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Significant excesses of J/¢ yield at very low transverse momentum (pr < 0.3 GeV/c) were ob-
served by the ALICE and STAR collaborations in peripheral hadronic A+A collisions. This is a
sign of coherent photoproduction of J/¢ in violent hadronic interactions. Theoretically, the pho-
toproduction of J/4¢ in hadronic collisions raises questions about how spectator and non-spectator
nucleons participate in the coherent reaction. We argue that the strong interactions in the over-
lapping region of incoming nuclei may disturb the coherent production, leaving room for different
coupling assumptions. The destructive interference between photoproduction on ions moving in
opposite directions also needs to be included.

This paper presents calculations of J/¢ production from coherent photon-nucleus (y + A —
J/v + A) interactions in hadronic A+A collisions at RHIC and LHC energies with both nucleus
and spectator coupling hypotheses. The integrated yield of coherent J/1 as a function of centrality
is found to be significantly different, especially towards central collisions, for different coupling
scenarios. Differential distributions as a function of transverse momentum, azimuthal angle and
rapidity in different centrality bins are also shown, and found to be more sensitive to the Pomeron
coupling than to the photon coupling. These predictions call for future experimental measurements

to help better understand the coherent interaction in hadronic heavy-ion collisions.

I. INTRODUCTION

In relativistic heavy-ion collisions carried out at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC), one aims at searching for a new
form of matter — the Quark-Gluon Plasma (QGP) [1]
and studying its properties in laboratory. J/¢ suppres-
sion, due to the color screening effect in the deconfined
medium, was proposed as a direct signature of the QGP
formation [2]. Other mechanisms, such as the recombi-
nation of deconfined charm quarks in the QGP and cold
nuclear matter (CNM) effects, also play a significant role
in affecting the J/1 yield. The interplay of these effects
can qualitatively describe the J/¢ production measured
so far at SPS, RHIC and LHC [3].

J/1 can also be produced via the coherent photon-
nucleus interactions through the photon-Pomeron fusion
in heavy-ion collisions [4]. Virtual photons emitted by
one nucleus may fluctuate into ¢q pairs, scatter off the
other nucleus and emerge as vector mesons. The coherent
nature of the interactions leads to a distinctive signature:
the final products consist of two intact nuclei, a J /¢ with
very low transverse momentum (pr < 0.1 GeV/c) and
nothing else. Conventionally, these reactions are only
visible when they are not accompanied by hadronic in-
teractions, i.e. in the so-called Ultra-Peripheral Collisions
(UPCs). In these collisions, the impact parameter (b) is
larger than twice the nuclear radius (R4).

Can the coherent photonuclear interaction also occur
in Hadronic Heavy-Ton Collisions (HHICs, b < 2Rg4),
where the nuclei collide and break up? Recently, signifi-
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cant excesses of J/1 yield at very low pr (< 0.3 GeV/c)
have been observed by the ALICE [5] and STAR [6] col-
laborations in peripheral HHICs. These excesses cannot
be explained by the hadronic J/¢ production with cur-
rently known cold and hot medium effects taken into ac-
count. Interestingly, the excesses exhibit characteristics
of coherent photonuclear interactions. Klusek-Gawenda
and Szczurek considered this problem in [7], where they
assumed that both the photons and the photon targets
couple to the whole nucleus and modify the photon flux
by ignoring the overlapping region. However, the modi-
fication to the photon flux is not unambiguous, and fur-
thermore, the destructive interference between photopro-
duction on ions moving in opposite directions was not
included in their model.

In this paper, we consider different coupling scenarios
for photons and Pomerons with the nucleus in presence
of hadronic interactions. The interference between the
J /v photoproduction amplitudes on ions moving in op-
posite direction (INT2N) is also addressed, which turns
out to play a more significant role in HHICs than that
in UPCs. The coherent J/v¢ yields in HHICs are cal-
culated at RHIC and LHC energies and compared with
experimental results. Furthermore, differential distribu-
tions as a function of transverse momentum, centrality
and rapidity are also shown.

II. METHODOLOGY

The cross-section for J/1 production via the photon-
Pomeron fusion can be calculated by convoluting the
Weizsédcker-Williams virtual photon spectrum with the



photonuclear interaction cross-section [8, 9]:
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where w., is the photon energy, and o(vA — J/¢¥A) is the
photonuclear interaction cross-section for J/v. It is de-
termined from measurements of ~yp interactions coupled
with a Glauber formalism [10, 11].

In addition to the photon-Pomeron fusion, one can
also have coherent J/v¢ production in heavy-ion collision
from 3-gamma and Pomeron-odderon fusion processes.
Bertulani and Navarra calculate the cross section of J /1)
from three photon fusion at RHIC and LHC [12], which
is found to be negligible in comparison with that from
photon-Pomeron fusion [8]. The photon-Pomeron pro-
cess would also be dominant over the Pomeron-odderon
contribution in heavy-ion collisions where the coherent
photon fluxes are enhanced by a factor Z2, whereas the
latter reactions only scale like A'/3 [13]. Thus the con-
tribution from 3-gamma and Pomeron-odderon fusion is
not discussed in this paper, which needs more robust con-
sideration in future work.

In UPCs where photons and Pomerons couple coher-
ently to the entire nucleus, the induced photon flux is
given by the equivalent photon approximation [14]:
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where ¥} and Ev 1 are 2-dimensional photon position and
momentum vectors perpendicular to the beam direction,
Z the nuclear charge, a the electromagnetic coupling con-
stant, 7. the Lorentz factor of the photon-emitting nu-
cleus, My, and y the mass and rapidity of J/¢, and

— —

F,(ky) the nuclear electromagnetic form factor. F. (k)
is obtained via the Fourier transformation of the charge
density in the nucleus. The charge density for a symmet-
rical nucleus A is given by the Woods-Saxon distribution:

P
= T expl(r — Rws)/d] (3)

pa(r)

where the radius Rws and skin depth d are based on fits
to electron scattering data [15], and p° is the normaliza-
tion factor. The cross-section for the process yA — J/¢p A
can be derived from the following sequence of equa-
tions [7, 8]:
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where T4(x)) is the nuclear thickness function, —t is
the squared four momentum transfer, fj/, is the J/1-
photon coupling, wp is the energy of Pomeron and C
is a correction factor, which will be discussed in detail
hereinafter. Parametrization for yp — J/vp production
in Eq. 8 is obtained from [10].

As shown in the equation sequences (Eq. 4 - Eq. 8),
the calculation of o(yA — J/¢¥A) are performed with
a quantum Glauber approach coupled with the param-
eterized o(yp — J/¢p) as input. In Eq. 5, we follow
vector dominance model [16] and make use of the optical
theorem to relate the forward scattering cross section of
vA — J/¢ A to the total cross section of J/19A. A quan-
tum mechanical Glauber formula is then apllied to the
calculation of total cross section, shown as Eq. 6. The
total cross section of J/¢p can be estimated by the for-
ward scattering cross section of yp — J/¢p with vec-
tor dominance model and optical theorem, as written
in Eq. 7 and 8. However, the single vector dominance
model failed to describe the yp — J/ip cross section
compared to the absorption J/i cross section extracted
from nuclear data [17]. A correction is required to ac-
count for the non-diagonal coupling through higher mass
vector mesons, as implemented in the generalized vector
dominance model [17, 18]. For J/4, the correction fac-
tor C derived in Ref. [17] (C' = 0.3) is adopted in our
calculation. With this correction, the approach can rea-
sonably describe the extracted absorption cross section of
J /4 from the available hadronic production data [19-22].
Since the same correction factor is used both in Eq. 5 and
Eq. 8, its effect largely cancels, so does the uncertainty
associated with it. The Fp(kp) in Eq. 4 is the nuclear
form factor for Pomeron and can be obtained by per-
forming a Fourier transformation of the nuclear density
in the nucleus, which is assumed to be the same as the
charge density of the nucleus. Here Ep = (EPL, EL), the
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transfer required to produce a real J/i. It leads to a
coherence length of fi/kr,. Aslong as fi/ky, is larger than
twice the nuclear radius, the reaction is fully longitudi-
nally coherent. Any longitudinal destructive interference
has been taken into account via the phase factor e’*2% in
the Pomeron form factor.

We now extend these calculations to HHICs, where,
unlike in the UPCs, the incoming nuclei collide and break
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up. In UPCs, coherent p® photoproduction is seen to be
unaffected by the accompanying mutual Coulomb excita-
tion [23, 24]. This can be attributed to the long lifetime
of the excited nuclei compared to the coherent production
process. However, in HHICs, the more energetic hadronic
interactions happen at a much smaller time scale, and
therefore could impose significant impact on the coher-
ent photoproduction. This possible disruptive effect is
considered for two distinct sub-processes: photon emis-
sion and the coherent scattering.

For photon emission, the photon field travels along
with the incoming nucleus and arrives at the target at the
same time as the emitter. Since the photons are nearly
real, i.e. Q* < (hi/Ra)?, due to the time retarded po-
tential, they are likely to be emitted before the hadronic
interactions occur by about At = R4/c in the lab frame.
Therefore the photon emission should be unaffected by
hadronic interactions. However, one needs to take into
account the transverse extent of the photon emitter as
the two colliding nuclei overlap. For example, the nucle-
ons located in the overlapping region of the target nu-
cleus should see a reduced photon flux since the effective
photon flux decreases rapidly towards the center of the
emitter. In fact, the photon flux vanishes at the center of
the emitting nucleus by symmetry. Given that, two lim-
iting cases are considered for the photon emission, i.e.
either the entire nucleus or only the spectator nucleons
act as the emitter.

For the coherent scattering, the spectator nucleons,
which are free from the hadronic interactions, can still
act coherently. On the other hand, for the participating
nucleons, the state is likely to be affected by the violent
hadronic interactions, leading to the destruction of co-
herent action. In addition, the losses of longitudinal mo-
menta for nucleons involving in hadronic interactions are
significant, leading also to a decease of photoproduction
cross-section. Finally, to determine whether the partici-
pating nucleons act coherently, one needs to examine the
time ordering of the hadronic interaction and the coher-
ent process. These interactions can be ordered in terms of
the formation time, i.e. h /My, for the coherent J /4 pro-
duction and R4 /~c for the hadronic interactions, which
turn out to be of the same order. To make things even
more complicated, time ordering is not Lorentz invari-
ant, which means the Feynman diagrams of all possible
time orderings need to be summed up in order to obtain
the correct cross-section [25]. Since a full solution to the
time ordering problem is currently unavailable, two lim-
iting scenarios for the scattering process are considered
as well. The first is to ignore the hadronic interactions,
and assume that the entire nucleus acts coherently. The
second is to take only the spectator nucleons as the co-
herent target. These two scenarios should bracket the
actual case.

In the end, four different coupling scenarios are consid-
ered for the coherent J/1 production: (1) Nucleus (pho-
ton emitter) + Nucleus (Target), short for “N+N” here;
(2) Nucleus + Spectator (“N+S”); (3) Spectator + Nu-
cleus (“S+N”) and (4) Spectator + Spectator (“S+S”).

The collision geometry and the density of spectators are
simulated by the optical Glauber model [26].
The transverse momentum of coherently produced J/¢

is equal to the sum of the perpendicular momenta (E 1)
of the incoming photon and Pomeron [27]. The photon

perpendicular momentum (k. ) spectrum is given by the
equivalent photon approximation [14]:
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where K is the dimensionless normalization factor. The
Pomeron perpendicular momentum (kp;) spectrum is
given by the nuclear form factor of the emitter:

2
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where Ny is the normalization factor with dimension
GeV~2,

For J/v¢ with pr < /b, it is impossible to distinguish
which nucleus emits the photon, and which acts as tar-
get. Due to the negative parity of J/v, the signs of the
two amplitudes are opposite, leading to destructive inter-
ference. This INT2N effect has been studied in detail by
Klein and Nystrand [27] for the vector meson production
in UPCs, and verified by the STAR measurements of co-
herent p° production [28]. We follow the same strategy
as in [27] for coherent J/+ production:

U(pTayab) = A2(PT7yab) + Az(pTa 7y7b) (11)
- 2A(pTa Y, b)A(pTa Y, b) X COS(ﬁT . g)

where A(y,pr,b) is the amplitude for J/¢ production
at rapidity y with transverse momentum pp. Unlike in
the UPCs, the impact parameters of HHICs can be re-
lated to the collision centrality, usually determined ex-
perimentally by measuring event activities in certain ra-
pidity ranges, using the Glauber model [29]. This makes
it possible to compare the measured pr spectra of coher-
ent J/v production in different centrality classes to the
theoretical calculations for corresponding impact param-
eter ranges to study the INT2N effect differentially.

III. RESULTS

Figure 1 shows the dN/dp2 distributions for coherent
J/v in different centrality bins with the “N+N” (panel
a and c) and “S+S” (panel b and d) scenarios. The top
two panels show the predictions for Au+Au collisions at
V5NN = 200 GeV at mid-rapidity (|y| < 1), while the
bottom two are for Pb+Pb collisions at /syny = 2.76
TeV at forward rapidity (2.5 < y < 4.0). The red lines
with peak structures include INT2N, while the black ones
do not. Without the INT2N effect, the shapes of the
coherent J/v pr spectra show negligible dependence on
the collision centrality when both the photon and the
Pomeron couple to the entire nucleus. However, for the
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FIG. 1. The dN/dp? distributions of coherent J/4 for dif-
ferent centrality classes with the “N+N” (panel a and c) and
the “S+S” (panel b and d) scenarios. The top two panels
are for Au+Au collisions at \/snn = 200 GeV at mid-rapidity
(ly| < 1), while the bottom two for Pb+Pb collisions at /snnx
= 2.76 TeV at forward rapidity (2.5 < y < 4.0). The black
curves represent the calculations without INT2N, while the
red ones with peak structures denote results with INT2N. All
the distributions are normalized such that the maximum val-
ues are equal to 1.

“S+S” scenario, sizable differences show up due to the
different density profiles of the spectators, and the differ-
ences grow larger towards more central collisions. On the
other hand, when the INT2N effect is included, a signifi-
cant suppression of the coherent J/¢ production at very
low pr is seen, as expected. As the impact parameter
gets smaller, the INT2N effect affects larger kinematic
ranges, resulting in broader distributions and higher val-
ues of (pr). Comparing different scenarios, the INT2N
effect is more significant for the nucleus coupling than
for the spectator coupling, due probably to the smaller
distance between the two nuclei than that between the
centroid of the spectator fragments. For the “S+S” sce-
nario, benefiting from the relatively large production rate
above 0.1 GeV/c in 0-10% central collisions, the second
bump originating from the INT2N becomes visible. The
shapes of “S+N” and “N+S” scenarios are very close to
those of the “N+N” and “S+4S” scenarios, respectively.
This indicates that the coherent J/¢ pr spectrum shape
is more sensitive to the target rather than the photon
emitter.

Figure 2 shows the coherent J/v yield, including
INT2N effects, as a function of number of participants
(Npart) in Au+Au collisions at /syy = 200 GeV (panel
a) and Pb+Pb collisions at /sy = 2.76 TeV (panel
b). The four scenarios, shown with different styles of
lines in the figure, predict similar yields at b = 2R 4, but
differ dramatically as b decreases. The ALICE data [5]
are consistent with all four scenarios within the uncer-
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FIG. 2. Yields of coherent J/¢ production as a function

of Npart in Aut+Au collisions at /snn = 200 GeV (a) and
Pb+PDb collisions at /sxy = 2.76 TeV (b). Data from the
ALICE experiment [5] are shown for comparison.

tainties. Current calculations do not account for the nu-
clear shadowing effect on parton distribution functions
(nPDFs). At the LHC, the measurements in UPCs show
that the shadowing effect could reduce the cross-section
significantly [30], while the effect is expected to be smaller
at RHIC energies. Measurements of better precision to-
wards more central collisions and advanced models with
nPDF's included are essential for distinguishing the dif-
ferent scenarios.
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FIG. 3. The angular distributions of the coherent J/¢ with
respect to the reaction plane at mid-rapidity (Jy| < 1) in
Au+Au collisions at /snn = 200 GeV in the scenarios of
“N+N” (a) and “S+S” (b). All the distributions are normal-
ized such that (%) = 1. The black curves are the calculations
without INT2N, while the red ones are with INT2N.

In single UPCs, there is no special azimuthal direction.
However, in HHICs, the reaction plane [31], spanned by
the impact parameter and the beam axis, can be deter-
mined from the azimuthal anisotropies of produced par-
ticles due to the asymmetric collision geometry. Figure 3
shows the angular distributions of the coherent J/1¢ in
the momentum space with respect to the reaction plane
at mid-rapidity (Jy| < 1) in Au+Au collisions at \/syy =
200 GeV. The “N4+N” and “S+S” scenarios are shown in
panel(a) and (b), respectively. The black curves are the
calculations without INT2N, while the red ones are with
INT2N. Without INT2N effect, the coherent J /1 exhibits
a uniform angular distribution in different centralities for



the “N+N” scenario. However, in the “S+S” scenario,
sizable anisotropy shows up due to the asymmetric den-
sity profile of the spectators, and the anisotropy grows
larger towards more central collisions. When the INT2N
is present, it drastically changes the angular distribu-
tions, leading to two dips at ¢ = 7/2 and ¢ = 37/2
corresponding to the case where the J/1 pr is perpendic-
ular to the reaction plane. The conventional anisotropy
observed in HHICs arises from the anisotropy of the ini-
tial collision geometry that get preserved through strong
parton-medium interactions. This anisotropy vanishes
at low pr and in more central collisions, and is funda-
mentally different from the anisotropy seen for the co-
herent J/1, which originates from the asymmetric den-
sity profiles of the emitters convoluted with the INT2N
effect. Hence, the measurement of J/v angular distribu-
tions with respect to reaction plane in different centrality
classes provides an additional handle to distinguish co-
herently produced J/4’s from ones produced in hadronic
interactions. The resulting distributions for “S+N” and
“N+S” scenarios are very close to those for the “N+N”
and “S+S” scenarios, respectively. This indicates that
the coherent J /1) anisotropy is also more sensitive to the
target, as for the case of pr spectrum.
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FIG. 4. The J/¢ dN/dy distributions for different centrali-
ties with the scenarios of “N+N” (a and ¢) and “S+S” (b and
d). The top two panels are for Au+Au collisions at \/sSxn
= 200 GeV, while the bottom two show the calculations for
Pb-+Pb collisions at \/snn = 2.76 TeV. The black curves de-
note calculations without INT2N, while the red ones are with
INT2N. The rapidity distributions for 0-10% central collisions
in panels (b) and (d) are scaled by 10* for clarity. The curve
for 0-10% central collisions with INT2N in panel (a) overlaps
with the curves for 70-80% centrality.

For the total yield of coherent J/4, it is almost unaf-
fected by the INT2N effect in UPCs, since the oscillation

-,

in the cos(pr - b) term in Eq. 11 averages out as the J/¢
(pr) is significantly larger than (/b). In contrast, in
HHICs, (pr) ~ (h/b), and therefore the INT2N could sig-
nificantly reduce the total cross-section, especially near

mid-rapidity where the amplitudes for the two interfer-
ence terms are similar. Figure 4 shows the expected J /1
dN/dy for different centralities with the “N+N” (panels
a and c¢) and “S+S” (panels b and d) scenarios. The top
two panels are for Au+Au collisions at \/syn = 200 GeV,
while the bottom two are for Pb+Pb collisions at /sy
= 2.76 TeV. The black curves are the calculations with-
out INT2N, while the red ones show results with INT2N.
The rapidity distributions with the “S+S” scenario for
0-10% central collisions are scaled by 102 for clarity. The
J/1v dN/dy in a certain centrality bin is related to the
cross-section (do/dy) via the following equation:

do b dN
o) - / b (3D, (12)

bmin

where b,,;, and by, are the minimum and maxi-
mum impact parameters for a given centrality bin, and
% (J/4,b) is the number of produced J /4 per unit rapid-
ity in collisions of impact parameter b. For the “N+N”
scenario, the INT2N has little effect on the production
yield in peripheral collisions, while it reduces the yield
considerably in more central collisions. In particular, the
coherent J/v production is completely eliminated by the
INT2N for the limiting case of b =0 at y = 0. As shown
in panel b and d, the coherent production of J/v is al-
most unaffected by the INT2N in the “S+S” scenario due
to the relatively large distance between the spectator nu-
cleons. The resulting distributions for the “S+N” and
“N+S” scenarios are very close to those of the “N+N”
and “S+S” scenarios, respectively.

IV. SUMMARY

In summary, we have performed calculations of coher-
ent J/¢ photoproduction in HHICs with both the nu-
cleus and spectator coupling hypotheses for photon and
Pomeron. In particular, the destructive interference in
HHICs between photoproduction on ions moving in op-
posite directions is considered for the first time, which
is found to significantly affect the coherent J/i produc-
tion. All four scenarios with the INT2N effect can de-
scribe the experimental data from ALICE within uncer-
tainties. The difference in coherent J/1 production yields
between different coupling assumptions is small for pe-
ripheral collisions and becomes significant in central col-
lisions. Therefore, precise measurements towards central
collisions are essential to distinguish the different scenar-
ios. We have also studied the differential distributions
for coherent J/v¢ as a function of transverse momentum,
azimuthal angle and rapidity. All of them are found to be
more sensitive to the target rather than the photon emit-
ter. Furthermore, these distributions are strongly mod-
ified by the INT2N effect, and can be confronted with
future experimental measurements to test the presence
of the INT2N effect. In present calculations, the nPDFs
and possible hot medium effects are not considered yet,
which can be included in future work.
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