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We study the J/y production based on coalescence model at \/syy =2.76 and 5.02 TeV Pb-Pb collisions.
With the colliding energy increasing from 2.76 TeV to 5.02 TeV, the number of charm pairs is enhanced
by more than 50%. However, the ratio of J/y inclusive nuclear modification factors Riﬁz TEV/R%ZSTEV is
only about 1.1 ~ 1.2. We find that the regeneration of J/i is proportional to the densities of charm
and anti-charm quarks, instead of their total numbers. The charm quark density is diluted by the strong
expansion of quark gluon plasma, which suppresses the combination probability of heavy quarks and J /v
regeneration. This effect is more important in higher colliding energies where QGP expansion is strong.
We also propose the ratio N,/w/(NC)2 as a measurement of ¢ and ¢ coalescence probability, which is only
affected by the heavy quark diffusions in QGP, and does not depend on the inputs such as cold nuclear
matter effects and cross sections of charm quark production. Further more, we give the predictions at
the energy of Future Circular Collider (,/syy =39 TeV).
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A new kind of matter called “Quark Gluon Plasma” (QGP) is be-
lieved to be produced in the relativistic heavy ion collisions [1].
J/v¥ has been considered as a probe of this deconfined matter for
more than thirty years [2]. The color screening and parton inelas-
tic scatterings in QGP can result in the abnormal suppression of
J/v¥ production in heavy ion collisions [3-6]. The nuclear modifi-
cation factor Raa is a measurement of the cold and hot medium
effects on charmonium production. Cold nuclear matter effects in-
clude the nuclear absorption [7], Cronin effect [8] and shadow-
ing effect [9,10]. The first one means that primordially produced
charmonium from parton hard scatterings [11] suffer the inelas-
tic scatterings with surrounding nucleons before they move out
of the nucleus. This nucleus suppression (“normal suppression”)
can be neglected at the energies of Large Hadron Collider (LHC).
Partons may scatter with other nucleons to obtain extra energy
before they fuse into a charm pair (or charmonium). This energy
will be inherited by the primordial J/v and shift their transverse
momentum distribution. Cronin effect increases with the number
of participants, and can be included by the modification of char-
monium initial production from pp collisions. Parton distributions
may also be affected by the surrounding nucleons especially at the
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LHC energies. This will change the yields of primordial charmo-
nium and charm quark pairs.

With more and more experimental data published from Rel-
ativistic Heavy lon Collider (RHIC) [12,13] and LHC [14,15], the
nuclear modification factor is enhanced at higher colliding ener-
gies. This is due to the recombination of ¢ and ¢ quarks in the
QGP. At LHC, most of primordially produced J/v are melt by QGP.
The recombination of uncorrelated ¢ and ¢ quarks dominates the
J/v final yield in nucleus-nucleus collisions, especially at the low
pr region. For the pr-integrated observables in semi-central and
central collisions, one can safely neglect the primordial production
and focus on the J/i regeneration [16-19].

As final J/v are mainly from the coalescence of ¢ and ¢ quarks
in QGP, J /¢ production is closely connected with the heavy quark
evolutions in the expanding QGP. The elliptic flows of D mesons at
J/SNN =2.76 TeV is close to the value of light hadrons, which in-
dicate a kinetic equilibrium of charm quarks before hadronization
[20,21]. Charm quarks expand outside with the QGP, which reduces
its density in phase space. The effect of charm quark diffusion in
coordinate space becomes more important in the higher colliding
energies where QGP expansion is strong [22]. With higher initial
temperature, QGP takes longer time to cool down where charm
quarks will be distributed in a larger volume [23]. Therefore, the

ratio of J/y nuclear modification factors R32 TV /R%76TeV is only
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1.1 ~ 1.2, even the total number of charm pairs is enhanced by
more than 50% from 2.76 TeV to 5.02 TeV Pb-Pb collisions.

At the hadronization, partons in the deconfined phase are trans-
formed into hadrons. Coalescence model has been widely used
to describe the hadronization process of light hadrons and heavy
quarkonium [24-29]. Whether ¢ and ¢ quarks form into a quarko-
nium bound state depends on both their relative coordinate and
momentum, and also the wave functions of charmonium. We em-
ploy the non-relativistic Schrodinger equation to obtain charmo-
nium wave functions due to the large mass of charm quarks,

p?  p3
L4 2 V(1) |W=EV (1)
2mip  2my

mq and pq> are the mass and momentum of charm (or anti-
charm) quark. V (rq, ry) is the heavy quark potential. In the coales-
cence model, J/v is regenerated at T = T, just like light hadrons.
On the hadronization hypersurface, one can neglect the parton
color screening effect on heavy quark potential [30], and take
V (rq, 1) to be the form of Cornell potential, V (ry,r) = —a/r+or
with r = |r; — rz| to be the relative distance between ¢ and ¢
quarks. The charm quark mass mi(=my) and («,o) in Cornell
potential are taken as parameters here, which can be fixed by fit-
ting the mass of (J/v, xc, ¥/) in vacuum. We obtain my =my =
1.25 GeV and (@ =7 /12,0 = 0.2 GeV?).

The potential in above 2-body Schrédinger equation depends on
the relative distance of two quarks, we can separate the two-body
system into a motion of the mass center of two quarks which is
just an equation of free motion, and their relative motion which
is controlled by the potential V (r). After introducing a global co-
ordinate R = (r; + r2)/2 and relative coordinate r =r; — rz, we
write the total wave function of two body systems as W(R,r) =
®(R)y (r). Further more, the Cornell potential is an isotropic po-
tential. One can write the equations of v (r) into a radial part and
an angular part, ¥ (r) = ()Y (6, ¢). Now the two-body system is
simplified as a one dimensional problem,

L& 2 v D e @
2my, dr2  rdr 2my,r? gl =2¢

where m;, =m¢/2 is the reduced mass. ¢(r) is the radial wave

function. For /v, the angular momentum quantum number is

L=0. The radial wave function is normalized as [y~ |¢(r)|?r?dr=1.
Including the dependence of both relative distance r and rela-

tive momentum p, one can write the Wigner function for ¢ and ¢

quarks hadronization into a charmonium as [31,32],

W(,p) = /d3ye‘i1"yw (H— g) A (r - g) (3)

where v (r) is the wave function of J/v obtained in Eq. (2). The
3
Wigner function is normalized as [;° W (r, p)d°r P — 1 in the

@n)3 —
nonrelativistic limit.

Before doing dynamical evolutions of heavy quarks, we give
the realistic evolutions of QGP produced in Pb-Pb collisions. The
QGP turns out to be a very strong coupling system, which can be
described well by hydrodynamic equations [33-35]. With the as-
sumption of Bjorken expansion for QGP longitudinal expansion, we
employ the 2+ 1 dimensional hydrodynamic equations to simulate
QGP transverse expansion in Pb-Pb collisions at LHC energies,

9T =0 (4)

Here THY = (e + p)u*u" — gV p is the energy-momentum tensor,
and e, p,u** are the energy density, pressure and four velocity of
fluid cells, respectively. For the equation of state, the deconfined
matter is taken as an ideal gas of u, d, s quarks and gluons [36].

The hadron phase is an ideal gas of all known hadrons and reso-
nances with mass up to 2 GeV [37]. There is a first order phase
transition between two phases. In the mixed phase, Maxwell con-
struction is used to obtain the values of variables in Eq. (4).

From the charge multiplicity, one can obtain the initial max-
imum temperature of QGP at ,/syy =2.76 TeV and 5.02 TeV
Pb-Pb collisions to be T3-76™¢V(zg) = 485 MeV and T3 ™V (7g) =
510 MeV in central rapidity bin in the most central collisions (im-
pact parameter b = 0) [38]. Tg is the time where QGP reaches
local equilibrium and starts transverse expansion. Its value at RHIC
200 GeV Au-Au collisions and 2.76 TeV Pb-Pb collisions are both
~ 0.6 fm/c [39], showing weak dependence of the colliding en-

ergy ./syn. Therefore, we also take its value to be IS'OZTEV =
73978V — 0.6 fm/c. The initial maximum temperature of QGP at

jm =39 TeV Pb-Pb collisions in the Future Circular Collider is
extracted as Tg2 ™V (zg) = 650 MeV [40,41].

J /¢ production from coalescence of ¢ and ¢ quarks is propor-
tional to the densities of charm and anti-charm quarks and Wigner
function [42],

dNjy /PudoM(R)d‘*rd‘*p
d?Prdn — @mr)3 )3

x W(r, p) fe(r1, p1) fe(r2, p2) (5)

where P# = (P9 P) is the momentum of J/v, PO = ‘/mﬁ/,,, + P2,

The constant C comes from the intrinsic symmetry with C =1/12
for vector mesons like J/v. fc(r,p) is the charm quark density
in phase space. The coalescence of charm and anticharm quarks
happens on the hadronization hypersurface o, (R), where the co-
ordinates R, = (t,R) on the hypersurface is constrained by the
hadronization condition: T(R,) =T..

In /syy = 2.76 TeV Pb-Pb collisions, the large elliptic flow of
D mesons supports the kinetic thermalization of charm quarks in
QGP [20]. However, how and when charm quarks reach kinetic
thermalization still deserve more quantitative studies [43-46]. In-
stead of doing realistic evolutions of charm quarks which introduce
additional parameters, for simplicity, we assume an instant kinetic
thermalization of charm quarks at T = 7y just like light partons.
The situation of charm quark non-thermalization will be discussed
in Fig. 4, and does not change our main conclusions. The momen-
tum distribution of charm quarks is

Nnorm (l.)
fe,p) = Pc(r)m

(6)

where u#(r) and T(r) are the four velocity and local temperature
of QGP. N"™(r) is the normalization factor. p.(r) is charm quark
spatial density. As charm quark mass is very large, it can hardly
reach chemical equilibrium in the QGP with a typical temperature
of 0.2 ~ 0.5 GeV. The total number of charm pairs is conserved.
With the assumption of charm quark kinetic equilibrium in QGP,
its diffusion in coordinate space can be expressed as a conservation
equation,

3;L(Pcuﬂ) =0 (7)

Obviously, the diffusion of charm quarks in coordinate space de-
pends on the velocity u* of QGP. For the input of Eq. (7), as charm
pairs are produced mainly from the parton hard scatterings, its ini-
tial distribution in coordinate space is

Ta(xr)Tg(Xr — b) coshn do S
T0 dn

pe(To, X7, 1) = (8)

where Typ) is the thickness function of the nucleus A(B). b is the
impact parameter, and d(rgf, /dn is the charm pair differential cross
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Fig. 1. (Color online.) The differential cross section of inclusive J/v¥ in /Sy =
2.76 TeV (blue square points) and 5.02 TeV (red circle points) pp collisions at the
forward rapidity. The lines are our parameterization with Eq. (9). The data are from
the ALICE Collaboration [48,49].

section with rapidity in proton-proton collisions. Note that in the
colliding energies as LHC, the strong shadowing effect will sup-
press the initial number of charm pairs and change the Eq. (8). At
/SNN =2.76 TeV and 5.02 TeV, the shadowing effect will reduce
around 20% of total charm yields [47]. This will suppress the yield
of regenerated J/v by 36%. However, it does not affect the ratio
of J/y yield over the square of D meson yield in Pb-Pb collisions,
N]/]/,/(Nc)z. We propose this observable as a mean probability of
charm and anti-charm quark combination in the expanding QGP. It
will be discussed in details later.

In order to quantitatively calculate the inclusive nuclear modi-
fication factor of /¢ to compare with the experimental data, one
need the cross sections of J/vy and charm pairs in pp collisions.
At /sy =2.76 TeV, ALICE Collaboration published the /v inclu-
sive cross section to be dap]p/'/’/dy =23 pb at 2.5 < |y| <4 and
4.1 pb at |y| < 0.9 [48]. At /sy = 5.02 TeV, we take dcrp]p/‘/'/dy =
3.65 pb at 2.5 < |y| < 4 [49]. The pr-differential cross sections of
inclusive J/v in pp collisions at /syy =2.76 TeV and 5.02 TeV
are shown in Fig. 1. It can be parametrized as [50],

Pof)’ 21 p2 .
2mdyprdpr - 27 (n — 2)(p2)J)" n—2)(p2) "
dod!V
x 49pp (9)
dy

with n = 4.0 and (p%){,{,‘” =7.8 (GeV/c)? at forward rapidity for
VSNN = 2.76 TeV. At 5.02 TeV, the parameters are n = 3.9 and
(p%){,ﬁ‘/’ =8.7 (GeV/c)? at forward rapidity.

For the charm pair production cross sections at ./Syy =
2.76 TeV and 5.02 TeV pp collisions, they are taken as dU,SS/

dy(2.76 TeV) =0.33 mb and dalﬁg/dy(S.OZ TeV) = 0.57 mb at for-
ward rapidities to explain the experimental data. Those values are
consistent with the inputs of transport models [50,51]. We also
shift their values upward by 20% to consider the uncertainties of
charm production cross sections.

With the information of charm quark evolutions in QGP and
also the coalescence probability of ¢ and ¢ quarks which is con-
nected with the wave function of produced particles (see Eq. (3)),
we can calculate the J/v production at the temperature T = T,
of the phase transition with Eq. (5). The experimental data is for
the J/v inclusive nuclear modification factor, which includes the
decay contributions from B hadrons. The J/¢s from B hadron de-
cays, labeled as “non-prompt J/v”, contribute around 10% in the
total inclusive yields. This fraction N8—J/¥ Ninclusive 3imost does
not depend on the colliding energy [16]. With the prompt and
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Fig. 2. (Color online.) J/y inclusive nuclear modification factor R44 as a function
of the number of participants N, at the forward rapidity in Pb-Pb collisions at
/SNN =2.76 TeV and 5.02 TeV. Lower and upper limits of the bands correspond to
the lower and upper limits of charm quark cross sections in pp collisions. Experi-
mental data are from the ALICE Collaboration [48,49].

non-prompt J/vs, one can write the inclusive nuclear modifica-
tion factor as,

cHe—J/Y+g B— ] /¥
Naa +Naa

Raa = (10)

inclusive J/
Ncollep v
where the first and second term in the numerator are J/iy pro-

duction from coalescence of ¢ and ¢ quarks and B hadron decay.

Neon and Ng;,duswe]/w are the number of binary collisions and |/

inclusive yield in pp collisions, which can be obtained from the
integration of Eq. (9).

Besides the coalescence of heavy quarks and decay from B
hadrons, J/¢ may also come from the parton hard scatterings
just like charm quarks at the nucleus colliding time T = 0. This is
called “primordial production”. In the LHC colliding energies, the
initial maximum temperature of QGP is around T ~ 3T, which
is far above the J/v maximum survival temperature TC{/ Vo

1.2T. — 2T.. The lower and upper limits of Tl{/‘/’ correspond to
the heavy quark potential to be V = F (free energy) and V =U
(internal energy). In both situations, most of the primordially pro-
duced J/¢ will be dissociated in QGP. In the peripheral collisions,
the initial temperature of the produced QGP becomes smaller. The
primordial J/v may survive from hot medium and even dominate
the final inclusive yields. Therefore, we perform our calculations
at N, > 100 where the initial maximum temperature of QGP is
TP (N, =100) > 2Tc = V.

The J /v inclusive nuclear modification factors at 2.76 TeV and
5.02 TeV are plotted in Fig. 2. From the definition of R4, its value
is proportional to the parameters of (U;f,)z /apjp/ V. One can expect
a similar enhancement of J/v cross section from 2.76 TeV to 5.02
TeV just like Glﬁg. Therefore, the change of the J/¢ and cc produc-

tion cross sections will make R39>TeV/R276TeV ~ 1.8 depending on
the exact values of these cross sections (see the blue dashed line
in Fig. 3). It means, if we employ the same QGP expansions in Pb-
Pb collisions at 5.02 TeV as 2.76 TeV for ]/ regeneration, |/
Raa will be enhanced by 80% at 5.02 TeV, due to the larger charm
and J /¢ cross sections. However, with the realistic simulations of
QGP expansion at 5.02 TeV, J/v¥ Raga is only enhanced by around
10%, and the difference of 70% is due to the stronger diffusions of
charm quarks in QGP (5.02 TeV) than in QGP (2.76 TeV). As we
point out above, the J/v production is the integration of charm
quark density f.(r,p), which is controlled by Eq. (7) and depends
on the evolutions of QGP. The expansion of QGP will affect the di-
lution of charm quark density. Especially, the transverse expansion
of QGP is an accelerating process. Charm quarks can be “blown”



20 J. Zhao, B. Chen / Physics Letters B 776 (2018) 17-21

s J
[ L J
N 1.5 -
<L J
o L ]
< r ALICE data -
= i Pb+Pb, Inclusive Jiy |
+ 25<y<4, p, < 8GeV/c -
05 v v v L
0 100 %\IOO 300 400

part

Fig. 3. (Color online.) The ratio of J/v inclusive nuclear modification factors be-
tween /syy =5.02 TeV and 2.76 TeV as a function of N, at the forward rapidity
in Pb-Pb collisions. The black solid line is the calculation with the central values of

J/¥ and charm pair cross sections. The blue dashed line is the ratio of (Upcs)z/op]p/'[’

between 5.02 TeV and 2.76 TeV. The data are from the ALICE Collaboration [49].

to a larger volume when QGP hadronize, which will strongly sup-
press the charm density at the hadronization hypersurface where
J/v¥ is produced from coalescence process. Therefore, the ratio of
R592TeV/R2.76TeV s only 1.1~ 1.2 in semi-central and central col-
lisions, see the solid line in Fig. 3. Note that in another philosophy,
where J/v is believed to be produced in a temperature region
Tc<T< Td]/'/’, the strong diffusion of charm quarks in coordinate
space still suppress the J/y regeneration.

At LHC colliding energies, the final J/v are mainly from the co-
alescence of ¢ and ¢ quarks. The large uncertainty of charm quark
production cross sections results in large uncertainty of theoreti-
cal calculations in transport models [16,17] and coalescence mod-
els [52]. It would be better if we can find a observable to describe
the effects of charm quark diffusion on charmonium production in
the expanding QGP. In equation Eq. (5), we move the cross sec-
tions of charm quark production to the left hand side. The new
observable NJ/I/,/(NC)2 does not depend on the cross sections of
J/v¥ and charm pairs in pp collisions. Further, it does not depend
on the shadowing effect, which can reduce the number of charm
quarks. Here charm quark total production equals the charm flavor
hadrons, Nc = Np + N, + ..., independent of coalescence or frag-
mentation process for c — D, A, etc. Note that /iy regeneration
process reduces only < 1% of total charm numbers, which makes
the yield of open charm hadrons almost the same as total charm
quark number. From the formula of Ny /(N¢)?, it is mainly de-
termined by the J/v wavefunction and the evolutions of charm
quarks which includes the information of bulk medium expan-
sions. The combination probability of one ¢ and ¢ quark becomes
smaller if QGP expansion is stronger. The value of N]/w/(NC)2 de-
creases with N and the colliding energy ,/syn in Pb-Pb collisions,
see the lines in Fig. 4.

In the above calculations, we assume that charm quarks reach
kinetic equilibrium at tg for simplicity when QGP starts transverse
expansion. However, from realistic dynamical evolutions of heavy
quarks in the heavy ion collisions [53], charm quarks may be ther-
malized in a few fm/c at the LHC energies. We assume a free
motion for charm quarks before the time scale 7, =4 fm/c. After
this time scale, charm quark momentum reaches kinetic equilib-
rium and their motion is controlled by Eq. (7). With different time
scales for charm quark thermalization, the charm densities are
different, which gives different values of Ny /(Nc)2. But its de-
pendence with centralities and colliding energies do not change,
and the decreasement of N,y /(Nc)? is attributed to the charm
diffusion effect, see the lower panel of Fig. 4.

The strong diffusion of charm quarks also affects the shape of
the transverse momentum distribution of J/v¥ Raa. In Fig. 5, we

0.15 ‘ 1
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Fig. 4. The ratio of J/y yield to the square of total charm number (with N, =
Np + Ny, +... including all charm flavor hadrons) as a function of number of partic-
ipants at mid-rapidity in Pb-Pb collisions at different colliding energies. The (solid,
dashed, dotted) line corresponds to the colliding energy ./syy = (2.76,5.02, 39)
TeV, respectively. Upper panel: Charm quark reach kinetic equilibrium at v = 19
just like light partons. Lower panel: Charm quark is with free streaming at t < 4
fm/c, and reach kinetic equilibrium at t >4 fm/c.
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Fig. 5. (Color online.) The J/v inclusive nuclear modification factor Ras as a func-
tion of transverse momentum pr at /Syy = 2.76 TeV and 5.02 TeV at forward
rapidity and 0-20% centrality in Pb-Pb collisions. Theoretical bands correspond to
the uncertainties of charm quark cross sections at 2.76 TeV and 5.02 TeV. Experi-
mental data are from the ALICE Collaboration [48,49].

calculate the J/y inclusive Raa(pr) in the centrality 0-20% in
forward rapidity. Absent of the primordial production which dom-
inate the inclusive yield in high pr region, we underestimate the
Raa at pr > 4 GeV/c. In the region of pr <4 GeV/c, both exper-
imental data and theoretical calculations show a “shift” behavior
of Raa toward larger pr region from 2.76 TeV to 5.02 TeV. In
J/SNN = 5.02 TeV, the expansion of QGP is stronger, which pushes
charm quarks to a larger transverse momentum region. R} 2™ is
almost the same with R57°™V at pr ~ 1 GeV/c, but R39™V is en-
hanced at py ~ 3 GeV/c due to the larger velocity of fluid cells in
5.02 TeV.

In summary, we employ the coalescence model to study
J/¢ production from the combination of charm quarks at the
hadronization of QGP in Pb-Pb collisions at ./syy = 2.76 TeV
and 5.02 TeV. From the comparison of charm quark cross sections
and J/¢ inclusive Raa at these two colliding energies, we find
that even the number of charm quarks is enhanced by more than
50% from 2.76 TeV to 5.02 TeV, the ratio R%92™V/R% 76TV is only
1.1 ~1.2. J/¢ production is connected with the number of charm
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pairs and also their diffusions in the expanding QGP. In higher col-
liding energies such as ./syy = 5.02 TeV and 39 TeV, the initial
energy density of QGP becomes larger, and QGP expansion lasts
longer compared with the situation of 2.76 TeV. Strong diffusion
of charm quarks in QGP reduces the probability of ¢ and ¢ quark
coalescence at the hadronization hypersurface (T = T,). This effect
also shifts the produced J/v to a larger pr region, see Raa(pr)
in Fig. 5. Further, we propose an observable of N]/w/(Nc)2 as a
measurement of charm quark coalescence probability in QGP. It
does not depend on the charm quark cross sections and cold nu-
clear matter effects (such as shadowing effect). It is dominated by
the evolution history of charm quarks in QGP and also the wave
function of the produced particle (J/v), which makes it a clean
probe to study the charm quark evolutions and ]/ regeneration
in heavy ion collisions.

Acknowledgements

B. Chen is supported by NSFC Grant Nos. 11705125, 11547043,
and Sino-Germany (CSC-DAAD) Postdoc Scholarship. J. Zhao is sup-
ported by NSFC and MOST under Grant Nos. 11335005, 11575093,
2013CB922000 and 2014CB845400.

References

[1] A. Bazavov, et al., Phys. Rev. D 85 (2012) 054503.
[2] T. Matsui, H. Satz, Phys. Lett. B 178 (1986) 416.
[3] M. Gonin, et al., NA50 Collaboration, Nucl. Phys. A 610 (1996) 404C.
[4] P. Braun-Munzinger, J. Stachel, Phys. Lett. B 490 (2000) 196.
[5] L. Grandchamp, R. Rapp, Nucl. Phys. A 715 (2003) 545.
[6] S. Chen, M. He, arXiv:1705.10110 [nucl-th].
[7] C. Gerschel, J. Hufner, Phys. Lett. B 207 (1988) 253.
[8] J.W. Cronin, HJ. Frisch, M.J. Shochet, J.P. Boymond, R. Mermod, P.A. Piroue, R.L.
Sumner, Phys. Rev. D 11 (1975) 3105.
[9] A.-H. Mueller, J.w. Qiu, Nucl. Phys. B 268 (1986) 427.
[10] EH. Liu, H.L. Lao, RAA. Lacey, Int. ]. Mod. Phys. E 25 (06) (2016) 1650036.
[11] Y.Q. Ma, R. Venugopalan, K. Watanabe, H.F. Zhang, arXiv:1707.07266 [hep-ph].
[12] L. Adamczyk, et al., STAR Collaboration, Phys. Rev. Lett. 111 (5) (2013) 052301.
[13] A. Adare, et al., PHENIX Collaboration, Phys. Rev. Lett. 98 (2007) 232301.
[14] E. Abbas, et al., ALICE Collaboration, Phys. Rev. Lett. 111 (2013) 162301.
[15] S. Chatrchyan, et al., CMS Collaboration, J. High Energy Phys. 1205 (2012) 063.
[16] K. Zhou, N. Xu, Z. Xu, P. Zhuang, Phys. Rev. C 89 (5) (2014) 054911;
B. Chen, Phys. Rev. C 93 (5) (2016) 054905.
[17] X. Zhao, R. Rapp, Nucl. Phys. A 859 (2011) 114;
X. Zhao, A. Emerick, R. Rapp, Nucl. Phys. A 904-905 (2013) 611c.

[18] Y. Liu, N. Xu, P. Zhuang, Nucl. Phys. A 834 (2010) 317C.

[19] J. Adam, et al., ALICE Collaboration, ]. High Energy Phys. 1605 (2016) 179.

[20] B. Abelev, et al., ALICE Collaboration, J. High Energy Phys. 1209 (2012) 112;
B. Abelev, et al., ALICE Collaboration, Phys. Rev. Lett. 111 (2013) 102301.

[21] T. Song, W. Park, S.H. Lee, Phys. Rev. C 84 (2011) 054903.

[22] X. Zhu, N. Xu, P. Zhuang, Phys. Rev. Lett. 100 (2008) 152301.

[23] Y. Liu, C.M. Ko, F. Li, Phys. Rev. C 93 (3) (2016) 034901.

[24] RJ. Fries, V. Greco, P. Sorensen, Annu. Rev. Nucl. Part. Sci. 58 (2008) 177.

[25] R.C. Hwa, C.B. Yang, Phys. Rev. C 67 (2003) 034902.

[26] D. Molnar, S.A. Voloshin, Phys. Rev. Lett. 91 (2003) 092301.

[27] RJ. Fries, B. Muller, C. Nonaka, S.A. Bass, Phys. Rev. Lett. 90 (2003) 202303.

[28] M.I. Gorenstein, A.P. Kostyuk, H. Stoecker, W. Greiner, Phys. Lett. B 509 (2001)
277.

[29] V. Greco, C.M. Ko, R. Rapp, Phys. Lett. B 595 (2004) 202.

[30] M. Asakawa, T. Hatsuda, Phys. Rev. Lett. 92 (2004) 012001.

[31] J. Zhao, P. Zhuang, Few-Body Syst. 58 (2) (2017) 100.

[32] H. He, Y. Liu, P. Zhuang, Phys. Lett. B 746 (2015) 59.

[33] PE Kolb, J. Sollfrank, U.W. Heinz, Phys. Rev. C 62 (2000) 054909.

[34] H. Song, S.A. Bass, U. Heinz, Phys. Rev. C 83 (2011) 054912;
H. Song, S.A. Bass, U. Heinz, Phys. Rev. C 87 (1) (2013) 019902 (Erratum);
H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, Phys. Rev. Lett. 106 (2011)
192301;
H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, Phys. Rev. Lett. 109 (2012)
139904 (Erratum).

[35] W. Zhao, H.j. Xu, H. Song, arXiv:1703.10792 [nucl-th].

[36] J. Sollfrank, P. Huovinen, M. Kataja, P.V. Ruuskanen, M. Prakash, R. Venugopalan,
Phys. Rev. C 55 (1997) 392.

[37] C. Patrignani, et al., Particle Data Group, Chin. Phys. C 40 (10) (2016) 100001.

[38] B. Chen, ]J. Zhao, Phys. Lett. B 772 (2017) 819.

[39] B. Chen, Y. Liu, K. Zhou, P. Zhuang, Phys. Lett. B 726 (2013) 725.

[40] T. Hirano, P. Huovinen, Y. Nara, Phys. Rev. C 83 (2011) 021902.

[41] K. Zhou, Z. Chen, C. Greiner, P. Zhuang, Phys. Lett. B 758 (2016) 434.

[42] RJ. Fries, B. Muller, C. Nonaka, S.A. Bass, Phys. Rev. C 68 (2003) 044902.

[43] A. Beraudo, A. De Pace, M. Monteno, M. Nardi, F. Prino, J. High Energy Phys.
1603 (2016) 123.

[44] A. Beraudo, A. De Pace, M. Monteno, M. Nardi, F. Prino, Eur. Phys. J. C 75 (3)
(2015) 121.

[45] A. Beraudo, ].P. Blaizot, P. Faccioli, G. Garberoglio, Nucl. Phys. A 846 (2010) 104.

[46] A. Beraudo, A. De Pace, W.M. Alberico, A. Molinari, Nucl. Phys. A 831 (2009)
59.

[47] K. Eskola, V.J. Kolhinen, C.A. Salgado, Eur. Phys. J. C 9 (1999) 61.

[48] H. Pereira Da Costa, ALICE Collaboration, AIP Conf. Proc. 1441 (2012) 859.

[49] J. Adam, et al., ALICE Collaboration, Phys. Lett. B 766 (2017) 212.

[50] B. Chen, T. Guo, Y. Liu, P. Zhuang, Phys. Lett. B 765 (2017) 323.

[51] N.b. Chang, et al., Sci. China, Phys. Mech. Astron. 59 (2) (2016) 621001.

[52] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nucl. Phys. A 904-905
(2013) 535c¢.

[53] M. He, R)]. Fries, R. Rapp, Phys. Lett. B 701 (2011) 445;
M. He, RJ. Fries, R. Rapp, Phys. Rev. Lett. 110 (11) (2013) 112301.


http://refhub.elsevier.com/S0370-2693(17)30906-1/bib42617A61766F763A323031316E6Bs1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4D61747375693A31393836646Bs1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib476F6E696E3A31393936776Es1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib427261756E4D756E7A696E6765723A323030307078s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4772616E646368616D703A323030326979s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368656E3A323031376A6A65s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib476572736368656C3A31393838776Es1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib43726F6E696E3A313937347A6Ds1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib43726F6E696E3A313937347A6Ds1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4D75656C6C65723A313938357779s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4C69753A323031367A7073s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4D613A32303137727375s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4164616D637A796B3A323031327077s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib41646172653A323030366E73s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib414C4943453A32303133786E61s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368617472636879616E3A323031326E70s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A686F753A323031346B6B61s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A686F753A323031346B6B61s2
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A68616F3A323031316376s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A68616F3A323031316376s2
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4C69753A323030396778s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4164616D3A32303135697361s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib414C4943453A323031326162s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib414C4943453A323031326162s2
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031316B77s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A68753A323030376E65s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4C69753A32303134727361s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib46726965733A323030386873s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4877613A323030327475s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4D6F6C6E61723A323030336666s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib46726965733A323030337662s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib476F72656E737465696E3A32303030636Bs1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib476F72656E737465696E3A32303030636Bs1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib477265636F3A323030337666s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4173616B6177613A323030337265s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A68616F3A32303137677071s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib48653A32303134746761s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4B6F6C623A323030307364s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s2
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s3
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s3
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s4
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6E673A323031317161s4
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A68616F3A3230313779686As1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6C6C6672616E6B3A313939366864s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib536F6C6C6672616E6B3A313939366864s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4F6C6976653A32303136786D77s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368656E3A32303137647579s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368656E3A32303133776D72s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib486972616E6F3A323031306A67s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib5A686F753A3230313677626Fs1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib46726965733A323030336B71s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A32303135777364s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A32303135777364s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A32303134626F61s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A32303134626F61s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A323031307477s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A323030397065s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4265726175646F3A323030397065s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib45736B6F6C613A313939386466s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib506572656972614461436F7374613A323031316E62s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4164616D3A32303136726467s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368656E3A32303136646B65s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib4368616E673A32303135687161s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib416E64726F6E69633A32303132646Ds1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib416E64726F6E69633A32303132646Ds1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib48653A323031317969s1
http://refhub.elsevier.com/S0370-2693(17)30906-1/bib48653A323031317969s2

	Strong diffusion effect of charm quarks on J/ψ production in Pb-Pb collisions at the LHC
	Acknowledgements
	References


