma , B. Klima , K.H.M. Kwok ,
S. Lammel , C. Lee , D. Lincoln , R. Lipton , T. Liu , K. Maeshima , D. Mason ,
P. McBride , P. Merkel , S. Mrenna , S. Nahn , J. Ngadiuba , D. Noonan ,
S. Norberg, V. Papadimitriou , N. Pastika , K. Pedro , C. Pena84 , F. Ravera ,

https://orcid.org/0000-0001-7170-8944
https://orcid.org/0000-0003-3769-9081
https://orcid.org/0009-0007-3858-6659
https://orcid.org/0000-0002-1531-3478
https://orcid.org/0000-0003-1145-6436
https://orcid.org/0000-0002-5895-5155
https://orcid.org/0000-0003-4221-1802
https://orcid.org/0000-0001-5912-548X
https://orcid.org/0000-0002-6158-2468
https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0001-8375-6492
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0003-3453-4740
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0003-1736-8795
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0003-4112-7457
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-0518-3286
https://orcid.org/0000-0003-0636-1846
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-8727-8811
https://orcid.org/0000-0002-3955-4399
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-9838-8327
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0001-6467-9970
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0002-6426-0560
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-3091-7461
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-8145-6322
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0002-9443-7769
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0000-0003-2349-6582
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0002-5205-4065
https://orcid.org/0009-0000-7507-0570
https://orcid.org/0009-0008-3430-7269
https://orcid.org/0000-0003-4888-205X
https://orcid.org/0000-0001-6875-9177
https://orcid.org/0000-0002-9269-5772
https://orcid.org/0000-0002-4805-8020
https://orcid.org/0000-0003-3072-1020
https://orcid.org/0000-0002-2046-342X
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-7498-2129
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0009-0003-3728-9960
https://orcid.org/0000-0003-2067-0127
https://orcid.org/0000-0003-3657-2281
https://orcid.org/0000-0002-7394-4710
https://orcid.org/0000-0002-2200-7516
https://orcid.org/0000-0002-3815-3649
https://orcid.org/0000-0001-7706-1416
https://orcid.org/0000-0001-5849-1912
https://orcid.org/0000-0002-4870-8468
https://orcid.org/0000-0002-7401-2181
https://orcid.org/0000-0002-0542-1264
https://orcid.org/0000-0001-7329-4925
https://orcid.org/0000-0001-9268-3360
https://orcid.org/0000-0002-3765-3123
https://orcid.org/0000-0002-5212-5396
https://orcid.org/0000-0002-6186-0130
https://orcid.org/0000-0002-7170-9012
https://orcid.org/0000-0002-5383-8320
https://orcid.org/0000-0002-8124-3033
https://orcid.org/0000-0003-3370-9246
https://orcid.org/0000-0002-2284-4744
https://orcid.org/0000-0002-0745-8618
https://orcid.org/0000-0003-4045-3998
https://orcid.org/0000-0003-3548-0262
https://orcid.org/0000-0001-6389-9357
https://orcid.org/0000-0002-8762-8559
https://orcid.org/0000-0002-8045-7806
https://orcid.org/0000-0003-0953-4503
https://orcid.org/0000-0003-4446-4395
https://orcid.org/0000-0002-3415-5671
https://orcid.org/0000-0003-4860-3233
https://orcid.org/0009-0009-6561-3418
https://orcid.org/0000-0002-6408-4288
https://orcid.org/0000-0003-2752-1183
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0001-5552-5400
https://orcid.org/0000-0002-8015-9622
https://orcid.org/0000-0003-1461-3425
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0002-8244-0805
https://orcid.org/0000-0001-7912-5612
https://orcid.org/0009-0000-7046-6533
https://orcid.org/0000-0001-7757-8458
https://orcid.org/0000-0001-8375-0760
https://orcid.org/0000-0003-1675-6040
https://orcid.org/0000-0002-3691-7625
https://orcid.org/0000-0002-8693-6146
https://orcid.org/0000-0003-0027-635X
https://orcid.org/0000-0001-6113-0982
https://orcid.org/0000-0002-0599-7407
https://orcid.org/0000-0002-6665-7289
https://orcid.org/0009-0007-6522-5605
https://orcid.org/0009-0000-2822-897X
https://orcid.org/0000-0002-0074-5390
https://orcid.org/0000-0001-6159-7750
https://orcid.org/0000-0003-4727-5442
https://orcid.org/0000-0001-8731-160X
https://orcid.org/0000-0002-8949-0178
https://orcid.org/0000-0002-0055-2935
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0002-0690-7186
https://orcid.org/0009-0006-0993-6245
https://orcid.org/0000-0003-2260-9151
https://orcid.org/0000-0002-4500-7930
https://orcid.org/0000-0003-3632-0287


30

A. Reinsvold Hall85 , L. Ristori , M. Safdari , E. Sexton-Kennedy , N. Smith ,
A. Soha , L. Spiegel , S. Stoynev , J. Strait , L. Taylor , S. Tkaczyk , N.V. Tran ,
L. Uplegger , E.W. Vaandering , I. Zoi

University of Florida, Gainesville, Florida, USA
C. Aruta , P. Avery , D. Bourilkov , P. Chang , V. Cherepanov , R.D. Field, C. Huh ,
E. Koenig , M. Kolosova , J. Konigsberg , A. Korytov , K. Matchev , N. Menendez ,
G. Mitselmakher , K. Mohrman , A. Muthirakalayil Madhu , N. Rawal , S. Rosen-
zweig , Y. Takahashi , J. Wang

Florida State University, Tallahassee, Florida, USA
T. Adams , A. Al Kadhim , A. Askew , S. Bower , R. Hashmi , R.S. Kim , S. Kim ,
T. Kolberg , G. Martinez, H. Prosper , P.R. Prova, M. Wulansatiti , R. Yohay , J. Zhang

Florida Institute of Technology, Melbourne, Florida, USA
B. Alsufyani , S. Butalla , S. Das , T. Elkafrawy86 , M. Hohlmann , E. Yanes

University of Illinois Chicago, Chicago, Illinois, USA
M.R. Adams , A. Baty , C. Bennett, R. Cavanaugh , R. Escobar Franco , O. Ev-
dokimov , C.E. Gerber , M. Hawksworth, A. Hingrajiya, D.J. Hofman , J.h. Lee ,
D. S. Lemos , C. Mills , S. Nanda , G. Oh , B. Ozek , D. Pilipovic , R. Pradhan ,
E. Prifti, T. Roy , S. Rudrabhatla , N. Singh, M.B. Tonjes , N. Varelas , M.A. Wadud ,
Z. Ye , J. Yoo

The University of Iowa, Iowa City, Iowa, USA
M. Alhusseini , D. Blend, K. Dilsiz87 , L. Emediato , G. Karaman , O.K. Köseyan ,
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L. Pétré , D. Pinna, A. Savin, V. Shang , V. Sharma , W.H. Smith , D. Teague, H.F. Tsoi ,
W. Vetens , A. Warden

Authors affiliated with an international laboratory covered by a cooperation agreement with
CERN
S. Afanasiev , V. Alexakhin , D. Budkouski , I. Golutvin† , I. Gorbunov , V. Kar-
javine , O. Kodolova95 , V. Korenkov , A. Lanev , A. Malakhov , V. Matveev96 ,
A. Nikitenko97,95 , V. Palichik , V. Perelygin , M. Savina , V. Shalaev , S. Shmatov ,
S. Shulha , V. Smirnov , O. Teryaev , N. Voytishin , B.S. Yuldashev†98, A. Zarubin ,
I. Zhizhin , Yu. Andreev , A. Dermenev , S. Gninenko , N. Golubev , A. Karneyeu ,
D. Kirpichnikov , M. Kirsanov , N. Krasnikov , I. Tlisova , A. Toropin

Authors affiliated with an institute formerly covered by a cooperation agreement with CERN
G. Gavrilov , V. Golovtcov , Y. Ivanov , V. Kim99 , V. Murzin , V. Oreshkin ,

https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0001-7849-8863
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0009-0001-3714-2489
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0001-6283-4316
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-5965-2386
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0009-0009-0648-8151
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0003-2812-338X
https://orcid.org/0000-0002-7218-3323
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0003-3301-2246
https://orcid.org/0000-0002-2124-6312
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0002-9202-1516
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0001-5553-0891
https://orcid.org/0000-0003-3752-4759
https://orcid.org/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-4861-0943
https://orcid.org/0000-0002-0177-5903
https://orcid.org/0000-0003-3644-8627
https://orcid.org/0000-0003-1175-0002
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-1284-3470
https://orcid.org/0000-0002-7406-781X
https://orcid.org/0000-0001-7880-922X
https://orcid.org/0000-0001-7320-5080
https://orcid.org/0000-0001-8026-5380
https://orcid.org/0009-0000-7446-7429
https://orcid.org/0000-0001-5993-9045
https://orcid.org/0000-0003-3848-324X
https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0003-2590-763X
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360
https://orcid.org/0009-0006-8766-226X
https://orcid.org/0000-0002-4886-1569
https://orcid.org/0000-0002-2029-1007
https://orcid.org/0009-0007-6508-0215
https://orcid.org/0000-0003-3777-6606
https://orcid.org/0000-0002-5326-3854
https://orcid.org/0000-0003-1342-4251
https://orcid.org/0000-0002-2342-7862
https://orcid.org/0000-0001-8244-7321
https://orcid.org/0000-0001-8569-8409
https://orcid.org/0000-0002-2745-5908
https://orcid.org/0000-0002-1933-5383
https://orcid.org/0009-0008-0356-1061
https://orcid.org/0009-0005-5039-4874
https://orcid.org/0000-0002-9020-7384
https://orcid.org/0000-0002-2893-6922
https://orcid.org/0000-0001-5354-8350
https://orcid.org/0000-0002-4265-928X
https://orcid.org/0000-0002-9049-9196
https://orcid.org/0000-0001-7002-9093
https://orcid.org/0000-0001-6590-6266
https://orcid.org/0000-0002-1964-6106
https://orcid.org/0000-0001-6171-9682
https://orcid.org/0000-0002-7397-9665
https://orcid.org/0000-0001-5619-376X
https://orcid.org/0000-0001-6495-7619
https://orcid.org/0000-0002-9504-7754
https://orcid.org/0000-0001-9983-1004
https://orcid.org/0000-0002-7177-077X
https://orcid.org/0000-0002-8879-6538
https://orcid.org/0000-0002-8717-6492
https://orcid.org/0000-0003-1552-2015
https://orcid.org/0000-0002-2106-4041
https://orcid.org/0000-0001-9689-7999
https://orcid.org/0000-0002-0595-0297
https://orcid.org/0000-0001-5163-7632
https://orcid.org/0000-0001-7161-2133
https://orcid.org/0000-0002-0554-4627
https://orcid.org/0000-0003-4749-4995


33

D. Sosnov , V. Sulimov , L. Uvarov , A. Vorobyev†, T. Aushev , K. Ivanov ,
V. Gavrilov , N. Lychkovskaya , V. Popov , A. Zhokin , R. Chistov99 , M. Danilov99 ,
S. Polikarpov99 , V. Andreev , M. Azarkin , M. Kirakosyan, A. Terkulov , E. Boos ,
A. Ershov , A. Gribushin , A. Kaminskiy , L. Khein , V. Korotkikh, S. Obraztsov ,
S. Petrushanko , V. Savrin , A. Snigirev , I. Vardanyan , V. Blinov99, T. Dimova99 ,
A. Kozyrev99 , O. Radchenko99 , Y. Skovpen99 , V. Kachanov , S. Slabospitskii ,
A. Uzunian , A. Babaev , V. Borshch , D. Druzhkin100

†: Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Ghent University, Ghent, Belgium
4Also at Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
5Also at FACAMP - Faculdades de Campinas, Sao Paulo, Brazil
6Also at Universidade Estadual de Campinas, Campinas, Brazil
7Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
8Also at University of Chinese Academy of Sciences, Beijing, China
9Also at China Center of Advanced Science and Technology, Beijing, China
10Also at University of Chinese Academy of Sciences, Beijing, China
11Also at China Spallation Neutron Source, Guangdong, China
12Now at Henan Normal University, Xinxiang, China
13Also at University of Shanghai for Science and Technology, Shanghai, China
14Now at The University of Iowa, Iowa City, Iowa, USA
15Also at an institute formerly covered by a cooperation agreement with CERN
16Also at Cairo University, Cairo, Egypt
17Also at Suez University, Suez, Egypt
18Now at British University in Egypt, Cairo, Egypt
19Also at Purdue University, West Lafayette, Indiana, USA
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