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We study cold and hot nuclear matter effects on charmonium production in p+Pb collisions at √sNN =
5.02 TeV in a transport approach. At the forward rapidity, the cold medium effect on all the cc̄ states 
and the hot medium effect on the excited cc̄ states only can explain well the J/ψ and ψ ′ yield and 
transverse momentum distribution measured by the ALICE collaboration, and we predict a significantly 
larger ψ ′ pT broadening in comparison with J/ψ . However, we can not reproduce the J/ψ and ψ ′ data 
at the backward rapidity with reasonable cold and hot medium effects.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
There are two kinds of nuclear matter effects on charmonium 
production in heavy ion collisions [1]. One is the hot nuclear mat-
ter effect during the evolution of the fireball, and the other is the 
cold nuclear matter effect before the formation of the fireball. The 
former includes color screening [2] and regeneration [3–6] which 
work in an opposite way and lead respectively to charmonium sup-
pression and enhancement. The later contains mainly the shadow-
ing effect [7–10], Cronin effect [11,12] and nuclear absorption [13]. 
Different from nucleus–nucleus (A+B) collisions where both cold 
and hot medium effects are important and charmonia are consid-
ered as a sensitive probe of the Quark-Gluon Plasma (QGP) forma-
tion, for proton–nucleus (p+A) collisions it is expected that, there 
might be no fireball during the evolution of the system and the 
cold medium controls the charmonium production. Small systems 
are theoretically investigated in many approaches like energy loss 
model [14], transport model [15] and comover model [16].

Recently, the ALICE collaboration measured the nuclear mod-
ification factor RpA and averaged transverse momentum square 
〈p2

T〉pA for J/ψ and ψ ′ in p+Pb collisions at 
√

sN N = 5.02 TeV
[17–20]. In particular the new data display two interesting fea-
tures at forward rapidity: a much stronger ψ ′ suppression than 
J/ψ (see Fig. 2) and an increasing pT broadening with centrality 
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(see Fig. 3). At LHC energy, the collision time is much shorter than 
the charmonium formation time and the QGP formation time, and 
the cold medium effect on the ground and excited states of cc̄ are 
almost the same. Therefore, the difference between J/ψ and ψ ′
suppression shown in Fig. 2 tells us that there should be a hot 
medium effect which is strong for ψ ′ but weak for J/ψ . Since 
the regenerated charmonia in the fireball carry lower momentum 
in comparison with the initially produced charmonia, a sizeable 
regeneration will break down the linear increase of 〈p2

T〉 [21,22]
shown in Fig. 3. Taking into account these two hints extracted from 
the data, we will consider in this paper the hot medium effect only 
on the excited state and neglect the regeneration in p+A collisions.

Generally, the initially produced charmonium distribution f�
for � = J/ψ, ψ ′, χc in transverse plane in a p+A collision at 
fixed impact parameter b can be obtained through a superposition 
of effective nucleon–nucleon (p+p) collisions [22],

f�(p,x|b) = (2π)3δ(z)δ(xT − b)

∫
dzAρA(xT , zA)R(x,μF,xT)

× dσ
pp
� (p,xT, zA)

d3p
, (1)

where xT is the charmonium transverse coordinate, and ρA is the 
nucleon distribution function in nucleus A. For the two initial par-
tons participating in the hard process of charmonium production, 
one is from the incident proton and the other comes from the nu-
cleon with longitudinal coordinate zA in nucleus A. The nuclear 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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shadowing effect is embedded in the inhomogeneous modification 
factor R [8] for the parton with longitudinal momentum fraction 
x = 2mT/

√
sNN e−y and factorization factor μF = mT [7], where 

mT =
√

m2
� + p2

T and y = 1/2 ln((E + pz)/(E − pz)) are the charmo-

nium transverse mass and longitudinal momentum rapidity. Note 
that, we have assumed here that the emitted parton is soft in 
comparison with the initial partons and the produced charmonium 
and can be neglected in kinematics. Under this approximation, the 
charmonium production becomes a 2 → 1 process. We employ the 
model EPS09s NLO [23] to parameterize the inhomogeneous shad-
owing effect in our numerical calculation.

The effective cross section σ pp
� includes the Cronin effect which 

broadens the charmonium momentum distribution. Before the par-
ton from nucleus A participates the hard process, it acquires addi-
tional transverse momentum via multiple scattering with the sur-
rounded nucleons, and this extra momentum is inherited by the 
produced charmonium. Inspired from a random-walk picture, we 
take a Gaussian smearing [24,25] for the modified transverse mo-
mentum distribution

f
pp
� (p,xT, zA) = 1

πagNl

∫
d2qTe

−q2
T

agNl f pp
� (|pT − qT|, pz), (2)

where l(xT, zA) is the averaged moving length of the parton coming 
from zA in the nucleus before its hard interaction at xT, agN is 
the averaged charmonium transverse momentum square inherited 
from the parton scattering with a unit length of nucleons per fm, 
and f pp

� (p) is the momentum distribution for a free p+p collision. 
The length l is calculated from the nuclear geometry, and the value 
of the Cronin parameter is extracted as agN = 0.15 GeV2/fm by 
fitting the data in 

√
sNN = 2.76 TeV Pb–Pb collisions [25]. We take 

the same value at 
√

sNN = 5.02 TeV.
Currently there is no experimental distribution f pp

� for free 
p+p collisions at 

√
sNN = 5.02 TeV. We take the same parameter-

ization formula [22] used to fit the experimental data at 
√

sNN =
200 GeV [26], 2.76 TeV [27] and 7 TeV [28],

d2σ
pp
�

dypTdpT
= dσ

pp
�

dy

(n − 1)

π(n − 2)〈p2
T〉pp

�

(
1 + p2

T

(n − 2)〈p2
T〉pp

�

)−n

, (3)

where dσ
pp
� /dy = dσ

pp
� /dy|y=0e−0.06418y2

and 〈p2
T〉pp

� (y) =
〈p2

T〉pp
� (0) 

(
1 − (y/ymax)

2
)

are the rapidity dependence of the pro-
duction cross section and averaged transverse momentum square. 
By linearly fitting their central values with the data at 

√
sNN =

2.76 TeV and 7 TeV, we obtain dσ
pp
� /dy|y=0 = 5.01 μb and 

〈p2
T〉pp

� (0) = 12.5 (GeV/c)2 at 
√

sNN = 5.02 TeV. Then by fitting 
the normalized pT distribution with PYTHIA [29], we choose the 
parameter n = 3.2. Note that we have here neglected the en-
ergy dependence of the width of the cross section dσ

pp
� /dy from 

2.76 TeV to 5.02 TeV. The parameterization used here is similar to 
the one in the energy loss model [14] for the calculation of J/ψ
and ϒ suppression at LHC energy.

With the phase-space distribution (1) as the initial condition 
at time τ0 when the fireball is formed, the evolution of the ini-
tially produced charmonia in the hot medium can be described in 
a transport approach [6,30]. Neglecting the regeneration in p+A 
collisions mentioned above, the charmonia satisfy the transport 
equation [31][

cosh(y − η)
∂

∂τ
+ sinh(y − η)

τ

∂

∂η
+ vT · ∇T

]
f� = −α� f� (4)

where vT = pT/ET and η = 1/2 ln((t + z)/(t − z)) are respectively 
the charmonium transverse velocity and longitudinal coordinate 
rapidity. The second and third terms on the left hand side repre-
sent the leakage effect on charmonium motion in the longitudinal 
direction and transverse plane. The charmonia with large velocity 
can escape from the hot medium by free streaming. This effect 
will increase the charmonium transverse momentum in nuclear 
collisions [30]. The charmonium suppression in the hot medium 
is reflected in the loss term α� [6],

α�(p,x, t, T ) = 1

2ET

∫
d3k

(2π)32Eg
Fg�(p,k)σg�(p,k, T ) fg(k, T ),

(5)

where we have considered the gluon dissociation g + � → c + c̄
as the dominant dissociation process in the hot QGP, and Eg and 
k are the gluon energy and momentum. The cross section σg� in 
vacuum can be derived through the operator production expansion 
with perturbative Coulomb wave function [32,33], and its tem-
perature dependence can be obtained by taking into account the 
geometrical relation between the cross section and the average size 
of the charmonium state, σg�(T ) = σg�(0)〈r2

� 〉(T )/〈r2
� 〉(0). The av-

eraged radius squared 〈r2
� 〉 can be calculated from the potential 

model [34], its divergence self-consistently defines a Mott dissoci-
ation temperature T �

d which indicates the melting of the bound 
state due to color screening. In this sense, the cross section in 
medium can also be approximately written as σg�(T ) = σg�(0)/

�(T �
d − T ).

The thermal gluon distribution fg = 16/(ekμuμ/T − 1) in (5)
is controlled by the local temperature T (x, t) and fluid velocity 
uμ(x, t) which are determined by the hydrodynamics of the hot 
medium,

∂μT μν = 0 (6)

with the energy–momentum tensor T μν . In order to close the 
hydrodynamic equations, one needs the equation of state of the 
medium. We follow Ref. [35] where the deconfined phase at high 
temperature is an ideal gas of gluons and massless u and d quarks 
plus 150 MeV mass s quarks, and the hadron phase at low tem-
perature is an ideal gas of all known hadrons and resonances 
with mass up to 2 GeV [36]. There is a first-order phase tran-
sition between these two phases with the critical temperature 
Tc = 165 MeV at vanishing baryon density.

We choose the initial time of the hot medium to be τ0 = 0.6 fm
[37] and determine the spatial dependence of the initial energy 
density of the medium by the Glauber model. Taking into account 
the hint from the analysis of the data that the hot medium af-
fects only the excited charmonium states, the fireball temperature 
is in between the ψ ′ and J/ψ dissociation temperatures T ψ ′

d 	 Tc

and T J/ψ
d 	 1.5Tc. To be specific, we choose in the following nu-

merical calculation the maximum temperature at the center of the 
fireball to be T0 = 180 MeV. The profile of the initial tempera-
ture in central p+Pb collisions at 

√
sNN = 5.02 TeV is shown in 

Fig. 1. In this case the initial hot medium is in the QGP phase with 
fireball radius r < 0.8 fm and enters the mixed phase at 0.8 fm 
< r < 1.1 fm where the QGP fraction changes from 1 to 0. The 
temperature jumps down rapidly afterwards. From our numerical 
calculation, the obtained charmonium distributions RpA and 〈p2

T〉
shown in the following are not sensitive to the value of T0 when 
it satisfies the constraint T ψ ′

d < T0 < T J/ψ
d .

The inclusive charmonia measured by the ALICE Collaboration 
include the prompt part and the contribution from B-hadron de-
cay [38–40]. The former consists of direct production and feed-
down from the excited states, 30% from χc and 10% from ψ ′ , 
and the latter comes from the decay of bottom hadrons. Since 
the ALICE experiment does not separate the two parts from each 
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Fig. 1. The initial temperature distribution as a function of the fireball radius in 
central p+Pb collisions at colliding energy √sNN = 5.02 TeV.

Fig. 2. (Color online.) The nuclear modification factor R�
pA(Ncoll) in p+Pb collisions 

at forward rapidity. The dashed line shows the result with only nuclear shadowing 
(EPS09s NLO [23]) and the band indicates the uncertainty [20]. The solid and dotted 
lines are respectively the full calculations for inclusive J/ψ and ψ ′ , and the data are 
from the ALICE Collaboration [20,42].

other, we have to take into account the B decay contribution to 
compare our model calculation with the ALICE data. From the 
inclusive J/ψ data in p+p collisions, the transverse momentum 
dependence of the B decay fraction can be well parameterized as 
fB→� = f0 + kpT with f0 = 0.04 and k = 0.023 c/GeV for J/ψ
[41] and f0 = 0.114 and k = 0.0217 c/GeV for ψ ′ [38]. The linear 
parametrization is rapidity independent in the region we consid-
ered and the parameters f0 and k are also colliding energy inde-
pendent for 2 TeV <

√
sNN < 7 TeV [41].

Including the contributions from the direct production con-
trolled by the transport equation (4) and the decay from excited 
states and B hadrons, we now calculate the charmonium dis-
tributions in the final state and compare them with the ALICE 
data. We start with the charmonium nuclear modification factor 
R�

pA = N�
pA/(NcollN�

pp), where Ncoll is the number of binary colli-
sions which can be calculated from the nuclear geometry at fixed 
centrality, and N�

pp and N�
pA are respectively the numbers of char-

monia measured in p+p and p+A collisions. Our calculated RpA as 
a function of Ncoll for J/ψ and ψ ′ and the comparison with the 
inclusive ALICE data for p+Pb collisions at 

√
sNN = 5.02 TeV are 

shown in Fig. 2 at forward rapidity.
The nuclear shadowing is reflected in the initial condition (1) of 

the transport equation (4). To account for the spatial dependence 
of the shadowing in a finite nucleus, we take EPS09s NLO [23]
to parameterize the inhomogeneous modification factor R where 
the charmonium position dependence is embedded through the 
nuclear geometry. As is well known, the shadowing effect on char-
monium production in nuclear collisions depends strongly on the 
charmonium rapidity y. From the relation between the parton mo-
mentum fraction and the charmonium rapidity x ∼ e−y , there is a 
strong shadowing at forward rapidity and antishadowing at back-
ward rapidity in nuclear collisions at LHC energy. This provides a 
chance to see clearly the cold nuclear matter effect on charmo-
nium distributions in different rapidity bins. The shadowing effect 
leads already to a sizeable charmonium suppression at the forward 
rapidity, see the dashed line in Fig. 2. The band is the result with 
uncertainty in the shadowing [20]. Note that the cold medium 
effect at LHC energy is the same for the ground and excited cc̄
states. While the maximum shadowing effect (the lower limit of 
the band) can reasonably explain the J/ψ data, the much more 
strong ψ ′ suppression needs a significant hot medium effect. Tak-
ing the initial fireball temperature shown in Fig. 1, we can explain 
the J/ψ and ψ ′ yield reasonably well, see the solid and dotted 
lines in Fig. 2. The results can be understood through the follow-
ing analysis. Since the cold and hot nuclear matter effects happen 
in different time regions, they independently affect the charmo-
nium production. Introducing the cold and hot medium induced 
modification factors Rcold

pA and Rhot
pA and considering the fact that 

40% of the finally measured J/ψs come from the decay of the ex-
cited states ψ ′ and χc , R�

pA can be expressed as

Rψ ′
pA = Rcold

pA Rhot
pA ,

R J/ψ
pA = 0.6Rcold

pA + 0.4Rψ ′
pA. (7)

For very central collisions where the cold and hot medium ef-
fects are the strongest, taking Rcold

pA = 0.8 from the EPS09s NLO 

parametrization shown in Fig. 2 and Rhot
pA = 0.5 lead to Rψ ′

pA = 0.4

and R J/ψ
pA = 0.64. For semi-central collisions with Ncoll = 6 where 

the cold and hot medium effects become weaker, taking Rcold
pA =

0.85 and Rhot
pA = 0.7 result in Rψ ′

pA = 0.6 and R J/ψ
pA = 0.75.

The RpA(Ncoll) as a function of centrality is a global quantity, 
the momentum integration smears the fireball structure and the 
cold and hot nuclear matter effects. To have a deep insight into 
what is happening to the quarkonium motion in the hot medium, 
one needs to concentrate on the quarkonium momentum distri-
bution. Different from the longitudinal motion which inherits the 
initial colliding kinematics via momentum conservation, the trans-
verse motion in heavy ion collisions is developed during the dy-
namical evolution of the system. The microscopically high particle 
density and multiple scatterings play an essential role in the devel-
opment of the finally observed transverse momentum distribution. 
The distribution is therefore sensitive to the medium properties, 
such as the equation of state. For quarkonia, we expect that their 
transverse momentum distribution can help us to probe the de-
tailed structure of the fireball and differentiate between the pro-
duction and suppression mechanisms.

We now turn to the calculation of the averaged transverse mo-
mentum square where the Cronin effect plays an important role. 
The difference 〈p2

T〉pA − 〈p2
T〉pp between the p+Pb and p+p colli-

sions is shown in Fig. 3 as a function of Ncoll . By the definition, 
the difference should disappear at Ncoll = 2. However, it is not 
zero from the experimental measurement, due to the lack of the 
p+p data at 

√
sNN = 5.02 TeV, see the explanation by the ALICE 

collaboration [20]. In this case, we take the experiment measured 
difference at Ncoll = 2 as the input in our model calculation. With 
the initial charmonium distribution (1) including shadowing and 
Cronin effects, the cold medium induced momentum difference 
is shown as the dashed line in Fig. 3. While there is a weak 
pT dependence of the nuclear shadowing (it becomes stronger 
at low pT [19]), the linear increase of the momentum difference 
comes mainly from the Cronin effect described by equation (2). 
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Fig. 3. (Color online.) The medium induced momentum change 〈p2
T〉pA − 〈p2

T〉pp in 
p+Pb collisions at forward rapidity. The dashed line shows the result with only 
cold nuclear matter effect, and the solid and dotted lines are respectively the full 
calculations for inclusive J/ψ and ψ ′ . The data for J/ψ are from the ALICE Collab-
oration [20].

Note that the dashed line is for any cc̄ state and does not distin-
guish between J/ψ and ψ ′ . When the hot medium with tempera-

ture T ψ ′
d < T < T J/ψ

d is turned on, the directly produced J/ψs are 
not affected, but ψ ′s are extremely suppressed due to the leak-
age effect: the fast moving ψ ′s escape from the QGP phase but the 
slow ψ ′s are eaten up by the hot medium. This leads to a strong 
pT broadening for ψ ′s, especially in central collisions where the 
leakage is most important, see the dotted line in Fig. 3. Consider-
ing the fact that 40% of the finally measured J/ψs are from the 
decay of the excited states, the leakage induced ψ ′ pT broaden-
ing enhances also the J/ψ transverse momentum sizeably, see the 
solid line in Fig. 3. The strong enhancement of averaged transverse 
momentum square for ψ ′ can be considered as a signal of the hot 
medium effect in p+Pb collisions and it needs to be experimen-
tally confirmed.

The differential nuclear modification factor RpA(pT) as a func-
tion of transverse momentum is shown in Fig. 4 for inclusive J/ψ
and ψ ′ in minimum bias (corresponding to an average impact pa-
rameter b=5 fm from a Glauber calculation) p+Pb collisions at √

sNN = 5.02 TeV at forward rapidity. The band is the result includ-
ing only nuclear shadowing parameterized by EPS09s NLO [23]. 
It clearly deviates from the data, especially the data for ψ ′ . The 
full calculations with both cold and hot nuclear matter effects are 
shown as solid and dotted lines for J/ψ and ψ ′ , they roughly 
agree with the data. The increasing RpA with pT indicates the 
strong suppression at low pT and weak suppression at high pT
induced by the leakage effect discussed above. The almost pT in-
dependent difference between J/ψ and ψ ′ shows that, there is no 
suppression for direct J/ψ and only the excited states are affected 
by the hot medium.

We now extend our calculation to the backward rapidity. The 
momentum integrated nuclear modification factor RpA as a func-
tion of Ncoll is shown in Fig. 5. The big difference between the 
two rapidity regions is the shadowing at forward rapidity and anti-
shadowing at backward rapidity. This can be seen clearly in Figs. 2
and 5 where the cold medium induced modification RpA (dashed 
lines) is below unity at forward rapidity but above unity at back-
ward rapidity. Taking the same hot medium as at the forward 
rapidity, while the calculated modification factor Rψ ′

pA at the back-
ward rapidity agrees roughly with the data, the calculation for J/ψ
is opposite to the data: J/ψ is suppressed in the calculation but in 
data it is enhanced and the enhancement increases with centrality. 
Is it possible to reproduce the J/ψ and ψ ′ data with reasonable 
cold and hot medium effects? The answer is negative. From Fig. 5
Fig. 4. (Color online.) The nuclear modification factor R�
pA(pT) in minimum bias 

p+Pb collisions at forward rapidity. The band is the result with only nuclear shad-
owing (EPS09s NLO [23]). The solid and dotted lines are respectively the full calcula-
tions for inclusive J/ψ and ψ ′ , and the data are from the ALICE Collaboration [18].

Fig. 5. (Color online.) The nuclear modification factor R�
pA(Ncoll) in p+Pb collisions 

at backward rapidity. The dashed line shows the result with only nuclear shadowing 
(EPS09s NLO [23]) and the band indicates the uncertainty. The solid and dotted lines 
are respectively the full calculations for inclusive J/ψ and ψ ′ , and the data are from 
the ALICE Collaboration [20,42].

and Eq. (7), to fit Rψ ′
pA = 0.3 and R J/ψ

pA = 1.1 in central collisions, 
one has to have Rcold

pA = 1.63 and Rhot
pA = 0.18. The cold medium 

effect is too strong and far beyond the upper limit of the normally 
parameterized antishadowing [7,43]. The hot medium effect is also 
extremely strong and far beyond the expectation for p+A colli-
sions (remember Rhot

pA = 0.5 at forward rapidity). The differential 
nuclear modification factor RpA(pT) in minimum bias (impact pa-
rameter b=5 fm) p+Pb collisions at backward rapidity is shown 
in Fig. 6. The band is the result including only nuclear shadowing 
parameterized by EPS09s NLO [23]. Again the calculation for ψ ′
with both cold and hot nuclear matter effects can roughly repro-
duce the data. For J/ψ , the data show enhancement at any pT, but 
the model shows a strong suppression at low pT. There seems no 
way to remove this big difference by cold and hot medium effects. 
The pT integrated nuclear modification factor at forward and back-
ward rapidity in minimum bias (impact parameter b=5 fm) p+Pb 
collisions is shown in Fig. 7. At forward rapidity the cold and hot 
medium effects together can explain the data within error bars. At 
backward rapidity, however, while the ψ ′ suppression can be re-
produced through the strong leakage effect, the J/ψ enhancement 
is beyond the scope of the medium effects.

In above calculations we did not consider the hot medium ef-
fect at hadron level which may play a role in p+A collisions [16]. 
However, the puzzle of J/ψ enhancement at backward rapidity 
shown in Figs. 5–7 is still hard to be solved by including hadron 
matter. If the QGP phase is followed by a hadron phase, the ex-
tra hot medium effect leads to an extra charmonium suppres-
sion which will enhance the difference between the theory and 
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Fig. 6. (Color online.) The nuclear modification factor R�
pA(pT) in minimum bias 

p+Pb collisions at backward rapidity. The band is the result with only nuclear 
shadowing (EPS09s NLO [23]). The solid and dotted lines are respectively the full 
calculations for inclusive J/ψ and ψ ′ , and the data are from the ALICE Collabora-
tion [18].

Fig. 7. (Color online.) The pT-integrated nuclear modification factor R�
pA at forward 

and backward rapidity in minimum bias p+Pb collisions. The dashed lines show 
the result with only nuclear shadowing (EPS09s NLO [23]) and the bands indicate 
the uncertainty. The solid and dotted lines are respectively the full calculations for 
inclusive J/ψ and ψ ′ , and the data are from the ALICE Collaboration [18].

the data. If the system experiences only a hadron phase, the hot 
medium effect together with the antishadowing Rcold

pA = 1.2 de-

scribed by EPS09 LO leads to a J/ψ suppression with R J/ψ
pA = 0.95

[16] at the backward rapidity. When we take EPS09 NLO with 
Rcold

pA = 1.05 shown in Fig. 5 to replace EPS09 LO, there is R J/ψ
pA =

0.8 in the hadron model which is consistent with our result shown 
in Fig. 5.

In summary, we investigated charmonium production in p+Pb 
collisions at colliding energy 

√
sNN = 5.02 TeV. The cold nuclear 

matter effect on all cc̄ states and hot nuclear matter effect on the 
excited cc̄ states only can explain well the charmonium yield and 
transverse momentum distribution at forward rapidity. In compar-
ison with J/ψ , the hot medium effect leads to a significant pT

broadening for ψ ′ . However, we can not simultaneously reproduce 
the charmonium RpA and 〈p2
T〉pA at backward rapidity with reason-

able cold and hot medium effects. There seems to be something 
new at the backward rapidity.
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