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The production of prompt D0 mesons in proton-lead collisions in both the forward and backward

rapidity regions at a center-of-mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV is measured by the

LHCb experiment. The nuclear modification factor of promptD0 mesons is determined as a function of the

transverse momentum pT , and the rapidity in the nucleon-nucleon center-of-mass frame y�. In the forward
rapidity region, significantly suppressed production with respect to pp collisions is measured, which

provides significant constraints on models of nuclear parton distributions and hadron production down to

the very low Bjorken-x region of ∼10−5. In the backward rapidity region, a suppression with a significance

of 2.0–3.8 standard deviations compared to parton distribution functions in a nuclear environment

expectations is found in the kinematic region of pT > 6 GeV=c and −3.25 < y� < −2.5, corresponding to

x ∼ 0.01.

DOI: 10.1103/PhysRevLett.131.102301

Charm and beauty quarks are produced in the early stage

of ultrarelativistic heavy-ion collisions and are strongly

affected by the presence of deconfined hot nuclear matter,

known as quark-gluon plasma (QGP) [1], as well as by cold

nuclear matter (CNM) effects. The latter can be studied in

proton-nucleus collisions where QGP effects are not

expected to be dominant. Heavy-flavor hadrons, i.e.,

hadrons containing one or more heavy quark, are affected

by CNM effects at all stages of their production. At LHC

energies, the most relevant effect is from the initial state,

where the parton distribution functions in a nuclear

environment (NPDF) [2–4] differ from those in isolated

nucleons at all values of Bjorken momentum fraction x.
Parton density decreases at x≲ 0.1 due to nuclear shad-

owing, and increases at 0.1≲ x≲ 0.3 as a result of

antishadowing [5]. Therefore different effects are expected

to be relevant at different intervals of rapidity, which is

strongly correlated with x. The parton distributions at small

x can also be described by the color-glass condensate

effective theory (CGC) as a saturated gluonic system [6].

Moreover, multiple scattering and energy loss may occur

when the incoming partons and the heavy quarks traverse

the nuclear medium [7–9]. Other initial-state or even final-

state effects [10,11] may also modify the kinematic dis-

tributions of produced heavy-flavor hadrons, as suggested

by their surprisingly large spatial anisotropy in momentum

in high-multiplicity p-Pb collisions [12,13].

The LHCb Collaboration has recently measured the

production cross section of various heavy-flavor hadrons

in p-Pb collisions at forward rapidity, including the

production of prompt D0 and Λ
þ
c hadrons at a center-of-

mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV

[14,15], and the production of J=ψ , B0, Bþ, Λ
0

b and

ϒðnSÞ states at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV [16–18]. The ALICE

collaboration has measured open charm production at

midrapidity at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [19–24]. Other measure-

ments of heavy-flavor production in p-Pb collisions at the

LHC are also reported [25–36]. CNM effects have also

been investigated with heavy-quark production at the RHIC

collider in dAu collisions at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 200 GeV [37,38].

These measurements have led to significantly reduced

uncertainties of NPDFs in the small-x region [39,40],

especially with the constraints from the LHCb D0 mea-

surements at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [14].

This Letter reports the measurement of the production

cross section and the nuclear modification factor RpPb of

promptD0 mesons in p-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV

performed with the LHCb detector [41]. The quantity RpPb

is defined as the ratio of the cross section in p-Pb collisions
to the corresponding cross section in pp collisions scaled

by the mass number of Pb. Prompt mesons are those

directly produced in proton-lead collisions or from strong

decays of excited charm hadrons, rather than from decays

of beauty hadrons. This measurement uses a data sample

20 times larger than that used for the LHCb D0 measure-

ments at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [14]. The results can be in-

corporated into global fits together with all other relevant
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measurements to improve NPDF parametrizations and to

test other possible CNM effects.

The LHCb detector is a single-arm forward spectrometer

designed for studying heavy-flavor particles, described in

detail in Refs. [41,42]. The data sample for this analysis

consists of p-Pb collisions collected with the LHCb

detector at the end of 2016, including two different

configurations: forward collisions (p beam coming from

upstream of the vertex detector) and backward collisions (p
beam coming from downstream of the vertex detector),

corresponding to an integrated luminosity of 12.2�
0.3 nb−1 (18.6� 0.5 nb−1) for forward (backward) colli-

sions [17,43]. The forward (backward) configuration data

cover a positive (negative) rapidity range of 1.5 < y� < 4.0

(−5.0 < y� < −2.5), corresponding to an x coverage of

approximately 10−5–10−3 (10−2–10−1) for the partons of

the Pb nucleus, with the positive z axis defined as the

direction of the proton beam.

Simulation samples are required to model the effects of

the detector acceptance and the selection requirements. The

D0 mesons are generated using PYTHIA 8 [44] with a

specific LHCb configuration [45] and embedded into

minimum-bias p-Pb events from the EPOS-LHC generator

[46]. Decays of unstable particles are described by EvtGen

[47], in which final-state radiation is generated using

PHOTOS [48]. The interaction of the generated particles

with the detector, and its response, are implemented using

the GEANT4 toolkit [49] as described in Ref. [50].

The double differential cross section for prompt D0

production is measured as a function of y�, the rapidity in

the nucleon-nucleon center-of-mass frame, and pT , the

transverse momentum with respect to the beam direction.

The quantity y� is related to the rapidity in the laboratory

frame ylab by y� ¼ ylab − 0.465 for p-Pb collisions. The

differential cross section in a given (pT , y
�) interval is

defined as

d2σ

dpTdy
� ≡

NðD0
→ K∓

π
�Þ þ NðD̄0

→ K�
π
∓Þ

L × εtot × BðD0
→ K∓

π
�Þ × ΔpT × Δy�

; ð1Þ

where NðD0
→ K∓

π
�Þ and NðD̄0

→ K�
π
∓Þ are the D0

and D̄0 signal yields, L is the integrated luminosity, εtot is

the total efficiency, BðD0
→ K∓

π
�Þ ¼ ð3.96� 0.03Þ% is

the sum of branching fractions for the decays D0
→ K−

π
þ

and D0
→ Kþ

π
− [51], and ΔpT and Δy� are the pT and y�

interval widths. The D0 mesons are reconstructed through

theD0
→ K−

π
þ and the doubly Cabibbo-suppressedD0

→

Kþ
π
− decay channels and their charge conjugates. (The

branching fraction of D0
→ Kþ

π
− channel is 2 orders

of magnitude smaller than that of D0
→ K−

π
þ.) The

measurement is performed within a pT range of

0 < pT < 30 GeV=c, and the rapidity range defined above.
Throughout the analysis, the measurements are for the

combined sample of D0 and D̄0 mesons. The signal yields

and the total efficiency are determined in each kinematic

interval.

The D0 candidates are built from K∓ and π
� candidate

tracks. The selection criteria are similar to those used in D0

production measurements in p-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN

p ¼
5.02 TeV [14]. The reconstructed K∓ and π

� tracks are

required to have transverse momentum greater than

0.4 GeV=c. Both tracks are also required to be of good

quality, come from a common vertex, and pass particle

identification (PID) requirements.

The inclusive D0 signal yield is the sum of the prompt

D0 mesons and those produced in the decays of b hadrons,

denoted “from b.” This inclusive yield is determined using

an extended unbinned maximum-likelihood fit to the

distribution of the K π invariant mass, MðKπÞ. The

MðKπÞ distribution of the signal is described by a sum

of a Crystal Ball function [52] and a Gaussian function

sharing a common mean value, while the background shape

is described by a linear function, following the measure-

ment of Ref. [14]. The prompt signal yield is determined by

fitting the distribution of log10ðχ2IPÞ of the D0 candidates,

where χ2IP is defined as the difference in the vertex fit χ
2 of a

given primary vertex reconstructed with and without theD0

candidate under consideration. The background component

in the log10ðχ2IPÞ distribution is subtracted using the sPlot

technique [53] with MðKπÞ as the discriminating variable.

The shapes of the log10ðχ2IPÞ distribution corresponding to

the prompt and from-b components are described inde-

pendently by Bukin functions [54], which are asymmetric

functions with tails described by Gaussian functions. The

parameters of the functions describing the prompt and

from-b components are fixed to those from simulation. The

invariant-mass and log10ðχ2IPÞ distributions of the forward

and backward samples are given in Supplemental

Material [55].

The total efficiency εtot is the product of the geometrical

acceptance of the detector, the selection and reconstruction

efficiency, the PID efficiency, and the trigger efficiency,

with each component determined separately. The geomet-

rical acceptance and the selection, reconstruction, and

trigger efficiencies are evaluated with the p-Pb simulation

samples. The simulation sample is weighted in order to

match the occupancy of the tracking system observed in the

data. The track reconstruction efficiency is calibrated with

minimum-bias J=ψ → μ
þ
μ
− and K0

S → π
þ
π
− samples,

using the tag-and-probe approach employed in Ref. [56].

The trigger efficiency obtained from the simulation is

validated by measuring it from control data samples

recorded with minimum trigger requirements. The PID

efficiency is estimated with a tag-and-probe method

[57,58], using the D�-tagged decay chain D�þ
→ D0

π
þ

with D0
→ K−

π
þ decays.

Several sources of systematic uncertainty are considered

and described in detail in Supplemental Material [55],
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where results and numerical values for the double-

differential cross section are also given. The total prompt

D0 production cross section, obtained by integrating the

double-differential measurements, is 297.6�0.6�14.0mb

in the kinematic range of 0 < pT < 30 GeV=c and 1.5 <
y� < 4.0 for the forward rapidity region, and 315.2� 0.2�
17.8 mb in the kinematic range of 0 < pT < 30 GeV=c and
−5.0 < y� < −2.5 in the backward rapidity region. The first

uncertainties are statistical and the second systematic.

The nuclear modification factor RpPb is defined as

RpPbðpT ; y
�Þ≡ 1

A

d2σpPbðpT ; y
�Þ=ðdpTdy

�Þ
d2σppðpT ; y

�Þ=ðdpTdy
�Þ ; ð2Þ

where A ¼ 208 is the mass number of the lead nucleus and

σpp is the prompt D0 production cross section in pp

collisions at
ffiffiffi

s
p ¼ 8.16 TeV. An interpolation between

LHCb measurements at
ffiffiffi

s
p ¼ 5.02 TeV and

ffiffiffi

s
p ¼

13 TeV [59,60] is performed to obtain d2σppðpT ; y
�Þ=

ðdpTdy
�Þ, using a power-law function σð ffiffiffi

s
p Þ¼p0ð

ffiffiffi

s
p Þp1 .

A linear function is also considered. The interpolation

uncertainty comprises the difference between the two

interpolation models, and the propagated total uncertainties

from the pp measurements, and typically amounts to

3% (5%) at forward (backward) rapidity. The interpolation

is performed within the common measured kinematic range

of pT < 10 GeV=c and 2.0 < y < 4.5 for 5.02 and 13 TeV

pp results, hence RpPb is measured in that range.

The nuclear modification factor of the D0 meson as a

function of pT is displayed in Fig. 1, where eight panels

report the results in different y� subintervals of Δy� ¼ 0.5

and the two left panels are in the common range be-

tween the forward and backward rapidity coverage,

2.5 < jy�j < 4. Figures showing RpPb and the forward-

backward production ratio RFB as functions of y� and pT in

Δy� ¼ 0.25 intervals, as well as the numerical values are

given in Supplemental Material [55]. A significant sup-

pression of the cross section in p-Pb collisions, with respect
to that in pp collisions scaled by the lead mass number, is

observed at forward rapidity as well as at backward rapidity

up to y� ∼ −3.5.

The RpPb results are compared with several theoretical

calculations. The HELAC-Onia approach [65,66] is based

on a data-driven modeling of the scattering at partonic level

folded with the free proton PDFs [67]. The calculations are

first tuned by fitting the cross sections measured in pp
collisions at the LHC. Then, the modified PDFs of nucleons

in the Pb nucleus are introduced in the model to calculate

the cross sections in p-Pb collisions and to estimate the

effect of NPDFs, neglecting other cold and hot nuclear

matter effects. Reweighted EPPS16 [61] and NCTEQ15

[62] NPDF sets, where LHC heavy flavor data [14,19–21]

are incorporated by performing a Bayesian-reweighting

analysis [68], are used in the calculations, resulting in

considerably reduced uncertainties than calculations using

the default NPDFs. The uncertainties are dominated by

NPDF parametrizations and correspond to a 68% confi-

dence interval. At forward rapidity, the calculations are in

general agreement with the data, except for pT < 1 GeV=c
where the predictions are about 2 standard deviations larger

than the data. This discrepancy suggests stronger shadow-

ing or additional energy loss at low x. At backward rapidity,
for pT > 6 GeV=c and −3.5 < y� < −2.5 the data are

lower than the calculations by 2.0–3.8 standard deviations,

indicating a weaker antishadowing effect or possible final-

state effects.

The nuclear modification factor is also compared with

two calculations based on the CGC effective field theory,

CGC1 and CGC2. Since gluon saturation is expected to

occur at small x and Q2, the calculations are applicable for

pT < 5 GeV=c at forward rapidity where saturation effects
are relevant. For CGC1 [63,69] the D-meson production is

calculated with the color dipole formalism, and the optical

P
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p
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FIG. 1. Nuclear modification factor as a function of pT in different y� intervals for prompt D0 mesons in the (top) forward and

(bottom) backward regions. The error bars show the statistical uncertainties and the boxes show the systematic uncertainties. The LHCb

results at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [14] and theoretical calculations at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV from Refs. [9,61–64] are also shown. For LHCb

results at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV, the error bars show the quadric sum of statistical and systematic uncertainties.
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Glauber model is used to relate the initial condition of a

nucleus to that of the proton. For CGC2 [64] the color

dipole approach is combined with a heavy-quark fragmen-

tation function to calculate the cross sections. The CGC1

predictions have much smaller uncertainties than the CGC2

ones, because the CGC1 uncertainties include only varia-

tions of the c quark mass and of the factorization scale,

which largely cancel out in the RpPb ratio versus pT . CGC1

is consistent with the upper bound of CGC2 and is slightly

higher than the data. CGC2 shows a stronger suppression

than HELAC-Onia calculations and gives a better descrip-

tion of the data, especially for pT < 3 GeV=c.
A fourth calculation estimates D0 suppression caused by

medium-induced fully coherent energy loss (FCEL) [9], a

CNM effect where the interference between initial- and

final-state gluon radiation results in an energy loss propor-

tional to the incoming parton energy. The FCEL prediction

shown in Fig. 1 does not consider the modification of

NPDFs. The effect is significant for low pT, suggesting the

suppression observed for pT < 1 GeV=cmay be caused by

combined effects from NPDFs and FCEL. For pT >
6 GeV=c the suppression due to FCEL is negligible, thus

the discrepancy between the data and HELAC-Onia cal-

culations with NPDFs at backward rapidity cannot be

attributed to FCEL effects.

The results are also compared with the LHCb D0

measurement at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [14]. At forward rap-

idity the RpPb values at the two energies are compatible,

while at backward rapidity the 8.16 TeV data are signifi-

cantly lower. The difference could be related to the different

Bjorken-x coverage at the two collision energies, while

effects related to the Pb-going hemisphere other than

NPDFs and FCEL, such as final-state energy loss in a

high-particle-density environment, may also show a
ffiffiffiffiffiffiffiffi

sNN

p
dependence as more charged hadrons are produced in

8.16 TeV collisions. On the other hand, the model calcu-

lations offer limited insights into collision energy depend-

ence. HELAC-Onia predictions based on NPDFs are

compatible between the two
ffiffiffiffiffiffiffiffi

sNN

p
values due to the large

uncertainty of the NPDFs used in the 5.02 TeV calculation.

The CGC models show similar values at 5.02 and 8.16 TeV

at forward rapidity while they are not applicable at back-

ward. Effects due to FCEL are generally small at backward

rapidity.

It is essential to study the impact of Bjorken-x coverage

in order to interpret the energy dependence observed in the

data. However, x and the momentum transfer Q2 [5] are

partonic quantities that cannot be directly measured in

hadronic collisions. Instead, experimental proxies xexp and

Q2
exp, defined as

xexp ≡ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
TðD0Þ þM2ðD0Þ

p

ffiffiffiffiffiffiffiffi

sNN

p e−y
�

and Q2
exp ≡ p2

TðD0Þ þM2ðD0Þ; ð3Þ

are introduced to approximate the variation of RpPb with x

and Q2, whereMðD0Þ and pTðD0Þ denote the mass and pT

of D0 mesons, respectively.

Figure 2 shows RpPb as a function of xexp in five Q2
exp

intervals, forD0 mesons measured in this work at 8.16 TeV,

and at 5.02 TeV from Ref. [14]. The xexp coverage of the

8.16 TeV data extends lower than that of the 5.02 TeV
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FIG. 2. Nuclear modification factor as a function of xexp in different Q2
exp intervals for prompt D0 mesons for LHCb results at

ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV and
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 [14] and the ALICE result at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV [22]. Theoretical calculations at
ffiffiffiffiffiffiffiffi

sNN

p ¼
8.16 TeV from Refs. [61,62] are also shown. The horizontal error bars account for the maximum and minimum xexp values for a given

ðpT ; y
�Þ interval and the vertical error bars show the quadric sum of statistical and systematic uncertainties.

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-4



measurements due to the higher
ffiffiffiffiffiffiffiffi

sNN

p
value, reaching

down to xexp ∼ 10−5 in the interval 3.48 < Q2
exp <

7.48 GeV2, which corresponds to pT < 2 GeV=c. The

8.16 TeV data are also more precise. Data from the two

energies are in good agreement with each other at common

xexp values. The measurements form a consistent trend from

the small xexp region corresponding to forward rapidity to

the large xexp region corresponding to backward rapidity,

for all Q2
exp intervals. The D0 RpPb ratio at 5.02 TeV at

midrapidity [22] measured by the ALICE Collaboration is

also added to Fig. 2, and is compatible with the trend within

uncertainties. The trend suggests that the
ffiffiffiffiffiffiffiffi

sNN

p
dependence

observed at backward rapidity in Fig. 1 arises from different

x coverage in a kinematic region where RpPb depends

strongly on x.
The HELAC-Onia predictions are also transformed

according to Eq. (3) and shown in Fig. 2. In the small

xexp region, the calculations are in general agreement with

the data, except for the interval 3.48 < Q2
exp < 7.48 GeV2

(pT < 2 GeV=c) and 10−5 < xexp < 10−4, where the

NPDF expectations are slightly larger than the data and

show greater uncertainty. The data hint at a stronger

shadowing effect, or other possible effects such as

FCEL, that suppresses low-pT D0 production at forward

rapidity. Moreover, estimations from Ref. [70] suggest

gluon saturation may occur in this region. At backward

rapidity, the RpPb values from the model are larger than

those in the data for Q2
exp > 19.48 GeV2 (pT > 4 GeV=c)

and 10−2 < xexp < 10−1, indicating smaller antishadowing

effects in the data if nuclear effects other than NPDFs are

negligible. Alternatively, it suggests additional suppression

mechanisms, such as final-state energy loss, may occur at

backward rapidity.

In summary, the prompt D0 production cross section is

measured at the LHCb experiment in proton-lead collisions

at
ffiffiffiffiffiffiffiffi

sNN

p ¼ 8.16 TeV, at both forward and backward

rapidities. The nuclear modification factors are measured

with high accuracy and show strong cold nuclear matter

effects. A stronger suppression than the predictions of

NPDF calculations is observed for the lowest transverse

momentum region of pT < 1 GeV=c at forward rapidity,

hinting at a stronger shadowing than predicted at Bjorken-

x ∼ 10−5, or additional effects at play. For the backward

rapidity range of −3.5 < y� < −2.5, the RpPb values are

lower than NPDF calculations at pT > 6 GeV=c with a

significance of 2.0–3.8 standard deviations, indicating a

weaker antishadowing effect than the model or additional

final-state effects at backward rapidity. This Letter presents

the most precise measurement of the promptD0 production

in p-Pb collisions to date, providing unique constraints to

improve NPDF parametrization down to x ∼ 10−5.
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29
INFN Sezione di Pisa, Pisa, Italy

30
INFN Sezione di Roma La Sapienza, Roma, Italy

31
INFN Sezione di Roma Tor Vergata, Roma, Italy

32
Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands

33
Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands

34
AGH–University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland

35
Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland

36
National Center for Nuclear Research (NCBJ), Warsaw, Poland

37
Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

38
Affiliated with an institute covered by a cooperation agreement with CERN

39
ICCUB, Universitat de Barcelona, Barcelona, Spain

40
Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de Compostela, Spain

41
Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia—CSIC, Valencia, Spain

42
European Organization for Nuclear Research (CERN), Geneva, Switzerland

43
Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

44
Physik-Institut, Universität Zürich, Zürich, Switzerland

45
NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine

46
Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine

47
University of Birmingham, Birmingham, United Kingdom

48
H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom

49
Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
50
Department of Physics, University of Warwick, Coventry, United Kingdom

51
STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

52
School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
53
School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

54
Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom

55
Imperial College London, London, United Kingdom

56
Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

57
Department of Physics, University of Oxford, Oxford, United Kingdom

58
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

59
University of Cincinnati, Cincinnati, Ohio, USA

60
University of Maryland, College Park, Maryland, USA

61
Los Alamos National Laboratory (LANL), Los Alamos, New Mexico, USA

62
Syracuse University, Syracuse, New York, USA

63
School of Physics and Astronomy, Monash University, Melbourne, Australia

(associated with Institution Department of Physics, University of Warwick, Coventry, United Kingdom)
64
Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil

(associated with Institution Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil)
65
Physics and Micro Electronic College, Hunan University, Changsha City, China

(associated with Institution Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China)
66
Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of Quantum Matter,

Institute of Quantum Matter, South China Normal University, Guangzhou, China

(associated with Institution Center for High Energy Physics, Tsinghua University, Beijing, China)
67
School of Physics and Technology, Wuhan University, Wuhan, China

(associated with Institution Center for High Energy Physics, Tsinghua University, Beijing, China)

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-11



68
Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia
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Also at Università di Firenze, Firenze, Italy.

c
Also at Scuola Normale Superiore, Pisa, Italy.

d
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Also at Università di Urbino, Urbino, Italy.

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-12


