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Photoproduction processes in relativistic heavy-ion collisions.

Public summary

m We review and summarize the recent experimental and theoretical progresses on the coherent photoproduction of J/y
and dilepton in hadronic heavy-ion collisions.

m According to the calculations of the phenomenological model, the excesses of J/y and dilepton production at very low
transverse momentum in hadronic heavy-ion collisions may result from the photoproduction processes.

m J/y and dilepton, originating from the coherent photoproduction process in relativistic heavy-ion collisions, may serve as
new novel probes to study the evolution of quark-gluon plasma and to determine electromagnetic properties of QGP.
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Abstract: Recently, significant abnormal enhancements in J/y and dilepton production have been observed in peripheral
heavy-ion collisions at very low transverse momentum by the STAR, ALICE and ATLAS Collaborations. The observed
excesses cannot be explained by hadronic production combined with the cold and hot medium effects, though it can be
well described by coherent photoproduction calculations with nuclear overlap. These experimental and theoretical results
provide evidence of coherent photoproduction in hadronic heavy-ion collisions, which suggest novel probes for detecting
the properties of quark-gluon plasma (QGP). In this work, we review recent experimental and theoretical progress regard-
ing coherent photoproduction in hadronic heavy-ion collisions.
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1 Introduction

The major physical goal of the Relativistic Heavy Ion Col-
lider (RHIC) at Brookhaven National Laboratory and the
Large Hadron Collider (LHC) at CERN is to search for a new
form of matter, quark-gluon plasma!!’ (QGP), which is pre-
dicted by lattice quantum chromodynamics (QCD). J/y and
dileptons are considered important probes for studying the
properties of the quark-gluon plasma.

Because of the color screening effect in the deconfined hot
medium®, J/y production should be suppressed in heavy-ion
collisions, which has been proposed as a direct signal of
quark-gluon plasma formation. After decades of experiment-
al and theoretical investigations, it has been realized that the
regeneration effect of charm quarks in the QGP"! and the cold
nuclear matter (CNM) effect can significantly affect the pro-
duction of J/y in heavy-ion collisions. Currently, models in-
corporating color screening, regeneration, and CNM effects
can reasonably describe J/y suppression in heavy-ion colli-
sions at super proton synchrotron, RHIC, and LHC energies®.

In relativistic heavy-ion collisions, dileptons have been
proposed as penetrating QGP probes because they are im-
mune to the strong interactions and are produced during the
entire evolution of the medium. The main sources of
dileptons include hadronic cocktail, QGP thermal radiation,
and in-medium broadening of the p mass spectrum®’; the
hadronic cocktail consists of lepton pair contributions from
known hadronic sources (e.g., the direct or Dalitz decay of °,
n, n', o, &, Jy, w, cc, bb, and the Drell-Yan process).

In addition to hadronic production, J/y and dileptons can
also be generated by ultra-strong electromagnetic fields ac-
companied with the colliding nuclei. In relativistic heavy-ion
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collisions, the electromagnetic fields are compressed into the
transverse plane (perpendicular to the direction of motion of
the heavy ions) due to the Lorentz contraction. The electric
and magnetic fields are mutually perpendicular, share the
same absolute value, and very similar to the electromagnetic
fields of photons. Thus, the transverse electromagnetic fields
can be viewed as an equivalent swarm of photons™. In 1924,
Fermi first proposed the idea of equivalent photon approxim-
ation” (EPA); later, Williams and Weizsédcker " independ-
ently extended Fermi's idea into the so-called Weizsédcker-
Williams method. In the view of the equivalent photon ap-
proximation, J/y can be produced via coherent photon—nucle-
us interactions in relativistic heavy-ion collisions, and
dilepton can be produced by coherent photon—photon interac-
tions; that is, virtual photons emitted by one nucleus can fluc-
tuate into gg pairs, scatter off the other nucleus, and emerge
as vector mesons; or interact with photons emitted by the oth-
er nucleus to produce dileptons. This coherent photoproduc-
tion process has been widely studied in ultra-peripheral colli-
sions (UPCs)"". In these collisions, the impact parameter is
more than twice as large as the nuclear radius, ensuring that
the two colliding nuclei have no overlap region and no had-
ronic interaction occurs. In ultra-peripheral collisions, the
products of the coherent photoproduction process contain
only two complete nuclei and vector mesons or dileptons with
extremely low transverse momentum. From a conventional
viewpoint, coherent photoproduction processes are only ex-
pected in UPCs to meet the coherence requirement. In had-
ronic heavy-ion collisions, the two colliding nuclei are
broken; here, the coherent requirement cannot be satisfied and
the coherent photoproduction processes should be forbidden.
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Recently, the ALICE", STAR!"" and ATLAS"™ Collab-
orations have observed significant excesses of J/y and
dilepton production at very low transverse momentum in peri-
pheral hadronic heavy-ion collisions. The excess J/y cannot
be explained by the color screening, regeneration, or CNM ef-
fects, and the excess dileptons cannot be described by the
hadronic cocktail, QGP thermal radiation and in-medium
broadening of the p mass spectrum. These excesses indicate
that, alongside hadronic production, other production mech-
anisms for J/y and dilepton are present in hadronic collisions.
Furthermore, the excesses exhibit features of coherent photo-
production, which indicates the existence of coherent photo-
production in hadronic heavy-ion collisions. This signific-
antly challenges our understanding of coherent photoproduc-
tion in heavy-ion collisions.

In this review, we summarize recent experimental and the-
oretical progress in the coherent photoproduction of J/y and
dilepton in hadronic heavy-ion collisions. In the second sec-
tion we discuss the research progress regarding J/y produc-
tion via coherent photon-nucleus interactions. The research
progress regarding dilepton production via coherent photon-
photon interactions is summarized in the third section. The
final section presents the discussion and future prospects.

2 J/y production from coherent photon—
nucleus interactions in hadronic heavy-
ion collisions

Jly production via the coherent photonuclear interaction
vy+A — J/y+A can be viewed as a photon-Pomeron fusion
process in relativistic heavy-ion collisions; this offers an op-
portunity to directly determine the gluon distribution in the
nucleons and nuclei®. This additional production process for
Jly in hadronic heavy-ion collisions may provide a novel
probe for QGP.

2.1 Measurements of the ALICE Collaboration

The ALICE Collaboration """ reported the measurements of
Jly production at very low transverse momentum (p; < 0.3
GeV/c) via their yu*u~ decay channel in peripheral Pb + Pb
collisions at +/sp,x = 2.76 TeV. In this measurement, ~
17 % 10° dimuon minimum bias (uuMB) events were collec-
ted via triggering on opposite sign (OS) tracks detected in the
muon spectrometer triggering system’”. A silicon pixel de-
tector (SPD), scintillator arrays (V0), and zero degree calori-
meters (ZDCs) were used in this analysis. The SPD provides
the coordinates of the primary interaction vertex, whereas the
V0 and ZDCs provide timing information, that reduces the
background induced by the beam and electromagnetic pro-
cesses.

Fig. 1 shows the transverse momentum distributions of raw
OS dimuons without combinatorial background subtraction
for the invariant mass range 2.8 GeV/c> <m,., <3.4 GeV/c?
in 70%-90% Pb + Pb collisions at /syy = 2.76 TeV. The red
line denotes the transverse momentum distribution predicted
by the STARLIGHT Monte Carlo generator'” convoluted
with the response function of the muon spectrometer. A re-
markable excess of dimuons was observed at very low p; in
this centrality class.

To quantitatively describe the excess J/y production in

hadronic A + A collisions with respect to that in p + p colli-
sions, the nuclear modification factor R,, was used; it is
defined as follows:

_ 1 d*N,,/dprdy
< T\ > do,,/dp,dy

Rua (1
where d’N,./dprdy is the J/w yield in A+A collisions,
d*c,,/dp,dy is the J/y cross-section in p + p collisions, and
<T,»> is the average value of the nuclear thickness function.
Fig. 2 shows the J/y nuclear modification factor as a function
of N, for three different transverse momentum intervals in
Pb + Pb collisions at v/syy = 2.76 TeV. The J/w R,, ( shown
in Fig. 2) exhibits a significant increase in the p, range of
0-0.3 GeV/c; this could not be described by any of the trans-
port models™ 1, because these transport models only con-
sider hadronic production.

The p, shape of the observed excess resembles that of J/y
produced by coherent photon—nucleus interactions” in UPCs,
one plausible explanation is that the excess at very low trans-
verse momentum is attributed to coherent photoproduction in
hadronic heavy-ion collisions. The average transverse mo-
mentum of the coherently photoproduced J/yw was ~0.055
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Fig. 1. Raw OS dimuon pr distribution for invariant mass range 2.8
GeV/e? < my,~ < 3.4 GeV/c* in 70%-90% Pb + Pb collisions at sy =
2.76 TeV. Vertical error bars denote statistical uncertainties. Figure taken
from Ref. [12].
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Fig. 2. J/y Raa as a function of N, for three py intervals in Pb + Pb col-
lisions at \/sxn=2.76 TeV. Figure taken from Ref. [12].
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GeV/c. The detector effects can widen the reconstructed
transverse momentum distribution; hence, 98% of the coher-
ently photoproduced J/y are contained in the transverse mo-
mentum interval [0, 0.3] GeV/c "

Via an in-depth study of the photoproduction mechanism,
Ref. [23] successfully explained the observed excesses using
the Boltzmann transport model, which includes the photopro-
duction, initial hadronic production, regeneration, and decay
of B hadrons. Figs. 3 and 4 show the J/y inclusive nuclear
modification factor as a function of the number of parti-
cipants (N,,) for different production mechanisms in three
different transverse momentum intervals, where the total pro-
duction (color band) includes the contribution from the decay
of the B hadrons. The nuclear modification factor R,, in p; <
0.3 GeV/c (Fig. 3) at N,,, < 100 is much larger than that in p, >
0.3 GeV/c (Fig. 4). Coherent photon—nucleus interactions are
responsible for the excess of R,, in the very low transverse
momentum bin.

2.2 Measurements of the STAR Collaboration

The STAR Collaboration measured J/y production at very
low transverse momentum using the Au + Au data collected
during the 2010-2011 RHIC runs at /sy = 200 GeV and the
U + U data collected in 2012 at /sy = 193 GeV !\ The total
number of events used in the Au + Au and U + U collisions
were 720 million and 270 million, respectively. The collision
centrality is determined by comparing the measured particle
multiplicity with the Monte Carlo Glauber model simulation™,
and only data from 0-80% central collisions are accepted, to
avoid the significant inefficiency of the vertex position detect-
or in peripheral collisions. J/i can be reconstructed through
their decay into electron-positron pairs, and the branch ratio
of this decay channel is BR (Jy—e*+e) = (597 +
0.03)%"1. The acceptance and efficiency correction proced-
ure used is very similar to that in Ref. [5]; furthermore, to
meet the coherent production requirement™, the J/y at very
low transverse momentum is set with a transverse polariza-
tion. The correction factors were ~20% lower than those ob-
tained without polarization assumption.

Fig. 5 shows the J/y invariant yields for Au + Au colli-
sions at 4/syy = 200 GeV and U + U collisions at 4/syy = 193
GeV as a function of p; for different centralities at midrapid-
ity (ly| < 1), as measured by the STAR Collaboration; here,
the solid lines in the figure represent the fitting to data points
in the range of p; > 0.2 GeV/c, obtained using®”

d’N _ a
2np,dp,dy — (L+b2p2)’

2)

where a, b, and n are free parameters. The dashed lines de-
note the extrapolated fits, which can well describe the data
points in the range of p, > 0.2 GeV/c but underestimate the
yields in the range of p, < 0.2 GeV/c for noncentral colli-
sions (20%—80%).

Fig. 6 shows the J/y nuclear modification factor as a func-
tion of p; in Au+ Au and U + U collisions for different cent-
rality classes; J/y suppression was observed in all centralities
for p, > 0.2 GeV/c. This is consistent with previous measure-
ments, and can be described well by transport models™*” in-
corporating modifications from cold and hot medium effects.

However, at very low transverse momentum (p, < 0.2 GeV/c)
and a significant enhancement of J/y, R,, is observed in peri-
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Fig. 3. J/y inclusive nuclear modification factor as a function of the num-
ber of participants Np, for pr <0.3 GeV/c in 2.76 TeV Pb + Pb colli-
sions at forward rapidity 2.5 <y < 4. Figure taken from Ref. [23].
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Fig. 4. J/y inclusive nuclear modification factor as a function of the num-
ber of participants Ny in 0.3 < pr <1 and 1 < p;y <8 GeV/c in forward
rapidity 2.5 <y <4 at LHC 2.76 TeV Pb + Pb collisions. Figure taken
from Ref. [23].
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Fig. 5. J/y invariant yields for Au + Au collisions at v/sxy =200 GeV and
U + U collisions at v/syy = 193 GeV as a function of pr for different cent-
ralities. The error bars depict the statistical errors and the boxes denote
the systematic uncertainties. Figure taken from Ref. [13].
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Fig. 6. J/y Rax as a function pr in Au + Au collisions at y/syy = 200 GeV
and U + U collisions at ysyy = 193 GeV. Figure taken from Ref. [13].

pheral collisions (40%-80%) for both Au + Au and U + U
collisions. In this p, range, the color screening effect and
CNM effect suppress J/y production, and the regeneration ef-
fect (which increases J/w production) is negligible™. The
overall effect results in R,, < 1 for hadronic production;
however, the R,, shown in the figure well exceeds the theor-
etical value, which strongly suggests the existence of other
production mechanisms for J/y.

To explore the source of the J/y enhancement, the STAR
Collaboration further studied the dependence of J/y yield on
collision centrality and compared it with the contribution
from hadronic production. Fig. 7 shows the p,-integrated J/y
yields for p, < 0.1 GeV/c with the expected hadronic contri-
bution subtracted as a function of N,,, for Au+ Auand U + U
collisions. As shown in that, at low transverse momentum, the
hadronic contribution is not dominant in the measured cent-
rality classes and increases dramatically toward central colli-
sions; meanwhile, the measured excess shows no significant
dependence on centrality within the uncertainties. Assuming
that coherent photoproduction causes the excess at very low
transverse momentum, because the yield of coherently photo-
produced J/y is proportional to 72, the excess in U + U colli-
sions should exceed that in Au + Au collisions, as shown in
Fig. 7. However, within the limitations of the measurement
precision, the observed difference was not significant (2.0c) ",

3-4

2.3 Phenomenological model calculation

In peripheral collisions, the impact parameter is less than
twice the radius, and the colliding nuclei break apart. The
photon—nucleus interaction cross-section was calculated by
the equivalent photon approximation™ , quantum Glauber
model”", and vector meson dominance model®”; the strong
interactions in the overlap region were considered. To de-
scribe the contribution of hadronic interactions, the coherent
photon—nucleus process was divided into two sub-processes:
photon emission and coherent scattering.

For photon emission, photons are likely to be emitted be-
fore hadronic interactions occur; therefore, photon emission
should be unaffected by hadronic interactions. However, the
nucleons in the overlap region of the target nucleus should
exhibit a reduced photon flux for the scattering process be-
cause the effective photon flux decreases toward the center of
the emitter™. Hence, there are two limiting cases for photon
emission: either the entire nucleus (nucleus) or only the spec-
tator nucleons (spectator) act as the emitter. For coherent scat-
tering, the spectator nucleons that are not affected by hadron-
ic interactions can still act coherently; however, the particip-
ating nucleons that undergo violent hadronic interactions do
not meet the coherent production requirement. Therefore, two
limiting cases are considered for coherent scattering: either
the entire nucleus (nucleus) or only spectator nucleons (spec-
tator) act coherently. Finally, there are four different coup-
ling scenarios for coherent J/y production: (i) nucleus (emit-
ter) + nucleus (target), (ii) nucleus + spectator, (iii) spectator +
nucleus, and (iv) spectator + spectator .

Fig. 7 also shows the model calculations of coherent photo-
production for Au + Au collisions in the above four coupling
scenarios. The yields of coherently produced J/y can be mod-
ified by the color screening effect, which is not considered in
the model. All four scenarios can describe the data well for
the 60%—-80% collision centrality class, which indicates the
contribution of coherent photoproduction to the excess J/y at
very low transverse momentum. However, in more central

centrality (%)
7060 50 40 30 20 10
L e e e e T T T j
e Au+Au 200 GeV p. <0.1 GeV/c
o U+U 193 GeV i

] Expectation of hadronic production

L

STAR

T
|

photon+Pomeron
— Nucleus+Nucleus
-- Nucleus+Spectator
-« Spectator+Nucleus
Spectator+Spectator

s b b b by

50 100 150 200 250 300 350

Npart
Fig. 7. The pr-integrated J/y yields (pr < 0.1 GeV/c) with expected had-
ronic contribution subtracted as a function of Ny for 30%—-80% Au + Au
collisions and 40%—-80% U + U collisions. Lines denote the model calcu-
lations for coherent photoproduction in four coupling scenarios. Figure
taken from Ref. [13].
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collisions, the nucleus + nucleus scenario significantly over-
estimates the data, suggesting a disruptive effect of coherent
photoproduction by strong hadronic interactions in the over-
lap region!”. Advanced models with color screening effects
and more precise measurements in central collisions are re-
quired to study coherent production under different scenarios
in the future.

The isobaric collision experiment was recently completed
in 2018 at RHIC, and the STAR Collaboration collected three
billion Ru + Ru ({Ru) and Zr + Zr ({;Zr) collision events. Ac-
cording to the equivalent photon approximation, the J/y yield
from the coherent photon—nucleus interaction is proportional
to 72. Therefore, if the coherent photo—nucleus interactions
cause the excess in Au + Au collisions at very low p;, then
the yield of coherently produced J/y in Ru + Ru collisions
and Zr + Zr collisions should be much lower than in Au + Au
collisions; meanwhile, the Ru and Zr nuclei have similar nuc-
lear profiles but the number of protons Z differs, so the J/y
yield from coherent photoproduction in Ru + Ru collisions
should slightly exceed that in Zr + Zr collisions.

Fig. 8 depicts the coherent J/y yields as a function of N,,,
in Au + Au, Ru + Ru, and Zr + Zr collisions at 4/syx = 200
GeV at very low transverse momentum®”. The yields first in-
creased and then decreased with N,,. The increase in J/y
yield from peripheral to semi-peripheral collisions resulted
from the larger photon flux attributable to the smaller impact
parameter, and the later inversion of the trend originates from
the disruptive effect of hadronic interactions in the overlap re-
gion. The production rate in Ru + Ru collisions was 1.2 times
that in Zr + Zr collisions, and the production rate in Au + Au
collisions was approximately four times that in Ru + Ru or
Zr + Zr collisions, following the exact 72 scaling.

2.4 Double-slit experiment at Fermi scale

The double-slit experiment has become a classic thought ex-
periment for expressing wave—particle complementarity. To
date, such wave-particle duality has been studied in a broad
range of entities, including electrons®, neutrons®”, helium
atoms"™, Cy, fullerenes”, and biomolecules™. In relativistic
heavy-ion collisions, the transverse momentum of the coher-
ently produced vector meson, J/y, is extremely low. When
two ions collide, if the information describing which one of
the two nuclei emits a virtual photon and which one acts as
the target is missing, the vector meson originates simultan-
eously from both colliding nuclei and behaves as a wave®.
The coherently photoproduced vector mesons provide a new
double-slit scenario at Fermi scale in heavy-ion collisions,
further demonstrating the complementarity principle.

Ref. [36] performed a Fourier transform on the amplitudes
of two gold nuclei in coordinate space, to obtain the probabil-
ity distribution of J/y in momentum space. The results for co-
herent J/y photoproduction in ultra-peripheral collisions are
shown in Fig. 9, where Panels Figs. 9a—9c depict the amp-
litude distribution in the coordinate space and Panels Figs.
9d-9f indicate the probability distribution in the momentum
space. Panels Figs. 9a and 9d assume that the two nuclei are
point-like particles; typical Young’s double-slit interference
fringes can be observed. Panels Figs. 9b and 9e take the dens-
ity profile of the nucleus into account and assume it to be sub-
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ject to the Woods-Saxon distribution, expressed as

0

P
L+exp[(r=Rys)/d)]

where the parameter p° is the normalization factor, and the ra-
dius Ry and skin depth d are based upon fits to the electron
scattering data®”. The profile of the slits means that typical
diffraction rings can be observed in the momentum space.
Panels Figs. 9c and 9f show the distributions as modified by

pa(r) = 3)
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Fig. 8. Coherent J/y production yields as a function of Npu at v/sxw = 200
GeV in Au + Au, Ru + Ru, and Zr + Zr collisions. Figure taken from
Ref. [30].
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Fig. 9. Amplitude and momentum distribution patterns of coherent J/y
photoproduction in different scenarios for » =10 fm in Au + Au colli-
sions at /sxv = 200 GeV at midrapidity (v = 0). Figure taken from
Ref. [36].
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the space photon flux, nuclear shadowing, and coherence
length effect; these effects cause the slits to become asymmet-
ric. As shown in the figure, the interference fringes become
curved, and the diffraction does not show the typical symmet-
ric rings.

However, in peripheral collisions, where the impact para-
meter is less than twice the radius, the disruptive effect from
the overlap region must be considered. In the overlap region,
the strong interactions between nucleons are short-range;
thus, the which-way information can be obtained within the
range of strong interactions, which means that the which-way
problem is partially solved . To simplify calculation, the as-
sumption that the which-way information is only obtained in
the initial overlap region is adopted, and the corresponding
results are shown in Fig. 10, where Panels Figs. 10a and 10d
show the impact parameter » = 13.0 fm, Panels Figs. 10b and
10e show b = 10.0 fm, and Panels Figs. 10c and 10f show b =
5.7 fm.

2.5 Photoproduction and hadroproduction

J/w has different production mechanisms in different trans-
verse momentum bins™!. As shown in Fig. 11, the coherently
photoproduced J/y is mainly distributed in the range of p,<
0.1 GeV/c. Beyond this p; bin, the hadroproduction (which
mainly includes the initial production, regeneration, and de-
cay of B hadrons) becomes dominant. The J/y from regenera-
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Fig. 10. Amplitude and momentum distribution patterns of coherent J/y

photoproduction at midrapidity (y = 0) in Au + Au collisions at /sy =

200 GeV with a disruptive effect from the overlap region for different im-

pact parameters. Figure taken from Ref. [36].
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tion is mainly distributed below 3-5 GeV/c, and the J/y pro-
duced by the initial production and decay of the B hadrons
becomes important at higher transverse momentum bins.

Fig. 12 shows the charmonium photoproduction and initial
hadroproduction (both without modifications from cold and
hot medium effects) as a function of the number of parti-
cipants N, at the forward rapidity 2.5 <y < 4 at very low
transverse momentum (p; < 0.3 GeV/c) in Pb + Pb collisions
at y/syy = 2.76 TeV, which can help us to clearly understand
the relationship between the two production mechanisms. The
electromagnetic fields produced by the two nuclei first in-
crease and then decrease with N,,.; thus, the photoproduction
reaches its maximum value in semi-central collisions. At
N,.x> 200 (b < 7 fm), the hadroproduction is approximately
five times larger than the photoproduction®™'.

The interaction between the quark and its antiquark of
quarkonium is very violent, which makes it difficult for the
quarkonium to dissociate. However, QGP contains copious
free quarks, antiquarks, and gluons, which can interact with
the quark or antiquark of quarkonium, resulting in dissoci-
ation of the quarkonium (i.e., the color screening effect)*.
Because of this effect, the interaction between the ¢ and ¢ of
Jly in QGP becomes weak; subsequently, J/y suffers from
dissociation and the yield is suppressed.

The J/y from hadroproduction is only distributed in the
overlap region of the two nuclei, where QGP is produced;
meanwhile, the J/y from coherent photoproduction is distrib-
uted over the entire nuclear surface. Therefore, the QGP sup-
pression of photoproduction is always weaker than that of

c+t—]/p+g
Regeneration
<0.1 3~5
L L : > Pr(Gev/e)
YA= /YA 99@@) ~J/vg
Photoproduction Initial production

Fig. 11. Schematic diagram for different charmonium production mech-
anisms at different transverse momentum regions in semi-central nucle-
us—nucleus collisions in the presence of both QGP and strong transverse
electromagnetic fields. Photoproduction, regeneration, and initial produc-
tion dominate the J/y final yields in extremely low pr, low and middle
pr, and high pr regions, respectively. Figure taken from Ref. [23].

FENWREIT,

2l

10°E7 E
34 3
107 —=— photoproduction 3
] - hadroproduction
10—8 UETE FUTTY FETTE ITUTE FUETE FUTTE FTUTY FUTTE FUTET
0 50 100 150 200 250 300 350 40
Npan

Fig. 12. Charmonium hadroproduction and photoproduction as a func-
tion of the number of participants Ny, at forward rapidity 2.5 <y <4 in
Vs =2.76 TeV Pb + Pb collisions in the extremely low transverse mo-
mentum region py < 0.3 GeV/c. B,+,- is the branch ratio of J/y— e*e.
Figure taken from Ref. [23].
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hadroproduction. When N, is between 100 and 150, the ini-
tial temperature of the QGP is approximately 27., and
20%-40% of the photoproduced J/y undergoes dissociation
via the color screening effect and parton inelastic collisions,
where T, is the critical temperature of the deconfined phase
transition”),

Fig. 13 shows the dependence of different charmonium
production mechanisms upon the transverse momentum in
Vsw = 2.76 TeV Pb + Pb collisions with impact parameter
b =10.2 fm and forward rapidity 2.5 < y < 4; here, the two
dashed lines indicate a 20% difference, attributable to the
large uncertainties of the production cross-section measured
by experiments. In the p; <1 GeV/c region, the nuclear modi-
fication factor R,, of photoproduction is significantly en-
hanced, whereas the distribution of hadroproduction is relat-
ively flat, and the regeneration falls to zero at p, ~ 3 GeV/ec.
In higher transverse momentum regions, charmonium primar-
ily includes the initial production from parton hard scattering.

2.6 Summary

Conventionally, because of the coherence requirement, coher-
ent J/y photoproduction has only been studied and predicted
in ultra-peripheral heavy-ion collisions. However, the ALICE
and STAR Collaborations have recently observed a signific-
ant enhancement of J/y yields at extremely low transverse
momentum in hadronic heavy-ion collisions, and the ob-
served excesses exhibit the features of coherent photoproduc-
tion, which provides evidence of coherent vector meson pho-
toproduction in hadronic collisions. The phenomenological
model calculations with coherent photoproduction can de-
scribe the excesses observed at STAR and ALICE very well,
and they suggest that disruption from the violent hadronic in-
teractions occurs between nucleons in the overlap region dur-
ing coherent photoproduction. To further investigate the co-
herent photoproduction mechanism of J/y in hadronic colli-
sions, more precise experimental measurements and more ad-
vanced models are required. The excess production from J/y
may provide a novel probe for QGP; this requires further in-

2.76 TeVPbPb — photo
-~ init

—-rege
total

)

”'l'I"i'"I"'I"'l"’l”‘[".,'.

/
{
2 L.

—1
10 p (GeVIc) 1
Fig. 13. Charmonium prompt nuclear modification factor as a function of
transverse momentum for impact parameter » = 10.2 fm in the forward
rapidity 2.5 <y <4 in LHC 2.76 TeV Pb + Pb collisions. Figure taken
from Ref. [23].
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vestigation.

3 Dileptons from coherent photon—
photon interactions in hadronic heavy-
ion collisions

Dileptons can be produced via the coherent photon—photon
interaction y+y —e*+e” or y+y— u'+pu  in ultra-peri-
pheral heavy-ion collisions. As demonstrated in Section 2, co-
herent photon—nucleus interactions should occur in hadronic
heavy-ion collisions. A similar process, coherent photon—
photon interaction, should also be expected in hadronic heavy-
ion collisions.

3.1 Measurements of the STAR Collaboration

The STAR Collaboration reported measurements of e*e™ pair
production in the mass region 0.4 < M,, < 2.6 GeV/c* at ex-
tremely low transverse momentum (p, < 0.15 GeV/c) using
the minimum-bias events collected during 2010 and 2012 in
peripheral Au + Au and U + U collisions!*.

Fig. 14a shows the centrality dependence of the e*e™ invari-
ant mass spectra within the STAR acceptance for pair p; <
0.15 GeV/e, and Fig. 14b shows the enhancement factors,
which are the ratios of the data over the hadronic cocktail as a
function of the invariant mass. The enhancement factor of
most peripheral collisions (60%—-80%) is significant, though it
becomes increasingly less from peripheral to semiperipheral
(40%—-60%) and semicentral (10%—40%) collisions"". In the
low invariant mass region, the enhancement factors first de-
crease with the invariant mass, then increase above M,, and
finally reach a maximum value around M, .

Considering the different behaviors of the enhancement
factor in different invariant mass regions, the mass can be di-
vided into three mass bins (0.4-0.76, 0.76-1.2, and 1.2-2.6
GeV/c?). Fig. 15 shows the transverse momentum distribu-
tions of the e*e” pairs for different mass bins in the 60%—-80%

1
ol py <0.15 GeV/e ® 0 60-80%
10 Solid: Au+Au 200 GeV *vc 40-60% x 107
- en: U+U 193 GeV 0 10-40% x 10° ]
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o -
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Fig. 14. (a) Centrality dependence of e*e”
the STAR acceptance from Au +Au and U + U collisions for pair pr <
0.15 GeV/c. (b) Corresponding ratios of data over cocktail. Figure taken
from Ref. [14].
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Au + Au and U + U collisions. As shown in the figure, the
contributions of the hadronic cocktail are consistent with the
measurements for p, > 0.15 GeV/c; however, the observed
excess of the positron—electron pair production is found to be
concentrated at very low transverse momentum (p, < 0.15
GeV/c) in all three mass regions'.

To study the production mechanism of the enhancement,
the STAR Collaboration investigated the centrality depend-
ence of the integrated excess yields in Au + Au and U + U
collisions. Fig. 16 shows the excess yield spectra (data-cock-
tail) as a function of N,,, after subtracting the hadronic cock-
tail contributions in different invariant mass bins. As shown
in the figure, compared to the contribution of the hadronic
cocktail, the excess yields show a much weaker dependence
on collision centrality; this indicates that the hadronic cock-
tail alone is unlikely to be the source of the enhancement.

Fig. 17 shows the p} (~—t, the squared four-momentum
transfer) distributions of the excess yields in 60%—-80% Au +
Au and U + U collisions within the STAR acceptance: Panels
Figs. 17a—17c show the results for three different mass bins.
The solid and dotted lines are exponential fits to the data for
the Au + Au and U + U collisions, respectively. Furthermore,
the dot-dashed and dot-dot-dashed lines indicate the results of
the two models"**! for the photon—photon process within the
STAR acceptance in 60%—-80% Au + Au and U + U colli-
sions. The calculations from Ref. [40] are lower than the data
points at high p? but exceed those at low p?; meanwhile, the
result from STARIight is lower than that from Ref. [40],
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Fig. 15. e*¢™ pair pr distributions within the STAR acceptance for differ-
ent mass regions in 60%-80% Au + Au and U + U collisions with re-
spect to the cocktail. Figure taken from Ref. [14].
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Fig. 16. Centrality dependence of integrated excess yields in the mass re-
gions 0.4-0.76, 0.76-1.2, 1.2-2.6 GeV/c? in Au + Au and U + U colli-
sions. The centrality dependence of the hadronic cocktail yields in the
mass region 0.76-1.2 GeV/c? is also shown for comparison. Figure taken
from Ref. [14].
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though their shapes are similar.

Fig. 17d shows the invariant mass dependence of the p;
broadening /< p? > from both the data and photon—photon
model. The +/< p? > increases slightly with the invariant
mass, and the /< p} > from Au + Au collisions exceeds that
from the U + U collisions. In Au + Au collisions, the values
of /< p2> extracted from the data are ~6.1c, 3.30, and
1.86"" above the model calculation results in the 0.4-0.76,
0.76-1.2, and 1.2-2.6 GeV/c* mass regions, respectively,
suggesting another source of transverse momentum broaden-
ing in peripheral collisions. The blue dashed lines in
Figs. 17a—17c show the corresponding p? distributions for
e*e” pairs from the model “” traversing 1 fm through a con-
stant magnetic field of 10" T perpendicular to the beam line
(eBL ~30MeV/c)*. The corresponding p. distributions
can qualitatively describe the data expected at low p2, and the
/< p; > increases by ~30 MeV/c, as shown in Fig. 17d; this
suggests the presence of high magnetic fields in QGP!' .,

3.2 Measurements of the ATLAS Collaboration

The ATLAS Collaboration recently reported measurements of
the yy — u*u process in /sy = 5.02 TeV Pb + Pb collisions
at the LHC"", where the integrated luminosity is 0.49 nb™'.
The data were recorded with the ATLAS detector using its in-
ner detector, calorimeter, trigger, muon spectrometer, and
data acquisition systems. The muon pairs produced by the
photon—photon interactions are distinguishable from those
generated by other mechanisms through their angle and mo-
mentum correlations, which are further quantified using the
acoplanarity parameter o and asymmetry parameter A,
defined as respectively, where ¢* denotes the azimuth angles
and p; indicates the transverse momenta of the muon pairs.

l¢"—¢°|

asl-—— 4
T
Pr=Pr
==/ 5
pr+p; )

All oppositely charged muon pairs that met the trigger and
event selection requirements were considered for analysis.
The muons were identified by matching tracks in the inner de-
tector to tracks in the muon spectrometer; meanwhile, each
muon is required to have a transverse momentum p, > 4
GeV/c and pseudo-rapidity || < 2.4* Owing to the low
transverse momentum of the yy system, the distributions of
parameters a and A4 for the muon pairs produced by the
photon—photon process peaked near zero. The a and A4 distri-
butions include significant background from the decay of
heavy-flavor hadrons'”. These hadrons often decay after trav-
eling a significant distance from the interaction point; thus,
the background distributions have long tails and can be ex-
tracted from the data by stipulating that 4 > 0.15 and a >
0.02. To suppress the contribution from the decay of hadrons
and Z bosons, the invariant mass requirement of muon pairs
4 GeV/c*> < my.,- <45 GeV/c* is applied. The o and A distri-
butions can be obtained from the data by selecting the other
variables. 4 < 0.06 is required to obtain the a distribution, and
the A distribution is obtained by requiring that o > 0.015.
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Fig. 17. (a)—(c) Distributions of excess yields within the STAR acceptance for the different mass regions in 60%-80% Au + Au and U + U collisions. (d)
Corresponding /< p3 > of excess yields. Figure taken from Ref. [14].
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Fig. 18. Background-subtracted distributions for o (upper row) and 4 (lower row) in Pb + Pb collisions at /sxy = 5.02 TeV for different centrality
classes. Each distribution is normalized to unity over its measured range. Figure taken from Ref. [15].

Fig. 18 shows the background-subtracted o distributions
(1/N,)dN,/da and A distributions (1/N,)dN,/dA, as meas-
ured in different centrality classes; the distribution with cent-
rality > 80% and those generated by STARIlight™ and over-
laid on the data (Monte Carlo simulation) are also plotted in
the figure for comparison, where the > 80% interval includes
the 80%—100% centrality class and ultra-peripheral collisions.
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Compared to the > 80% interval, a clear centrality-dependent
broadening in the a distributions can be seen; no such effect is
observed in the A distributions; this can be attributed to the
momentum resolution of the ATLAS inner detector. The o
distributions from the Monte Carlo simulation show almost
no dependence on centrality, suggesting that the broadening
of the data is much larger than that expected from the detect-
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or effects.

To further study the observed broadening in the a distribu-
tions, these distributions (background not subtracted) were
fitted to a Gaussian function and the normalized background
distribution. The solid lines represent the fit functions shown
in Fig. 19, and the values of the width ¢ increase by a factor
of two from the most peripheral bin to the most central one.
Assume that the broadening of the a distributions results from
a physical process that transfers an extremely small amount of

transverse momentum,

SN
kr‘ < pi; then, the variance of the a
distribution can be estimated as'"”

-

R X 1 <k >
<@ >=<@ >t ————
T < Drae >

(6)

where pr,, is the mean of p; and p;, and < a’ >, is the in-
trinsic mean square of o resulting from both the generation
process itself and the angular resolution in the muon measure-
ment. Taking < a® >, to be the o from the Gaussian fit in
the > 80% interval and taking < @ > to be the ¢ from the
Gaussian EE in each < 80% centrality class, the root mean
square of |k;|, k™, can be approximated in that centrality class
using the measured value of the root mean square of py,,, us-
ing Eq. (6). Fig. 20 shows the k™ values as a function of
<N,..>, which denotes the mean value of the participant nuc-
leons in each centrality class and can be obtained from
Glauber model analysis®!. For the 0-10% centrality class, this
procedure gives k™ = 66 MeV + 10 MeV.

The above fitting process provides a direct relationship
between the widths of the o distributions and k™; however, it
does not fully consider the influence of the shape of the py,,
distribution. Therefore, the Gaussian function in the fitting
procedure was replaced by the convolution of the measured
Pra distribution and a Gaussian function. The results of the
new fits are shown in Fig. 19, and the corresponding k™ val-
ues calculated using Eq. (6) are shown in Fig. 20. In the
0-10% centrality class, kj™= 70 + 10 MeV. As shown in Fig.
20, the results of the two methods are consistent within their
uncertainties, and the extracted k™ is observed to increase
with <N,.>. The k™ values provide an estimate of the trans-
verse momentum transfer associated with the absence of a
physical mechanism in heavy-ion collisions.

3.3 Phenomenological model calculation

According to the equivalent photon approximation, the
photon—photon interaction can be factorized into semiclassic-
al and quantum parts: the former describes the photon distri-

bution from the colliding ions and the latter describes the in-
teraction between the two emitted photons . In hadronic
heavy-ion collisions, violent hadronic interactions occurring
in the overlap region may result in destruction of the coher-
ent action. The product of this process is the dilepton, which
is not subject to strong interactions; therefore, in peripheral
collisions, the destruction effect should be small, and the pos-
sible disruption can be neglected. However, for central colli-
sions, the disruptive effect should be carefully considered in
future studies.

The yields of coherent photon—photon interactions in re-
lativistic heavy-ion collisions were calculated without consid-
ering the lepton pairs produced in the overlap region” ; this
reduced the cross-section by ~20%. The disruptive effect of
the hadronic interactions in the overlap region was neglected
in the calculation. Fig. 21 shows the differential pair mass
spectra of the electron and muon pairs produced by coherent
photon—photon interactions in y/syy =200 GeV Au + Au col-
lisions and +/syy = 2.76 TeV Pb + Pb collisions for different
centrality classes. The mass spectra for both electron and
muon pairs show little dependence on centrality. They are
very close in the high-mass region; however, the production
rate of the muon pair is slightly lower than that of the elec-
tron pair in the lower-mass region.

In addition to coherent photon—photon interactions,
dileptons can also be produced from the hadronic cocktail, in-
medium p mass spectrum, and QGP thermal radiation. QGP
thermal radiation refers to dileptons radiated from the interior
of the dense medium throughout the lifetime of the fireball.
To further compare the contributions of different sources, Fig.
22 shows the mass spectra of electron pairs produced via dif-
ferent production mechanisms in /sy = 200 GeV Au +
Au collisions for different centrality classes. For central colli-
sions (0-10%), the hadronic contribution is dominant in the
low mass region (0.4-2.0 GeV/c?), and it approaches the con-
tribution of photon—photon interactions at higher mass re-
gions. They are comparable for semi-central collisions
(10%—40%), and coherent photoproduction dominates for
peripheral collisions (40%—-80%). These results can reason-
ably describe the enhancement observed by the STAR Collab-
oration'", indicating the existence of coherent photon—photon
interactions in hadronic heavy-ion collisions.

Compared with coherent photonuclear interactions, the pro-
duction rate of coherent photon—photon interactions is propor-
tional to 74, depending on the equivalent photon approxima-
tion; this means that a more significant difference should be
present between isobaric and Au + Au collisions. Fig. 23
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Fig. 19. Results of fits to the muon pair a distributions using the sum of Gaussian and background functions. A standard Gaussian function is shown as a
solid curve whilst the dotted curve shows a Gaussian function in a convolved with the measured pr.,, distribution. Figure taken from Ref. [15].
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shows the invariant mass spectrum of the electron—positron
pair from coherent photon—photon interaction and the decay
of coherently photoproduced J/y in 4/syy =200 GeV Au + Au
collisions for the 60%—-80% centrality class as well as Ru +
Ru and Zr + Zr collisions for the 47%—75% centrality class.
Centrality in isobaric collisions is selected to ensure that the
hadronic background contribution is consistent with that in
Au + Au collisions. The in-medium p mass spectrum, QGP
thermal radiation, and STAR measurements are also plotted
in the figure for comparison. The relative yield ratios from the

coherent photon—photon process for Au + Au, Ru + Ru, and
Zr + Zr collisions are 7.9 1.5 I 1.0 Such large differ-
ences make it feasible to test the photoproduction mechanism
during isobaric collisions.

The STAR Collaboration found a significant p;, broaden-
ing effect, by measuring the p} distribution of dileptons in
hadronic Au + Au and U + U collisions with respect to EPA
calculations* (Fig. 17). The ATLAS Collaboration also ob-
served this broadening via the acoplanarity parameter o of
muon pairs in hadronic Pb + Pb collisions " (Fig. 18). The
broadening effect can be described by introducing the effect
of the magnetic field in the QGP, or alternatively by the elec-
tromagnetic scattering of dileptons in the hot medium. Ref.
[47] calculated the p? distribution and o distribution of
dileptons produced by photon—photon interactions in heavy-
ion collisions using the external classical field approach™ and
the generalized equivalent photon approximation (gEPAT1).
The results from the gEPA1 method significantly differed
from the experimental data points; hence, an additional phase
term is used for the empirical solution (i.e., the gEPA2
method).

Fig. 24 shows the p} distributions of the positron—electron
pairs in 60%—-80% Au + Au collisions at \/s\y = 200 GeV
within the STAR acceptance for the mass regions 0.4—0.76,
0.76-1.2, and 1.2-2.6 GeV/c?*; the transverse momentum is
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Fig. 21. Differential pair mass spectrum d’>~/(dMdy) for (a) electron and (b) muon pairs with gold beams at RHIC and for (c) electron and (d) muon pairs
with lead beams at LHC. The different curves in the figure indicate the results for different centrality classes. Figure taken from Ref. [40].
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Fig. 22. Mass spectrum of electron pairs for different centrality classes. The mass distributions are compared to hadronic cocktail simulations without the
p contribution in-medium p mass spectrum and QGP thermal radiation. Figure taken from Ref. [40].

denoted as p,. The measurements from the STAR Collabora-
tion"" and calculations from gEPA1, gEPA2, quantum elec-
trodynamics (QED)™**", and STARIlight"” are also plotted in
the figure for comparison. Both the QED and gEPA2 results
describe the measurements well, and the QED calculation has
a systematically lower /< p3 > than the STAR data and
gEPA2 results.

Fig. 25 shows the transverse momentum broadening
V< p: > of electron—positron pairs as a function of the im-
pact parameter for different mass regions in 4/syy =200 GeV
Au + Au collisions. The invariant mass dependence of the
broadening can be seen in the figure: the higher the invariant
mass, the more significant the broadening. The broadening
from the QED calculation increased with the decreasing im-
pact parameter and then reached its maximum value; the QED
calculations were systematically lower than the STAR meas-
urements. This may be attributable to the final-state broaden-
ing effect, which requires further research and exploration in
the future.

Ref. [47] also calculated the a distributions from the gener-
alized EPA and QED approach in /s,y = 5.02 TeV Pb + Pb
collisions for different centrality classes, as shown in Fig. 26.
The gEPA2 and QED calculations can accurately describe the
measurements from ATLAS"™ (within uncertainties). The res-
ults of the gEPA1 and gEPA2 methods are consistent in

UPCs and peripheral collisions; however, in central colli-
sions, the results of gEPA1 differ substantially from the
measurements and other model calculations. The above calcu-
lations indicate that the transverse momentum broadening and
acoplanarity broadening are mainly attributable to the initial
electromagnetic field strength, which is significantly affected
by the impact parameter. An additional small broadening may
arise from the final-state interaction, which requires validation
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Fig. 23. Invariant mass spectrum of e*e” pair from coherent
photon—photon interaction and decay of coherently produced J/y in Au +
Au collisions for 60%-80% centrality class as well as Ru + Ru and Zr +
Zr collisions for 47%—75% centrality class. Figure taken from Ref. [30].
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of QED calculations and precise measurements in the future.
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Fig. 25.

as a function of the impact parameter b for different mass regions in Au +
Au collisions at y/sxy = 200 GeV. Figure taken from Ref. [47].

< p3. > of electron—positron pairs within the STAR acceptance

== urements. This is
b (fm)

The STAR and ATLAS Collaborations have recently ob-

enhancements in the dilepton yields at very

low transverse momentum in hadronic heavy-ion collisions.
This excess may result from coherent photon—photon interac-
tions, and phenomenological model calculations support this
conclusion. Different phenomenological models provide dif-

of transverse momentum distributions; this

calls for more precise and differentiated experimental meas-

crucially important for further probing the

electromagnetic properties of QGP using the transverse mo-
mentum distribution of the dilepton. Furthermore, the destruc-
tion of coherent action from violent hadronic interactions in
the overlap region was neglected in the models, which should

be considered in future work.
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Fig. 26. Distributions of the broadening variable o obtained from the gEPA1, gEPA2, and QED approaches for muon pairs in Pb + Pb collisions at
Vsan = 5.02 TeV in different centrality classes. Figure taken from Ref. [47].

4 Discussion and prospects

This review summarizes the recent experimental and theoret-
ical progress in coherent photoproduction in hadronic heavy-
ion collisions. The STAR, ALICE, and ATLAS Collabora-
tions have observed significant enhancements in J/y and
dilepton production at very low transverse momentum in peri-
pheral collisions. According to the calculations of the phe-
nomenological model, the excesses may result from coherent
photon—nucleus and photon—photon interactions, respectively.

the evolution of

Research Funds
(YD2360002001)

Violent hadronic interactions that occur in the overlap region

may lead to the destruction of coherent action, which is ab-

sent in ultra-peripheral collisions. J/y and dileptons, originat-

ing from the coherent photoproduction process in relativistic
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heavy-ion collisions, may serve as new novel probes to study

QGP and determine the electromagnetic

properties of QGP.
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