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The LHCb Collaboration measures production of the exotic hadron χc1ð3872Þ in proton-nucleus

collisions for the first time. Comparison with the charmonium state ψð2SÞ suggests that the exotic

χc1ð3872Þ experiences different dynamics in the nuclear medium than conventional hadrons, and

comparison with data from proton-proton collisions indicates that the presence of the nucleus may

modify χc1ð3872Þ production rates. This is the first measurement of the nuclear modification factor of an

exotic hadron.
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The study of exotic hadrons with more than three valence

quarks is a highly active area of quantum chromodynamics.

Dozens of exotic states have been discovered in the last

20 years, and various exotic models such as compact

tetraquarks, hadronic molecules, hadrocharmonia, and

other structures have been proposed in attempts to explain

their various properties (see reviews in Refs. [1–4]).

However, to date, there is no general consensus on the

nature of the first discovered and most well-studied exotic

hadron, the χc1ð3872Þ state.
Most existing measurements of the properties of exotic

hadrons containing charm quarks utilize their production in

the decays of hadrons containing b quarks. These decays

provide well-defined initial conditions, and many sources

of background can be efficiently rejected using the rela-

tively long lifetime of b hadrons. The LHCb experiment

has used these data samples to obtain precise measurements

of χc1ð3872Þ properties such as its quantum numbers, mass,

and width [5–8], and to explore new χc1ð3872Þ production
channels and decays [9–12]. However, exotic hadrons can

also be produced promptly at the interaction point of

hadronic collisions, where they can interact with other

particles produced in the event. In collisions using beams of

nuclei, exotic hadrons can also interact with the nuclear

remnant and may be subject to the effects of quark-gluon

plasma. The response of the exotic hadrons to these effects

provides new ways to constrain their properties, which are

not accessible when studying b-hadron decays.

Previous measurements by the LHCb Collaboration in

pp collisions showed a significant decrease in the ratio of

prompt χc1ð3872Þ to ψð2SÞ cross sections, σχc1ð3872Þ=σψð2SÞ,
with increasing charged-particle multiplicity [13]. These

data were interpreted in terms of breakup of the χc1ð3872Þ
hadrons due to interactions with comoving particles pro-

duced in the event, for both compact and molecular models

of χc1ð3872Þ structure [14,15]. The CMS Collaboration has

measured the σχc1ð3872Þ=σψð2SÞ ratio in PbPb collisions, and

found that the ratio is enhanced relative to pp collisions,

although that measurement has large uncertainties [16].

Statistical hadronization models predict that χc1ð3872Þ
production is significantly enhanced in PbPb collisions

at the LHC [17,18]. Calculations based on quark coales-

cence, which can occur when quark wave functions overlap

in position and velocity space, show that production rates of

χc1ð3872Þ hadrons in nucleus-nucleus (AA) collisions are

sensitive to its structure. In these models, production of

compact tetraquarks is expected to be greatly enhanced

over hadronic molecules [19,20], although a recent trans-

port calculation reaches the opposite conclusion [21]. Late-

stage interactions in the hadron gas phase of a heavy-ion

collision can also affect the observed yields [22]. The

suppressing effects of breakup and the enhancing effects of

coalescence are expected to dominate in different multi-

plicity regimes [23], and it is currently unknown where the

crossover may occur.

Collisions of protons with Pb nuclei provide an inter-

mediate stage between the relatively small pp collision

system and the large PbPb system, and can thereby shed

light on the interplay of various enhancement and sup-

pression mechanisms. Calculations of tetraquark produc-

tion in pPb collisions have predicted that the χc1ð3872Þ
cross section could be enhanced relative to pp collisions,

due to a higher rate of double-parton scattering [24]. An

increase of double-parton scattering in pPb collisions

relative to pp collisions has since been measured by the

LHCb Collaboration [25]. An enhancement of proton

production relative to pions and kaons has been observed

in dAu and pPb collisions [26–28], which can be explained
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by coalescence of three quarks into baryons versus two

quarks into mesons [29–31]. Similarly, an enhancement of

charmed baryons relative to charmed mesons has been

observed in pp and pPb collisions, relative to expectations

from eþe− collisions [32,33], which may be explained by

quark coalescence. These coalescence effects could be even

more pronounced for four-quark states, which have not

previously been measured in pA collisions. Therefore, in

addition to providing novel information on the χc1ð3872Þ
structure, measurements in pPb collisions can provide new
tests of models of particle transport and hadronization in

nuclear collisions, in a new range of number of constituent

quarks.

This Letter describes the first measurements of the

prompt production of the exotic state χc1ð3872Þ in pPb
collisions, including the ratio of χc1ð3872Þ to ψð2SÞ cross
sections and the χc1ð3872Þ nuclear modification factor

R
χc1ð3872Þ
pA . The χc1ð3872Þ and ψð2SÞ hadrons are recon-

structed through their decays to J=ψπþπ−, where the J=ψ
particle subsequently decays to a pair of oppositely charged

muons. These measurements use pp and pPb collision data
recorded by the LHCb experiment. The pp data were

collected in 2012 at a center-of-mass energy
ffiffiffi

s
p ¼ 8 TeV,

corresponding to an integrated luminosity of about 2 fb−1.

The pPb data were collected in 2016 in two configurations.
In the forward configuration, denoted pPb, the proton beam
is directed into the LHCb spectrometer and measurements

cover the rapidity interval 1.5 < y < 4, where y is mea-

sured in the center-of-mass frame of the proton-nucleus

system. In the backward configuration, denoted Pbp, the
Pb beam travels into the spectrometer and the resulting

rapidity coverage is −5 < y < −2.5. The pPb and Pbp
datasets considered here were recorded at a center-of-mass

energy per nucleon
ffiffiffiffiffiffiffiffi

sNN
p ¼ 8.16 TeV, and correspond to

integrated luminosities of about 12.5 and 19.3 nb−1,

respectively.

The LHCb detector is a single-arm forward spectrometer,

described in detail in Refs. [34,35]. Events considered in

this analysis are selected with a series of triggers which

retain events containing the decay J=ψ → μ
þ
μ
−. The off-

line selection requires muon candidates to have total

momentum p > 3 GeV=c and transverse momentum

pT > 650 MeV=c, and to penetrate hadron absorbers in

the muon system. Candidate J=ψ mesons are formed

from pairs of oppositely charged muon candidates that

have an invariant mass within three standard deviations

(∼39 MeV=c2) of the mean of the J=ψ peak. Charged pion

candidates are required to have p > 3 GeV=c and

pT > 500 MeV=c, and are identified by the response of

the ring-imaging Cherenkov detectors. Combinations of

μ
þ
μ
−

π
þ
π
− candidates that form a good quality common

vertex are retained, and the tracks are refit with kinematic

constraints that require all four tracks to originate from a

common vertex and constrain the μþμ− invariant mass to the

known J=ψ mass [36]. The difference between the J=ψπ−πþ

mass and the sum of the J=ψ and πþπ− masses is required to

be less than 300 MeV=c2, which reduces combinatorial

backgrounds while retaining signal. The resulting J=ψπþπ−

candidates are required to have pT > 5 GeV=c.
The χc1ð3872Þ and ψð2SÞ signals of interest are pro-

duced promptly at the collision vertex, where they are

subject to interactions with other particles in the event. The

pseudo decay-time tz is used to select promptly produced

signal candidates and reject those produced in decays of b
hadrons. This variable is defined as

tz ≡
ðzdecay − zPVÞ ×M

pz

; ð1Þ

where zdecay − zPV is the difference between the positions of

the reconstructed vertex of the J=ψπþπ− candidate and

the associated collision vertex along the beam axis,M is the

mass of the reconstructed signal candidate, and pz is the

candidate’s momentum along the beam axis. A requirement

of tz < 0.1 ps is applied. The data and simulations show

that this retains more than 99% of the prompt signals,

while rejecting ∼80% of the signals produced in decays of

b hadrons. Previous measurements have shown that the

fraction of χc1ð3872Þ and ψð2SÞ that are produced

promptly in pp collisions at 8 TeV are about 80% and

75%, respectively [13], and that b hadron production is not

significantly modified in pPb collisions [37]. Therefore the
tz requirement produces data samples with a highly

enriched prompt component and a negligible contribution

from b decays. The resulting J=ψπþπ− invariant mass

spectra from pp, pPb, and Pbp collisions are shown

in Fig. 1.

The J=ψπþπ− mass distributions are fit to extract the

ratio of χc1ð3872Þ to ψð2SÞ signal yields. In the fit, the

χc1ð3872Þ line shape is represented by a Gaussian function,
while the ψð2SÞ peak is represented by the sum of two

Crystal Ball functions, with both low- and high-mass

tails [38]. The background is studied by constructing the

invariant mass spectrum of J=ψπ�π� combinations using

like-sign dipions, and is well represented by a third-order

Chebychev polynomial in all datasets. When fitting the pPb
and Pbp samples, the χc1ð3872Þ and ψð2SÞ line shapes

including the χc1ð3872Þ mass are fixed to the values

determined by fitting the relatively large pp sample, while

the ψð2SÞ mass, the signal yields, and the background

parameters are allowed to float.

The χc1ð3872Þ signal yields with their statistical uncer-

tainties are determined to be 129� 37 and 71� 39 for the

pPb and Pbp datasets, respectively. The corresponding

ψð2SÞ yields are 343� 32 and 191� 30 for the pPb and

Pbp datasets. Fit projections are shown overlaid on the data

in Fig. 1. The statistical significance of the χc1ð3872Þ signal
is estimated by calculating

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðLB=LSþBÞ
p

, where LB

and LSþB are the likelihoods under the background-only

and signal-plus-background hypotheses [39]. The resulting
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χc1ð3872Þ signal significance is 3.6σ for the pPb data and

1.9σ for the Pbp data. A systematic uncertainty on the

fitting procedure is evaluated by changing the χc1ð3872Þ fit
function to a relativistic Breit-Wigner convolved with a

resolution function or a sum of two Crystal Ball functions,

and allowing the χc1ð3872Þ mass to float. The resulting

variation in the ratio of χc1ð3872Þ to ψð2SÞ signal yields is
taken as a systematic uncertainty, which is 5% for the pPb
data and 27% for the Pbp data.

Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the

simulation, χc1ð3872Þ and ψð2SÞ particles are generated

using PYTHIA [40] with a specific LHCb configuration [41],

and embedded into the EPOS generator [42], which

simulates the environment produced in pPb collisions.

Decays of unstable particles are described by EvtGen [43].

The interaction of the generated particles with the detector,

and its response, are implemented using the GEANT4 toolkit

[44] as described in Ref. [45]. The pT distributions of the

simulated χc1ð3872Þ and ψð2SÞ decays are weighted to

match distributions extracted from the data using the sPlot

method [46] and the results of the fits in Fig. 1.

The ratio of cross sections σ
χc1ð3872Þ=σψð2SÞ times their

branching fractions B to J=ψπþπ− is given by

σ
χc1ð3872Þ

σ
ψð2SÞ ×

B½χc1ð3872Þ→ J=ψπþπ−�
B½ψð2SÞ → J=ψπþπ−�

¼
Nχc1ð3872Þ
Nψð2SÞ

×
ϵ
acc
ψð2SÞ

ϵ
acc
χc1ð3872Þ

×
ϵ
trig

ψð2SÞ

ϵ
trig

χc1ð3872Þ
×

ϵ
reco
ψð2SÞ

ϵ
reco
χc1ð3872Þ

×

�

ϵ
μ
�PID

ψð2SÞ

ϵ
μ
�PID

χc1ð3872Þ

�
2

×

�

ϵ
π
�PID

ψð2SÞ

ϵ
π
�PID

χc1ð3872Þ

�2

; ð2Þ

where Nχc1ð3872Þ=Nψð2SÞ is the ratio of signal yields returned
by the fit, and the efficiency ratios are discussed below.

The ratio of LHCb’s geometric acceptance for the

daughter products ϵ
acc
ψð2SÞ=ϵ

acc
χc1ð3872Þ is determined from

simulation to be close to unity with a systematic uncertainty

of 1%, due to the uncertainty on the weights applied to the

simulation to match the data. The ratio of trigger efficien-

cies ϵ
trig

ψð2SÞ=ϵ
trig

χc1ð3872Þ is determined from data to be con-

sistent with unity within an uncertainty of 2%, using

techniques described in Ref. [47], where the uncertainty

comes from statistical uncertainties on the data sample. The

ratio of reconstruction efficiencies ϵreco
ψð2SÞ=ϵ

reco
χc1ð3872Þ is deter-

mined to be 0.67� 0.12 (0.61� 0.19) for the pPb (Pbp)
data samples, where the uncertainty is due to the statistical

uncertainty on the pT distributions of signals extracted

from the data. The deviation of this term from unity is due

to the difference in the kinematics of χc1ð3872Þ and ψð2SÞ
decays. The dipions from ψð2SÞ → J=ψπþπ− decays have

masses between ∼300 and 600 MeV=c2, while the dipions

from χc1ð3872Þ → J=ψπþπ− decays are dominated by

intermediate ρ and ω states with higher mass and are

reconstructed with a higher efficiency [11]. The ratios

of muon and pion particle identification efficiencies,

ϵ
μ
�PID

ψð2SÞ =ϵ
μ
�PID

χc1ð3872Þ and ϵ
π
�PID

ψð2SÞ =ϵ
π
�PID

χc1ð3872Þ, are determined using

calibration samples of identified particles from the data to

be consistent with unity, with uncertainties of 1% due to the

finite size of those samples [48].

The resulting ratios of fiducial cross sections times branch-

ing fractions are 0.26� 0.08� 0.05 and 0.23� 0.14� 0.10

in the pPb and Pbp data samples, respectively, where the

first and second uncertainties are statistical and system-

atic, respectively. These ratios are shown in Fig. 2,

along with the ratio obtained from multiplicity-integrated

LHCb data from pp collisions [13], which has a value of

0.070� 0.009� 0.003. CMS data from PbPb collisions is

also included [16], which is measured over the rapidity

interval jyj < 0.9 and in a significantly higher pT range

than in the LHCbmeasurements. In this ratio, some effects

that modify charm production in nuclear collisions, such

as modification of the nuclear parton distribution function,

largely cancel, leaving final-state effects as the dominant
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FIG. 1. Invariant mass spectra of J=ψπþπ− candidates mea-

sured in (a) pp, (b) pPb, and (c) Pbp collisions, with fit

projections overlaid.
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modification mechanism. There is an increase in the ratio

as the system size increases, which may be due to a

combination of effects. It has been observed that ψð2SÞ
production is suppressed in pA collisions [49–56], which

would drive the ratio upwards even if no final-state effects

modify χc1ð3872Þ production. However, given that pp
collisions show a decreasing trend with multiplicity [13],

the increase of the ratio may indicate that the hadronic

densities achieved in the pPb and Pbp configurations

allow quark coalescence to become the dominant mecha-

nism affecting χc1ð3872Þ production.
This ambiguity between ψð2SÞ suppression versus

χc1ð3872Þ enhancement can be clarified by calculating

the nuclear modification factor RpPb. This factor is defined

as the cross section σpA measured in pPb collisions divided

by the cross section σpp measured in pp collisions scaled by

the number of nucleons in the nuclear beam, which is 208

for the Pb nuclei used in the LHC. In this case, the ratios of

cross sections from pp and pPb collisions shown in Fig. 2,

along with the nuclear modification factor of ψð2SÞ
(measured with relatively high precision in the dimuon

channel in Ref. [56]), can be used to find the χc1ð3872Þ
nuclear modification factor via the equation

R
χc1ð3872Þ
pA ¼

σ
χc1ð3872Þ
pA

208 × σ
χc1ð3872Þ
pp

¼ 1

208

σ
χc1ð3872Þ
pA

σ
χc1ð3872Þ
pp

σ
ψð2SÞ
pA

σ
ψð2SÞ
pp

σ
ψð2SÞ
pp

σ
ψð2SÞ
pA

¼ R
ψð2SÞ
pA

σ
χc1ð3872Þ
pA =σ

ψð2SÞ
pA

σ
χc1ð3872Þ
pp =σ

ψð2SÞ
pp

: ð3Þ

The resulting nuclear modification factors are

2.6� 0.8� 0.8 in pPb and 2.9� 1.8� 1.6 in Pbp, where
the first and second uncertainties are statistical and sys-

tematic, respectively. These results are shown as a function

of rapidity in Fig. 3, along with the ψð2SÞ measurement

from Ref. [56] for comparison. An enhancement of

χc1ð3872Þ production in pPb collisions as compared to

pp collisions is seen, with significant uncertainties. This

could indicate that the enhancing effects of coalescence

dominate χc1ð3872Þ production over the suppressing

effects of breakup in pPb collisions. In the compact

tetraquark interpretation of the χc1ð3872Þ structure, for-

mation via coalescence could occur when a cc̄ pair

combines with two light quarks. In pPb collisions, the

pseudorapidity density of produced charged particles is

significantly higher than in pp collisions [57,58], providing

an increased probability for quarks to overlap in position

and velocity space and potentially coalesce.

In summary, the LHCb Collaboration has produced

the first measurements of χc1ð3872Þ production in pPb
collisions. The increase of the ratio of cross sections

σ
χc1ð3872Þ=σψð2SÞ from pp to pPb to PbPb collisions may

indicate that the exotic χc1ð3872Þ hadron experiences differ-
ent dynamics in the nuclear medium than the conventional

charmonium state ψð2SÞ. The nuclear modification factor

RpA shows that production of χc1ð3872Þ hadrons in pPb

collisions may be enhanced relative to pp collisions,

although significant uncertainties preclude drawing firm

conclusions. These first measurements of exotic hadron

production in pPb collisions can provide new constraints

on the allowed configurations of quarks inside hadrons

and on models of parton transport and hadronization in

nuclear collisions.
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Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France

12
Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France

13
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Università di Bologna, Bologna, Italy.
j
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