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We study the charmonium coherent photoproduction and hadroproduction consistently with modifica-
tions from both cold and hot nuclear matters. The strong electromagnetic fields from fast moving nucleus
interact with the other target nucleus, producing abundant charmonium in the extremely low transverse
momentum region pr < 0.1 GeV/c. This results in significative enhancement of J/¢ nuclear modifica-
tion factor in semi-central and peripheral collisions. In the middle pr region such as pr <3 ~5 GeV/c,

J/v final yield is dominated by the combination process of single charm and anti-charm quarks moving
in the deconfined matter, c+ ¢ — J/¢ + g. In the higher pr region, J/¢ production are mainly from
parton initial hard scatterings at the beginning of nucleus-nucleus collisions and decay of B hadrons. We
include all of these production mechanisms and explain the experimental data well in different colliding
centralities and transverse momentum regions.

© 2017 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.

With the nuclear collisions at the relativistic heavy ion colli-
sions (RHIC) and the large hadron collider (LHC), there have been a
lot of interesting topics about nuclear properties studied in exper-
iments and theories. One of the main goals at RHIC and LHC is to
find a deconfined state of nuclear matter, called “quark-gluon plas-
ma” (QGP), which may be produced in the extremely high energy
and/or baryon densities with a phase transition [1], and further-
more, extract the transport properties of this QGP [2]. There are
also other projects referred to as “non-QGP” physics, concerning
about cosmic ray physics and others [3]. As QGP can only be pro-
duced in the nucleon collisions in the overlap area of two nuclei,
“non-QGP” topics are usually studied in Ultra-peripheral nuclear
collisions (UPC) where QGP background is absent.

In order to study the existence of the extremely hot decon-
fined matter, produced in the early stage of heavy ion collisions,
J/¥ abnormal suppression has been proposed as one of sensi-
tive signals by Matsui and Satz in 1986 [4]. /¢ suffers relatively
weaker dissociation by the hadron gas compared with QGP, due to
its large binding energy [5]. With strong color screening effect and
parton inelastic scatterings of QGP, J/4 production can be signif-
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icantly suppressed in nucleus-nucleus collisions, which has been
observed in many experiments at RHIC and LHC colliding ener-
gies in semi-central and central collisions (with impact parameter
b < 2R4, where R4 is the nuclear radius) [6-9]. From RHIC to
LHC, J/v production is relatively enhanced in the transverse mo-
mentum region py <3 ~5 GeV/c compared with the scale of the
pp collisions [8]. This phenomenon has been well explained with
charmonium regeneration mechanism: At higher colliding energy,
more charm quark pairs can be produced from hard process in
hadronic collisions, which enhance the recombination probability
of charm and anti-charm quarks inside QGP [10-14]. New /s
are continuously regenerated during the QGP evolutions. With suf-
ficiently high initial temperature of QGP and abundant number of
charm quarks, the primordially produced J/vs are strongly sup-
pressed and therefore regenerated J/vs dominate the final total
yields in Pb-Pb collisions at LHC energies [15,16].

Also, in the relativistic heavy ion collisions, the nuclei with
charges move with nearly the speed of light, v > 0.99¢ at RHIC and
LHC. The strongest magnetic field on earth can be produced, with
a magnitude of eB ~ 5m2 at RHIC Au-Au and 70m2 at LHC Pb-Pb
collisions [17,18]. Electromagnetic fields become strongly Lorentz
contracted in the longitudinal direction (nuclear accelerating di-
rection, defined as z-axis) [19]. In semi-central nuclear collisions,
both strong electromagnetic fields and the QGP can be produced
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[17,20]. In the QGP, there will be interactions between magnetic
fields and chiral light quarks at the limit of zero mass myg =0 in
the deconfined matter. A lot of topics about the magnetic field in-
duced QCD chirality are studied widely, such as chiral magnetic
effect [21,22], chiral magnetic wave [23], chiral vortical effect [24],
and chiral electric separation effect [25].

The electromagnetic fields can also interact with the other nu-
cleus (¥ A or YN interactions) or with the electromagnetic fields
of the other nucleus (y y interactions), and produce hadronic final
states [19,26-30]. Fermi first proposed that the transverse elec-
tromagnetic fields can be approximated as a swarm of equivalent
photons, called “Equivalent Photon Approximation” (EPA) [31]. This
idea was also extended by Weizsdacker [32] and Williams [33]
independently and therefore also called “Weizsdcker-Williams-
Method”. This allows a simple and straightforward calculations of
vector meson photoproduction between the target nucleus and
electromagnetic fields [34]. With long range of electromagnetic
interactions, a hard equivalent photon from one nucleus may pen-
etrate into the other nucleus and interact with quarks or glu-
ons. Therefore, one goal of this photoproduction is to study the
parton densities of a bound nucleon inside the nucleus, such as
shadowing effect. The interactions of yA (or yN) and yy can
produce heavy quark pairs Q Q, dileptons I, and vector mesons
V=¢,0° J/¥, ¥(2S) [35-38]. In semi-central collisions with b <
2R 4, these heavy quarks or vector mesons will also go through
hot medium and suffer dissociations [39]. With the strong electro-
magnetic fields, charmonium photoproduction may become larger
than the hadroproduction in extremely low pr region even in the
semi-central collisions with the production of deconfined matter,
which has already been observed by experiments at RHIC [40] and
LHC [41].

In Pb-Pb semi-central collisions at ./syy = 2.76, the initial
temperature of QGP is around (1.5 ~ 2)T. where T is the critical
temperature of deconfined phase transition [16]. With the realistic
evolutions of QGP and all the sources of charmonium produc-
tion including photoproduction and hadroproduction (consists of
primordial production, regeneration and decay of B hadrons), we
give the J/¢ nuclear modification factor as a function of number
of participants Raa(N,) and transverse momentum Raa(pr). We
find that primordial production, regeneration and photoproduction
plays the important role in different pr regions of charmonium
production, showing different physics on heavy ion collisions.

With a large mass, charmonium evolutions in the hot medium
can be described by a classical Boltzmann transport equation. It
has described well hadroproduced charmonium Rxa(Njp) at dif-
ferent colliding energies from SPS to LHC [15,42,43], mean trans-
verse momentum square (p%)(Np) [44], and rapidity distribution
Raa(y) [16]. The transport equation for hadroproduced charmo-
nium with cold and hot nuclear matter effects is
a
g-FV\p'Vf\v:—Otwfw-i-ﬂw (1)
where fy is the charmonium distribution in phase space. 7 =
A/t2 — 72 is the local proper time (here t is the time variable). The
second term on the LH.S. of Eq. (1) represents free streaming of
W with transverse velocity vr = pr/,/m% + p%. On the RH.S. of
Eq. (1), the loss term oy represents charmonium decay rates in
QGP due to color screening effect and parton inelastic scatterings,
and is written as

1

:E

where Eg and Er = ,/m?p + p%. are the gluon energy and charmo-
nium transverse energy, respectively. Fgy is the flux factor. Char-

d’k
oy f mffgw(l), Kk, T)4Fg\ll(p’ k)fg(k7 T) (2)

monium decay rate in QGP is proportional to the gluon thermal
density fg(k, T) and also their inelastic cross sections oy (T) [44].
The cross section for gluon dissociation in vacuum ozg(0) can be
derived through the operator production expansion. It is extended
to the finite temperature by geometry scale, oy (T) = 0gw(0) X
(r)(T)/(r3)(0), where (r%)(T) is the charmonium mean radius
square at finite temperature, which can be obtained from potential
model with the color screened heavy quark potential from Lattice
calculations [45]. The divergence of charmonium radius at T — Tc‘f‘
indicates the melting of the bound state W. Charm and anti-charm
quarks in the deconfined matter can also combine to generate a
new bound state, represented by the gain term By. It is connected
with the loss term ay through detailed balance between the gluon
dissociation process and its inverse process, g + W <> ¢ + C.

With the loss and gain terms in Eq. (1), one can write the ana-
lytic solution for charmonium phase space distribution at the time
T to be

fu(pr, X7, T|b)

— (T dt'ay(pr XT—Ve(T—T'),7)
= fu(pr, X1 — V4 (T — T0), T0)e Jr e

T

+/d7/.3lI/(PT,XT —vy(t—1),7)
To

v " A
X e—(/,/ dt”ay(pr.Xr—vy(t—1"),7") 3)

where 19 ~ 0.6fm/c is the time scale of QGP reaching local
equilibrium, fixed by light hadron spectra in hydrodynamic mod-
els. Charmonium initial distribution in nucleus-nucleus collisions
fw(pT, XT, To|b) is obtained by the geometry scale with pp col-
lisions f\p(pr,xr,mb) in Eq. (4), with additional modifications
from shadowing effect [46] and Cronin effect [16].

fo(pr.x7, T0[b)
2,.Pp
a0y @)
dy2m prdpr
where p4(p) is the Woods-Saxon nuclear density. The differential
cross section for charmonium hadroproduction in pp collisions is
parametrized with [16,47],

b b
:/dZAdZB,OA(XT + > Zp) pp(XT — 5523)

2 dO.PP
p -

(n —2)(p%) dy

Here y = 1/2In[(E + p;)/(E — pz)] and (p%) are the rapidity
and the mean transverse momentum square of J/y. At /SNy =
2.76 TeV pp collisions, we fit the experimental data of J/y inclu-
sive hadroproduction cross section at forward rapidity 2.5 <y <4
to obtain n=4.0 and (p3) = 7.8 (GeV/c)? [48]. J/y rapidity dif-
ferential cross section is da}%/dy =2.3 pb in the forward rapid-
ity [49].

The regeneration rate By is proportional to the densities of
charm and anti-charm quarks which are produced through nuclear
hard process. Charm quark initial densities in nucleus-nucleus col-
lisions are obtained through

2 . bp
d“o ), . 2(n—1)

= [1+
dy2mprdpr 27 (n—2)(p%)

do 2 Tp(xr +b/2)Ts(xr — b/2) cosh(n)
d'? 70

Pc(XT, 7, T0) = (6)
where Ty (Xr) is the thickness function of nucleus A(B) at the
transverse coordinate Xr, with the definition T (X7) = f dzp(Xt, 2).
n=1/2In[(t+z)/(t—2)] is the spatial rapidity. Charm pair produc-
tion cross section is taken to be dUC"Ep/dn =0.38 mb in the forward
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Table 1

Information of QGP based on (2+1) dimensional ideal hydrodynamics. b and N, are
the impact parameter and number of participants. Tgcp and 7% are the initial
maximum temperature and lifetime of QGP. T, is the critical temperature of decon-

fined phase transition.

Hydro in LHC ,/syN=2.76 TeV Pb-Pb, 2.5 <y <4

b(fm) Np 1T 2P (fmfc)
0 406 2.6 73
9 124 2.1 42
102 83 1.95 3.5
12 35 15 23

rapidity 2.5 < y < 4 of pp collisions at 2.76 TeV [15,50]. Shadowing
effect reduces charm number by 20% in Pb-Pb collisions [46]. In-
spired by the fact that D meson elliptic flows are comparable with
light hadrons at ,/syy = 2.76 TeV Pb-Pb collisions [51,52], we as-
sume that charm quarks reach kinetic equilibrium at tg. With the
thermal production of charm pairs strongly suppressed by its large
mass, evolutions of charm quark density p.(Xr,n,7) in the ex-
panding QGP satisfy the conservation equation,

du(pcut)y=0 (7)

where u* is the four velocity of QGP fluid cells, given by Eq. (8).

The experimental data of charmonium R44 also includes the
contribution from B hadron decay (called “non-prompt” J/v), with
a fraction of fp = Np_,j/y/Nina = 0.04 4+ 0.023p7/(GeV/c) in the
final inclusive yields, depending on the pr bins. B hadrons exist
as bottom quarks in QGP and suffer energy loss [53-55]. This will
change momentum distributions of bottom quark and B hadrons
with the total number conservation [56]. One should treat the
prompt and non-prompt J/i separately. The prompt J/i cross
section is the product of inclusive cross section Eq. (5) and the
prompt fraction (1 — fp), and taken as an input in Eq. (4). In the
extremely low pr region of pr < 0.1 GeV/c, the fraction of non-
prompt J/v drops to only around 0.04. In a certain pr window,
this non-prompt yield can be enhanced/suppressed due to bottom
quark energy loss in QGP, which changes J/v inclusive Raa in
Eq. (23) and will be discussed in details below.

The quark gluon plasma produced at RHIC and LHC turns out to
be a strong coupling system. Its evolution can be simulated with
(2 + 1) dimensional ideal hydrodynamic equations, with the as-
sumption of Bjorken expansion in the longitudinal direction,

uTH =0 (8)

where THY = (e + p)utu” — ghVp is the energy-momentum ten-
sor, e and p are the energy density and pressure. We also need the
equation of state to solve above equations. The deconfined matter
is taken to be an ideal gas of massless gluons, u and d quarks,
and strange quark with mass mg = 150 MeV [57]. Hadron gas is
taken to be an ideal gas of all known hadrons and resonances
with mass up to 2 GeV [58]. Two phases are connected with first-
order phase transition. With the initial energy density of QGP fixed
by the charged hadron multiplicity from experiments, we give the
initial maximum temperature of QGP in Table 1. Both local tem-
perature T(Xr, T) and four velocity u*(xr, t) of QGP depend on
the coordinate xr and the time 7.

Experimental data about J/v production shows significant en-
hancement in the extremely low pr region at N, < 100 [41],
which is attributed to additional photoproduction by the inter-
actions between strong electromagnetic fields from one nucleus
and the other target nucleus. In Table 1, one can see that even
at the region of Ny < 120, QGP initial temperature can still be
(1.5 ~ 2)T.. Therefore, it is necessary to consider seriously both

charmonium hadroproduction and photoproduction and also mod-
ifications from hot medium effects at the same time, to reach a
full consistent conclusion.

As discussed before, we employ the Equivalent Photon Approx-
imation and treat the transverse electromagnetic fields as a swarm
of quasi-real photons in the longitudinal direction. The photons
fluctuate into a quark-antiquark pair which then scatter with the
target nucleus, mediated by two gluons in the lowest order, but
without the net color exchange. It is not clear whether the electro-
magnetic fields are from the entire source nucleus or spectators,
and interact with the entire target nucleus or target spectators at
the time of nuclear collisions with b < 2R4 [59,60]. We assume
that the interactions between electromagnetic fields and target
nucleus happen before hadronic collisions, and therefore the pho-
toproduction do not consider the effects of nucleus broken process.
In UPCs, the rapidity differential cross section of J/iy exclusive
photoproduction has been well studied [27,61],

dopa—sanjy

()—dNV()a )
dy y _dy Y)oya—sajw(y

dN,, .
+ W(_Y)O—yAeAj/x/l(_Y) (9)

where y is the rapidity of photoproduced vector mesons (in this
case, J/v¥). The presence of two terms in Eq. (9) indicates that
the colliding nucleus can serve either as a source of electromag-
netic fields or as a target. The rapidity of photoproduced ]/ is
connected with photon energy as y =In[2w /M,y ] in laboratory
reference frame, M,y is the J/y mass. Write the photon spec-
trum as a function of photon energy w, dN,/dy = w -dN, /dw
with the relation of dw/dy = w. Now we extend the situation
to all centralities with impact parameter dependence. In a certain
centrality bin with by, ~ bmax, the photon spectrum becomes [35],

bmm

ny,(w) = / 2mwbdbny, (w, b) (10)

bmin

] Ra 2
n,(wW,b)=——= [ rdr | d
y(w.b) nR%/ /¢

0 0

Since photons interact with the target nucleus coherently to pro-
duce vector mesons, the electromagnetic field strength is averaged
over the surface of target nucleus with the area anq.

With the photon-nucleus cross section and photon density, we
write J/¢ coherent photoproduction as a function of rapidity in
AA collisions with impact parameter b to be,

dN
#(ylb) =wn, (W, b)oyas yaW) + (v —>—y)  (12)

As photons interact with the target coherently, one can not de-
termine the positions of photoproduced J/vs exactly. In order to
consider the modifications of anisotropic QGP on photoproduced
mesons, we need the spatial distributions of photoproduced J/vs.
J/v¥s are mainly produced by Pomeron exchange process, we dis-
tribute the photoproduced J/vs over the nucleus surface with a
normalized distribution f"°"™(xr) proportional to the square of
target thickness function ~ Tf\(xr). The other limit where photo-
produced J/¢s are uniformly distributed over the target nuclear
surface will be discussed below, to check the effects of this distri-
bution uncertainties on the final results.

Now we supplement QGP modifications on photoproduced
charmonium,

d®Ny, (w, b +rcos(¢))
dwrdrd¢

(11)
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dN
S i = / 7 Wity (W, )Gy Aos 1 g (W)

x (X7 +b/2)

f
x [Rg (X7 +b/2,x, 1)]? x e~ Jro drewr.b.7)

4+ — —y,b/2—> —b/2) (13)

where 7y is the lifetime of QGP. We set the origin of coordinates at
the middle of the centers of nuclei, and two nuclear centers locate
at the positions of (0, +b/2) respectively in transverse plane. |/
decay rate in hot medium «y is given in Eq. (2). Equivalent photon
density and photon-nucleus cross section are derived below.

Based on EPA method, we obtain the photon spectrum by set-
ting the energy flux of the fields equal to the energy flux of equiv-
alent photons through the transverse plane,

o¢]
/dt/dxr~s=
—00

where S = Er x Br is the Poynting vector and ny, (w) = dN, /dw
is the photon spectrum. Introducing the impact parameter depen-
dence in photon spectrum, it becomes [62],

/dwwn(w) (14)
0

1
ny(w,b) = 7_[—W|ET(W,b)|2
o F(k2 2)
= an 3W|/d<Tk2 J1bkr)? (15)

0 E

where Ze is the nuclear charge (e is the magnitude of electron
charge). Here we employ the relation of |E7| ~ |[Br| in the first line
in the limit of v/c ~ 1, v is the nucleon velocity. Nucleon Lorentz
factor y, = /sNn/(2my) is at the orders of ~ 100 at RHIC and
~ 1000 at LHC. o = e?/(fic) is the electromagnetic coupling con-
stant (h =c =1 in this work). kr is the photon transverse momen-
tum, Jq is the first kind Bessel function. The nuclear form factor
F(q?) is the Fourier transform of the charge distribution in nu-
cleus (taken as Woods-Saxon distribution). In the Ultra-peripheral
collisions with b > 2R4, one can approximate the nucleus as a
pointlike particle without inner charge distribution, and still ob-
tain similar electromagnetic fields [39]. With the form factor of a
pointlike particle, the photon spectrum Eq. (15) is given analyti-
cally,

Z2wa

ny (w.b) = 2 e, (VP2 (16)
473 YL Vi

where Ki is a modified Bessel function. Note that this photon
spectrum Eq. (16) for pointlike particle is close to the realistic sit-
uation at UPCs, but diverges at small impact parameter b < 2R4
where nucleus can not be treated as a “pointlike” particle any-
more. In this work, we do the realistic calculations with Eq. (15)
in all centralities. For the comparison between different form fac-
tors, please see Ref. [39].

There is another ingredient we need for the charmonium pho-
toproduction, oy s j/y 4 (W), which can be obtained from photon-
proton cross sections with optical theorem and Glauber calcula-
tions. We write photo-nuclear cross section into a differential form,

o0
doya
Oyagjun =L fdt|F<t)|2 (17)

—tmin

Here —tmin = [Mi/‘///(4wyL)]2 is the minimum momentum trans-
fer squared needed to produce a vector meson of mass My, in
the laboratory reference frame. Note the nuclear form factor F(t)
is significant only for |t| < (1/R4)?. The differential photo-nuclear
cross section is

doyasijys,  _ @0/ vA) as)
dt 4f5
Otot (J/WA) = /dzxr[l — e Ot J/¥PITalxr)y (19)

where f5/4rr = 10.4 is determined by J/¢¥ mass and its lep-
tonic decay width with a proper modification based on generalized
vector dominance model (GVDM) and photoproduction data [63].
Eq. (19) express the J/v-nuclear cross section as a function of
J /¥ -proton cross section by thickness function. Using optical theo-
rem again, and connect the vector meson-proton cross section with
the photon-proton cross section measured by HERA, one can ob-
tain

i dotyp = J1v)
dt

There are Pomeron and meson exchange portion contributing to
the cross section. The meson exchange term falls rapidly as the
center of mass energy Wy, increases, it is strongly suppressed in
heavy vector meson production such as ¢ and J/v. The cross sec-
tion may be parametrized with HERA data as [64]

do(yp—J]/¥p)
dt

op(J/¥p) = lt=0 (20)

|t=0 = bVX(Wyp/GeV)GX[] —

with by =4 GeV~2, X = 0.00406 pb and € =0.65. M,y and M,
are the mass of J/y and proton. The center of mass energy of the
scattering particles (y and p)is W, =2,/wE, with E; to be the
proton energy. For more details about the extraction of yp cross
section, please see [35].

The vector mesons are produced after photon fluctuating into
hadronic states through two gluon exchanges with the target nu-
cleus. Therefore, vector meson production is proportional to the
square of gluon densities in the target nucleus. With shadow-
ing effect modifications on nuclear gluon distributions at small
Bjorken-x, photoproduction of vector mesons can be significantly
suppressed especially at LHC energies. For photoproduced vec-
tor mesons the resolution scale in gluon density is chosen as
1? = M7, /4 GeV? [61,65]. With the relation of —t « M7, the

My _
fraction of gluon momentum is around x & ]/w/Wyp = A ey,

VSNN
at the order of 1073 ~ 107> at /syy = 2.76 TeV.
With charmonium hadroproduction (initial production, regen-
eration and decay from B hadrons) and photoproduction, now we
can write the prompt and inclusive nuclear modification factors,

A—J/UA I
NYA—=I/¥ + Ny,

Rprompt — (22)
AA
N%choll
Rprompt s x Q
Rapg=-24— 4 2 —— (23)
1+rp 1+rp

where NYA—=J/YA represents the charmonium photoproduction
with hot medium effects in AA collisions. Photoproduction in pp
collisions is negligible compared with AA situation. Nﬂ/’ is J/¢
prompt hadroproduction, obtained from the integration of Eq. (3).
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c+c—J/p+g
Regeneration
1 3~5
1 I
YA-]/pA
Photoproduction

Pr (GeV/c)
99(qD -]/ g >
Initial production

Fig. 1. (Color online.) Schematic diagram for different charmonium production
mechanisms at different transverse momentum regions in semi-central nucleus-
nucleus collisions with the existence of both QGP and strong transverse electro-
magnetic field. Photoproduction, regeneration and initial production dominates J /v
final yields in extremely low pr, low and middle pr, high pr regions, respectively.

Neolt = Oinet [ d®X7 Ta(Xr +b/2)Tp(Xr — b/2) is the number of bi-
nary collisions, with oj, to be the inelastic cross section be-
tween two nucleons. rg = fg/(1 — fp) is the ratio of non-prompt
over prompt J/v yields in pp collisions. In a certain pr win-
dow, bottom quark number can be modified by a quench factor
Q= NZA/(Nm”Nf,p) in QGP due to the energy loss, which satisfies
Q >1 and Q <1 in small and high pr regions, respectively [56].
Considering that the fraction of non-prompt J/¢ is much smaller
than the prompt part, it will change J/¢ inclusive Ras slightly
and is neglected in this work by taking Q = 1. Note that in the
situation where B hadron decay becomes dominant such as ¥ (2S)
inclusive yields in Pb-Pb collisions, effects of bottom quark energy
loss should be treated seriously [56].

In Ultra-peripheral collisions with b > 2R 4, there will be no
hadroproduction and denominator of Eq. (22) approaches to zero.
In the extremely low pr regions where photoproduction becomes
important, photoproduction becomes non-zero at the limit of
Np — 0, makes R%‘;mpt — 00 and Raa — o0, see both experimen-
tal data and our theoretical results below.

Before quantitative calculations, let’s analyse the different char-
monium production in different pr regions. As equivalent photon
number decreases with frequency rapidly, photoproduced J/vs
mainly distribute at pr < 0.1 GeV/c with mean transverse mo-
mentum (pr)j/y =~ 0.055 GeV/c [41]. Beyond this pr bin, the
hadroproduction becomes important. With strong energy loss of
charm quarks, the regenerated J/vs are mainly distributed below
3 ~5 GeV/c. At higher pr bins, J/vs from initial production and
decays of B hadrons dominates. Please see Fig. 1.

Before starting the comparison between charmonium hadropro-
duction and photoproduction in semi-central collisions with the
existence of QGP, we give the charmonium photoproduced cross
section as a function of rapidity, which has been well studied in
Ultra-peripheral collisions. With the increasing rapidity, it takes
more energy w for quasi-real photons to fluctuate into a J/y with
rapidity y, w oce”. Therefore, the cross section in Fig. 2 decreases
with rapidity. After considering the shadowing effect, both lines in
Fig. 2 will be shifted downward, with the magnitude depending on
different shadowing suppression factors.

Charmonium hadroproduction is proportional to the number
of binary collisions Nc. With increasing overlap area between
two nuclei, the number of binary collisions and participants in-
crease significantly. However, the electromagnetic fields produced
by two nuclei increases at first and then decreases with N, which
makes photoproduction reach the maximum value at semi-central
collisions. In Fig. 3, the solid and dotted lines represent photo-
production and initial hadroproduction scaled from pp collisions,
both without modifications from cold (such as shadowing effect)
and hot medium effects. It helps to clarify the relation between
two production mechanisms. At around N, > 200 (with b <7 fm),
the hadroproduction becomes about five times larger than the
photoproduction, and the interactions between strong electromag-
netic fields and target nucleus seems negligible. With the fact that
charmonium from hadronic collisions only distributed in the over-
lap area of two nuclei where QGP is produced, but coherently
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Fig. 2. (Color online.) J/¢ coherent photoproduction as a function of rapidity in
Ultra-peripheral collisions at 2.76 TeV and 5.02 TeV Pb-Pb collisions. Theoretical
calculations does not include the shadowing effect. Experimental data is from ALICE
Collaboration [66-68].
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Fig. 3. (Color online.) Charmonium hadroproduction scaled from pp collisions and
photoproduction as a function of number of participants N, at the forward rapid-
ity 2.5 <y <4 in /syy = 2.76 Pb-Pb collisions in the extremely low transverse
momentum region pr < 0.3 GeV/c. Both lines are without modifications from shad-
owing effect and QGP suppression. Be+,- is the branch ratio of J/y — ete™.

photoproduced charmonium is distributed over the entire target
nucleus surface, the QGP suppression on photoproduced charmo-
nium should always be weaker than the hadroproduction. At N,
of 100 ~ 150 where QGP initial temperature is ~ 2T, 20% ~ 40%
of photoproduced J /s is dissociated due to parton inelastic colli-
sions and color screening effect.

Coherent photoproduced charmonium is from the quasi-real
photon fluctuations into a vector meson, which is different from
the parton fusions in hadronic collisions. In Fig. 4, we compare
the different mechanisms for charmonium production as a func-
tion of pr with impact parameter b = 10.2 fm. The hadropro-
duction shows a flat behavior in pr <1 GeV/c. In the pr < 0.1
GeV/c where photoproduction becomes non-zero (solid line), Raa
is significantly enhanced and even larger than the unit. With in-
creasing pr, charm quark density in QGP decreases as a fermi-
distribution (thermalization limit) or power law (given by pQCD),
regeneration (dashed line) drops to zero at pr ~ 3 GeV/c [48]. In
higher pr bins, final charmonium mainly consists of initial pro-
duction from parton hard scatterings. The tendency of Ra4(pr) in
Fig. 4 is very similar with RHIC data at cent.20-40% [40]. The en-
hancement of R in pr < 0.1 GeV/c will be more significative at
larger impact parameter.
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iments). Solid line is the photoproduction with cold and hot medium modifications.
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at LHC 2.76 TeV Pb-Pb collisions. (Dot-dashed, dashed, solid) lines are the initial
production, regeneration and photoproduction, respectively. Color band is the total
production including decay from B hadrons (non-prompt J/v ). Experimental data
is from ALICE Collaboration [41].

Now we give the nuclear modification factor as a function of
centrality. The experimental data in Figs. 5-6 is for inclusive J/v,
we already include the contribution from B hadron decay in the
total production (color band). In the central collisions, the re-
generation becomes important due to the abundant number of
cc pairs in QGP. In peripheral collisions, both QGP lifetime and
charm pair number become smaller, which suppresses the regen-
eration. The initially produced J/vs suffer weaker suppression in
the semi-central and peripheral collisions. Photoproduction from
strong electromagnetic fields dominates in the peripheral colli-
sions. The nuclear modification factor Rgs4 in pr < 0.3 GeV/c
(Fig. 5) is much larger than the value in py > 0.3 GeV/c (Fig. 6) at
Np <100. This R44 enhancement in particular pr bin is attributed
to the photoproduction.

Finally, let’s analyse the uncertainties in our theoretical calcu-
lations. The photon-nucleus cross section 04— j/y4 depends on
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Fig. 6. (Color online.) Charmonium inclusive nuclear modification factors as a func-
tion of number of participants N, in 0.3 < pr <1 and 1 < pr < 8 GeV/c in forward
rapidity 2.5 <y <4 at LHC 2.76 TeV Pb-Pb collisions. Lines and color band are
the same with Fig. 5. The upper limit of color band will be shifted upward if em-
ploying a larger charm cross section dacpép/dy which is with large uncertainty in
experiments [50]. Note that photoproduction in these pr regions is negligible and
therefore absent in this figure. Experimental data is from ALICE Collaboration [41].

the parametrization of yp differential cross section and charmo-
nium properties [69]. This uncertainty can be partially constrained
by the experimental data of charmonium photoproduction in UPCs.
One of another important inputs is the charmonium hadronic cross
section dzapjp/w /dydpr (used in the numerator and denominator
of Raa) in the low pr region absent of experimental data. Our
parametrization Eq. (5) is very close to the parametrization em-
ployed by ALICE Collaboration to obtain experimental Raa, with
the difference of pr-dependence less than 4% [70], which ensures
the same definitions of our theoretically calculated Ras and the
experimental data. Another uncertainty is the shadowing effect.
With EPS09 model, it suppresses gluon distribution by around 20%
in the Bjorken-x corresponding to charmonium in forward rapidi-
ties. However, different models give very different magnitudes of
shadowing effect. In the limit without shadowing effect, both char-
monium photoproduction and hadroproduction become ~ 1/0.82
times of above results. For the QGP induced J/vy decay rate, our
values from Eq. (2) is similar with other groups [71]. In order
to introduce the spatial distribution of coherently photoproduced
J/¥ over the nuclear surface, we assume the charmonium den-
sity to be proportional to the square of gluon densities inspired
by the Pomeron exchange process. In the other limit that photo-
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produced charmonium distribution is proportional to the photon
spatial density which changes slowly with the coordinates, we
assume an uniform charmonium distribution over the nuclear sur-
face. With the fact that shadowing effect becomes weaker in the
edge of nucleus, uniform distribution suffers weaker shadowing ef-
fect and QGP dissociation. These make the final photoproduction
NYA—I/¥A in Eq. (22) increases by around 20% in semi-central col-
lisions.

The incoherently photoproduced J/vs can also contribute to
the charmonium Rg4. They are mainly distributed in a larger pr
region compared with coherent |/, such as 0.2 < pr < 0.8 GeV/c
[66]. In pr < 0.2 GeV/c, incoherent production is much smaller
than the coherent part, and neglected in our calculations. In
higher pr regions, it becomes the main source for J/v produc-
tion in Ultra-peripheral collisions. However, in semi-central colli-
sions where hadroproduction increases linearly with pr at pr <
1 GeV/c [48], incoherent photoproduction is also negligible for the
pr-integrated observables at 0.3 < pr <1 GeV/c. For the particu-
lar pr bin, such as 0.1 ~ 0.5 GeV/c, the importance of incoherent
photoproduction needs detailed studies.

In summary, we employ the Boltzmann-type transport model
to study charmonium hadronic production including initial pro-
duction, regeneration and decay from B hadrons. In extremely low
pr region, charmonium photoproduction is supplemented with
modifications of both shadowing effect and QGP suppressions. In
peripheral collisions and extremely small pr region, photopro-
duction becomes larger than the hadroproduction, and is mainly
suppressed by shadowing effect with large uncertainties instead
of QGP. However, in semi-central collisions, both shadowing effect
and QGP suppression becomes important on charmonium produc-
tion. And around 20% ~ 40% of photoproduced J/vs can be disso-
ciated by QGP at 100 < N, < 150. In (extremely low, middle, high)
pr regions, photoproduction, regeneration and initial production
play the dominant roles respectively in charmonium final produc-
tion, which help to clarify different physics such as shadowing effect
on gluon distribution in small Bjorken-x, charm quark thermaliza-
tion (controls regeneration), charmonium dissociation by QGP in
relativistic heavy ion collisions.
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