
P
o
S
(
X
V
H
a
d
r
o
n
P
h
y
s
i
c
s
)
0
2
0

Photon induced processes from semi-central to
ultraperipheral heavy-ion collisions

Wolfgang Schäfer𝑎,∗
𝑎Institute of Nuclear Physics, Polish Academy of Sciences
ul. Radzikowskiego 152, PL-31-342 Kraków, Poland

E-mail: wolfgang.schafer@ifj.edu.pl

Ultrarelativistic heavy ions are accompanied by a large flux of quasi-real Weizsäcker-Williams
photons. This opens a broad range of research possibilities, as the Weizsäcker-Williams photons
can be used to study photon-photon fusion reactions as well as photonuclear reactions in a wide
range of energies.
Of special interest here are diffractive photoproduction reactions, which appear in two major
classes: the coherent diffraction in which the target nucleus stays intact and the incoherent (or
quasielastic) diffraction in which the nucleus breaks up, but no additional particles are produced
in the nuclear fragmentation region.
We will discuss the coherent diffractive photoproduction of heavy vector mesons 𝐽/𝜓. Good
agreement with available experimental data by the ALICE and LHCb collaborations can be
obtained within a color-dipole approach. Here additional nuclear shadowing from the 𝑐𝑐𝑔-Fock
state is needed to obtain agreement with data.
Very recently, the role of Weizsäcker-Williams photons in peripheral, inelastic, heavy ion collisions
has come under scrutiny. Recent measurements of dilepton production of the STAR collaboration
in √

𝑠𝑁𝑁=200 GeV Au-Au collisions indicate an excess at small pair 𝑝𝑇 most notably in peripheral
collisions. We show, that it can be that has attributed to the initial photon fusion which is most
significant at small pair transverse momenta. The centrality dependence of the pair transverse
momentum distribution is calculated in a novel factorization approach involving Wigner distribu-
tions of photons.
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Figure 1: Feynman diagrams for the exclusive photoproduction of 𝐽/𝜓 in a nucleus-nucleus collision.

1. Introduction

Electrically charged particles in ultrarelativistic motion are the source of an electromagnetic
field, which invariants fulfill ®𝐸2 − ®𝐵2 ∼ 0, ®𝐸 · ®𝐵 ∼ 0. The field carries energy and momentum,
has a nonvanishing Poynting vector, and can be interpreted as a flux of quasi-real Weizsäcker-
Williams photons. In practical terms, the method of quasireal photons has many applications to
the ultraperipheral collisions of heavy ions of charge 𝑍𝑒, see for example the reviews [1–3]. The
Weizsäcker-Williams photons are the prototypical partons, and one may ask whether these partons,
which are enhanced by the large factor 𝑍2, also play a role in central or semicentral, and hence
inelastic, nuclear collisions. Early considerations of such processes can be found, e.g. in [4].

Here give an overview of a few photon induced processes from ultraperipheral to semi-central
heavy ion collisions. Firstly, the exclusive diffractive photoproduction of 𝐽/𝜓 mesons, and secondly
the production of lepton pairs in semicentral collisions. For more background and references, see
Ref. [5].

2. Exclusive diffractive photoproduction of 𝐽/𝜓

The exclusive photoproduction of vector mesons in ultrarelativistic heavy ion collisions was
pioneered by Klein and Nystrand [6] and Gonçalves and Machado [7]. Here one of either ions can
play the role of the source of the photon flux, while the photoproduction reaction 𝛾𝐴 → 𝐽/𝜓𝐴
proceeds on the other ion. This means, that in general there is an interference between the two
diagrams in Fig. 1. This interference would introduce a correlation ∝ 𝒑1 · 𝒑2 between the transverse
momenta of outgoing ions [8], which would not contribute to the rapidity distribution of mesons.
We thus end up with two contributions to the cross sections added incoherently:

𝑑𝜎(𝐴𝐴→ 𝐴𝐴𝐽/𝜓;√𝑠𝑁𝑁 )
𝑑𝑦

= 𝑛(𝜔+)𝜎(𝛾𝐴→ 𝐽/𝜓𝐴;𝑊+) + 𝑛(𝜔−)𝜎(𝛾𝐴→ 𝐽/𝜓𝐴;𝑊−) .

Here the photon energies are given by 𝜔± = 𝑚𝐽/𝜓 exp[±𝑦]/2, and the corresponding cms-energies
for the 𝛾𝐴→ 𝐽/𝜓𝐴 subprocesses are𝑊± = 2√𝑠𝑁𝑁𝜔±. As an example, at midrapidity, the 𝛾𝐴-cm
energy 𝑊 is 𝑊 = 92.5 GeV for √𝑠𝑁𝑁 = 2.76 TeV and 𝑊 = 125 GeV for √𝑠𝑁𝑁 = 5 TeV. The
recent measurements [16–19] of exclusive production of 𝐽/𝜓 mesons in ultraperipheral heavy-ion
collisions at the LHC thus have given us access to the interaction of small color dipoles with cold
nuclear matter, partially in an energy range not studied before.
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To this end, recall that in the limit of large photon energy 𝜔 in the rest frame of the nucleus, the
coherence length 𝑙𝑐 = 2𝜔/𝑀2

𝐽/𝜓 becomes much larger than the size of the nucleus 𝑙𝑐 ≫ 𝑅𝐴 [9, 10].
It is then convenient, to describe the photoproduction of the 𝐽/𝜓 as a splitting of the photon into a
𝑐𝑐 pair far upstream the target, and an interaction of a color dipole of size 𝒓 formed by quark and
antiquark. After the interaction with the target, the scattered 𝑐𝑐 pair evolves into the outgoing final
state vector meson. The dominantly imaginary forward amplitude for this process then takes the
form

A(𝛾𝐴→ 𝐽/𝜓𝐴;𝑊, 𝒒 = 0) = 2𝑖
∫

𝑑2𝒃 ⟨𝐽/𝜓 |Γ𝐴(𝑥, 𝒃, 𝒓) |𝛾⟩

= 2𝑖
∫ 1

0
𝑑𝑧

∫
𝑑2𝒓 Ψ∗

𝐽/𝜓 (𝑧, 𝒓)Ψ𝛾 (𝑧, 𝒓)
∫

𝑑2𝒃 Γ𝐴(𝑥, 𝒃, 𝒓). (1)

Here 𝑊 is the 𝛾𝐴 per-nucleon cm-energy, and 𝑥 = 𝑀2
𝐽/𝜓/𝑊

2. Here 𝑧 is the lightcone momentum
fraction of the photon momentum carried by the quark. The 𝑐𝑐-Fock state light-front wave functions
of photon and 𝐽/𝜓 are denoted by Ψ𝛾 and Ψ𝐽/𝜓 respectively. The quark/antiquark helicities are
conserved in the interaction with the target and are not shown in our notation.

In our recent work [11–13] we used a nuclear dipole cross section which was based on its
free-nucleon counterpart obtained through fits to precise HERA data [14, 15].

The approach used in Refs.[11, 12], was based on dipole-nucleus amplitudes obtained from
applying Glauber-theory to color dipoles understood as a set of eigenstates of the scattering.

Under this assumption, plus the standard lore of treating the nucleus as a dilute system of
nucleons, the dipole-nucleus amplitude in impact parameter space is immediately obtained as:

Γ𝐴(𝑥, 𝒃, 𝒓) = 1 − 𝑆𝐴(𝑥, 𝒃, 𝒓) , with 𝑆𝐴(𝑥, 𝒃, 𝒓) = exp
[
− 1

2
𝜎(𝑥, 𝒓)𝑇𝐴(𝒃)

]
. (2)

Here the optical thickness of the nucleus is given by𝑇𝐴(𝒃) =
∫ ∞
−∞ 𝑑𝑧𝑛𝐴(

√︁
𝒃2 + 𝑧2), with the nuclear

matter density 𝑛𝐴(𝑅) being normalized as
∫
𝑑3 ®𝑅 𝑛𝐴(𝑅) = 𝐴. The result Eq.2 corresponds to a

summation of diagrams of the type shown in Fig. 2a. It takes into account the multiple scattering
of the 𝑐𝑐-dipole on the constituent protons and neutrons of the nucleus.

a) b)

Figure 2: Coherent photoproduction of a vector meson in which the nucleus stays in its ground state.

With increasing energy, the coherency condition 𝑙𝑐 ≫ 𝑅𝐴 will be satisfied not only by the
𝑐𝑐-state, but also by higher 𝑐𝑐𝑔 states shown in in Fig. 2b. The effect of these higher Fock-states
amounts to inelastic shadowing corrections induced by high–mass diffractive states.
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One now extends the Fock-state expansion of the photon as

|𝛾⟩ =
√︁
𝑍𝑔Ψ𝑐�̄� |𝑐𝑐⟩ + Ψ𝑐�̄�𝑔 |𝑐𝑐𝑔⟩ + . . . . (3)

Here Ψ𝑐�̄�,Ψ𝑐�̄�𝑔 are the light-front wavefunctions (WFs) of the two- and three-body Fock states
respectively. The factor

√︁
𝑍𝑔 is a (formally infinite) wave function renormalization. For gluons

which carry a small light-cone momentum fraction 𝑧𝑔 ≪ 1, the three-body WF takes a factorized
form, Ψ𝑐�̄�𝑔 = Ψ𝑐�̄� (Ψ𝑐𝑔 − Ψ�̄�𝑔).

As for the 𝑐𝑐-dipole, also for higher Fock states, the impact parameters and helicities of partons
are conserved. We denote the 𝑐-𝑔 and 𝑐-𝑔 transverse distances by 𝝆1 and 𝝆2, respectively, and the
𝑐𝑐 separation by 𝒓 = 𝝆1 − 𝝆2. Then, following Ref.[22], the dipole cross section for the three-body
system is

𝜎𝑞�̄�𝑔 (𝑥, 𝝆1, 𝝆2, 𝒓) =
𝐶𝐴

2𝐶𝐹

(
𝜎(𝑥, 𝝆1) + 𝜎(𝑥, 𝝆2) − 𝜎(𝑥, 𝒓)

)
+ 𝜎(𝑥, 𝒓) , (4)

where 𝐶𝐴 = 𝑁𝑐 and 𝐶𝐹 = (𝑁2
𝑐 − 1)/(2𝑁𝑐) are the standard color factors.

The nuclear 𝑆-matrix for the 𝑐𝑐𝑔-state would now be obtained from applying the Glauber-form
to the cross section Eq.(4). In a large-𝑁𝑐 approximation, the three-body 𝑆-matrix factorizes as

𝑆𝑞�̄�𝑔,𝐴(𝑥, 𝝆1, 𝝆2, 𝒃) = 𝑆𝐴(𝑥, 𝝆1, 𝒃 + 𝝆2
2
)𝑆𝐴(𝑥, 𝝆2, 𝒃 + 𝝆1

2
) (5)

Taking due care of the virtual correction to the two-body Fock state, after integrating over degrees
of freedom of the gluon, we obtain the full dipole-nucleus amplitude as:

Γ𝐴(𝑥, 𝒓, 𝒃) = Γ𝐴(𝑥𝐴, 𝒓, 𝒃) + log
(𝑥𝐴
𝑥

)
ΔΓ𝐴(𝑥𝐴, 𝒓, 𝒃) , (6)

with the correction to the dipole-amplitude from the 𝑐𝑐𝑔 state:

ΔΓ𝐴(𝑥𝐴, 𝒓, 𝒃) =

∫
𝑑2𝝆1 |𝜓(𝝆1) − 𝜓(𝝆2) |2

{
Γ𝐴(𝑥𝐴, 𝝆1, 𝒃 + 𝝆2

2
) + Γ𝐴(𝑥𝐴, 𝝆2, 𝒃 + 𝝆1

2
)

−Γ𝐴(𝑥𝐴, 𝒓, 𝒃) − Γ𝐴(𝑥𝐴, 𝝆1, 𝒃 + 𝝆2
2
)Γ𝐴(𝑥𝐴, 𝝆2, 𝒃 + 𝝆1

2
)
}
, (7)

Here the logarithm in Eq.(6) comes from the integration over the longitudinal phase-space of the
gluon, where the WF of the gluon with 𝑧𝑔 ≪ 1 leads to the 𝑑𝑧𝑔/𝑧𝑔 integration. There remains a
dependence on transverse separation of the gluon from quark/antiquark, encoded in the radial WF:

𝜓(𝝆) =
√
𝐶𝐹𝛼𝑠

𝜋

𝝆

𝜌𝑅𝑐

𝐾1

( 𝜌
𝑅𝑐

)
(8)

In Eq.(7) the integration extend over all dipole sizes, including the infrared domain of large dipoles,
where perturbation theory does not apply. Here, we follow [23, 24]. by introducing the minimal
regularization of pQCD in terms of the finite propagation radius 𝑅𝑐 ∼ 0.2 ÷ 0.3 fm accompanied
by a corresponding freezing of 𝛼𝑠 in the infrared.

In our numerical calculations we use the same light-front wave function as used in [12], and
the dipole cross section obtained in [15]. We refer the reader to these references to details which
cannot be repeated here.

In Fig.3a) we compare to data of ALICE and CMS at √𝑠𝑁𝑁 = 2.76 TeV, while Fig.3b) we
show the comparison with data of LHCb and ALICE at √𝑠𝑁𝑁 = 5.02 TeV, .

4



P
o
S
(
X
V
H
a
d
r
o
n
P
h
y
s
i
c
s
)
0
2
0

Photon induced processes from semi-central to ultraperipheral heavy-ion collisions Wolfgang Schäfer

a)

4− 3− 2− 1− 0 1 2 3 4

y

0

1

2

3

4

5

6

7

8

/d
y
 [
m

b
]

σ
d

= 2.76 TeV
NN

s
ALICE

CMS

GBWS

IIM

BGKI

 gcGBW + c 

b)

5− 4− 3− 2− 1− 0

y

0

1

2

3

4

5

6

7

8

/d
y
 [
m

b
]

σ
d

= 5.02 TeV
NN

s
ALICE

LHCb preliminary

GBWS

IIM

BGKI

 gcGBW+c 

Figure 3: Rapidity dependent cross section fro the coherent photoproduction of 𝐽/𝜓 in lead-lead collisions
for two different energies. The thick dashed curve contains the 𝑐𝑐𝑔-state with 𝑅𝑐 = 0.215 fm.

3. Centrality dependence of dilepton production via the 𝛾𝛾 fusion

Recently, the STAR collaboration at RHIC has measured dilepton pairs in three centrality
classes down to very small 𝑃𝑇 of the pair and observes a large enhancement for 𝑃𝑇 < 150 MeV.
Dileptons are a “classic” probe of the strongly interacting matter/ quark gluon plasma (QGP)
produced in the collision, see for example Ref. [25, 26] for reviews. A part of the spectrum carries
information on the medium modifications of light vector mesons, and there is also a contribution
of thermal dileptons.

Now, a natural production mechanism of dilepton pairs with very small pair transverse mo-
mentum is the 𝛾𝛾-fusion mode. So indeed it is natural to ask if the Weizsäcker-Williams photons
play a role also in inelastic collisions. Here we should think of the strongly interacting nuclei to
give rise to an “underlying event”, in which even a quark-gluon plasma can be formed.

In Ref. [27], we investigated the interplay between different dilepton production mechanisms.
We included the thermal dilepton production from a near-equilibrated medium following the ap-
proach of [28]. The calculation of the coherent photon contribution is set up in impact parameter
space. The relevant cross section is obtained from a convolution of the standard Weizsäcker-
Williams fluxes, which as an input need only the nuclear charge form factor:

𝑑𝜎𝑙𝑙

𝑑b𝑑2𝒃
=

∫
𝑑2𝒃1𝑑

2𝒃2 𝛿
(2) (𝒃 − 𝒃1 − 𝒃2)𝑁 (𝜔1, 𝑏1)𝑁 (𝜔2, 𝑏2)

𝑑𝜎(𝛾𝛾 → 𝑙+𝑙−; 𝑠)
𝑑 (−𝑡) . (9)

Here the phase space element is 𝑑b = 𝑑𝑦+𝑑𝑦−𝑑𝑝2
𝑡 with 𝑦±, 𝑝𝑡 and 𝑚𝑙 the single-lepton rapidities,

transverse momentum and mass, respectively. The photon energies 𝜔1,2 are fixed by the lepton
momenta. The yield in a given centrality class C is given by

𝑑𝑁𝑙𝑙 [C]
𝑑𝑀

=
1

𝑓C · 𝜎in
AA

∫ 𝑏max

𝑏min

𝑑𝑏

∫
𝑑b 𝛿(𝑀 − 2

√
𝜔1𝜔2)

𝑑𝜎𝑙𝑙

𝑑b𝑑𝑏

���
cuts

, (10)
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where the relevant impact parameter ranges can be obtained by a simple optical limit Glauber
calculation, and 𝑓C is the fraction of inelastic events in the centrality bin C . In Fig. 4 we show
our results for the invariant mass distribution of dileptons in three different centrality classes and
compare them to the data by the STAR collaboration. We observe that in the most peripheral bin,
the photon-induced dileptons almost exhaust the cross section. They dominate also in the 40-60%
centrality range, whereas for the most central bin, thermal dileptons and hadronic cocktail contribute
in similar amounts. In Ref. [27], we also studied the evolution of the interplay of the different
mechanisms with energy. We have shown there, that thermal emission rises logarithmically with
energy, while the 𝛾𝛾 process is strongly energy dependent for √𝑠𝑁𝑁 < 100 GeV and levels off
roughly above RHIC energy.

In Fig. 5 we show the pair transverse momentum distributions for RHIC and LHC energies.
We compare them to STAR data and preliminary data from ALICE. Our calculation was performed
in two ways, firstly as a convolution of the transverse momentum-dependent photon fluxes:

𝑑𝑁 (𝜔, 𝒒)
𝑑2𝒒

∝ |𝑬 (𝜔, 𝒒) |2 , with 𝑬 (𝜔, 𝒒) ∝ 𝒒𝐹ch(𝒒2 + 𝜔2/𝛾2)
𝒒2 + 𝜔2

𝛾2

. (11)

The second method now incorporates the correlation between photon transverse momenta
and the impact parameter of the collision. For a simultaneous description in momentum and
configuration space a formulation based on Wigner-functions is appropriate [29]. 1

More precisely, the relevant ingredient for the factorization formula is a Wigner transform of
a polarization density matrix of Weizsäcker–Williams photons:

𝑁𝑖 𝑗 (𝜔, 𝒃, 𝒒) =
∫

𝑑2𝑸

(2𝜋)2 exp[−𝑖𝒃𝑸] 𝐸𝑖

(
𝜔, 𝒒 + 𝑸

2

)
𝐸∗

𝑗

(
𝜔, 𝒒 − 𝑸

2

)
. (12)

Here 𝑖, 𝑗 are cartesian polarizations of photons. The cross section can the be cast into a form which
involves cross sections for photons in channels of angular momentum projection 𝐽𝑧 = 0,±2 and
even or odd parity:

𝑑𝜎

𝑑2𝒃𝑑2𝑷
=

∫
𝑑2𝑸

(2𝜋)2 exp[−𝑖𝒃𝑸]
∫

𝑑𝜔1
𝜔1

𝑑𝜔2
𝜔2

∫
𝑑2𝒒1
𝜋

𝑑2𝒒2
𝜋

𝛿 (2) (𝑷 − 𝒒1 − 𝒒2)

× 𝐸𝑖

(
𝜔1, 𝒒1 +

𝑸

2

)
𝐸∗

𝑗

(
𝜔1, 𝒒1 −

𝑸

2

)
𝐸𝑘

(
𝜔2, 𝒒2 −

𝑸

2

)
𝐸∗
𝑙

(
𝜔2, 𝒒2 +

𝑸

2

)
× 1

2𝑠

{
𝛿𝑖𝑘𝛿 𝑗𝑙

∑︁
__̄

���𝑀 (0,+)
__̄

���2 + 𝜖𝑖𝑘𝜖 𝑗𝑙 ∑︁
__̄

���𝑀 (0,−)
__̄

���2
+ 𝑃

∥
𝑖𝑘
𝑃
∥
𝑗𝑙

∑︁
__̄

���𝑀 (2,−)
__̄

���2 + 𝑃⊥
𝑖𝑘𝑃

⊥
𝑗𝑙

∑︁
__̄

���𝑀 (2,+)
__̄

���2} 𝑑Φ(𝑙+𝑙−). (13)

with 𝛿𝑖𝑘 = 𝑥𝑖𝑥𝑘 + �̂�𝑖 �̂�𝑘 , 𝜖𝑖𝑘 = 𝑥𝑖 �̂�𝑘 − �̂�𝑖𝑥𝑘 , 𝑃 ∥
𝑖𝑘

= 𝑥𝑖𝑥𝑘 − �̂�𝑖 �̂�𝑘 , 𝑃⊥
𝑖𝑘

= 𝑥𝑖 �̂�𝑘 + �̂�𝑖𝑥𝑘 .
From Fig. 5, we see that the Wigner function approach agrees very well with data, while

the naive photoproduction peak at slightly lower 𝑃𝑇 than data. With increasing cm-energy (right

1An approach to dilepton production based on Wigner functions has recently been proposed in [30], for a recent
review with more references, see [31]
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Figure 4: Left panel: Dielectron invariant-mass spectra for pair-𝑃𝑇<0.15 GeV in Au+Au(√𝑠𝑁𝑁=200 GeV)
collisions for 3 centrality classes including experimental acceptance cuts (𝑝𝑡 >0.2 GeV, |[𝑒 |<1 and |𝑦𝑒+𝑒− |<1)
for 𝛾𝛾 fusion (solid lines), thermal radiation (dotted lines) and the hadronic cocktail (dashed lines); right
panel: comparison of the total sum (solid lines) to STAR data.

panel), the peak would run away towards smaller and smaller 𝑃𝑇 , because 𝜔/𝛾 in Eq. 11 decreases
with increasing boost parameter 𝛾. The Wigner function approach completely solves this problem.

The dilepton system carries a finite total 𝑃𝑇 , therefore dileptons are not back-to-back in the
transverse plane. This is quantified by the acoplanarity: 𝛼 = 1 − Δ𝜙

𝜋
, or azimuthal decorrelation of

electrons. We stress, that the Wigner-function approach has no free parameters, only the known e.m.
form factors/charge distributions of nuclei enter the calculation. Main features of the preliminary
ATLAS data are very well described by the Wigner function approach, see Fig. 6. There is perhaps
some room for additional decorrelation effects (multiphoton exchanges, bremsstrahlung ...) at larger
𝛼.

4. Summary

We have demonstrated, that the ultraperipheral exclusive diffractive 𝐽/𝜓 production in the
forward rapidity region is well described by Glauber-Gribov rescattering of 𝑐𝑐-dipoles, with a
dipole cross section fixed by precise HERA dat. At midrapidity however additional suppression
is needed. A reasonable description is obtained after inclusion of 𝑐𝑐𝑔 state, with a rather small
gluon propagation radius 𝑅𝑐 ∼ 0.2 fm. The additional shadowing corresponds to a (moderate)
shadowing of the nuclear glue. As an example for the role of Weizsäcker-Williams photons in
(semi-)central nuclear collisions, we have studied low-𝑃𝑇 dilepton production in ultrarelativistic
heavy-ion collisions, by a systematic comparisons of thermal radiation and photon-photon fusion
within the coherent fields of the incoming nuclei. A comparison to recent STAR data gives a
good description of low-𝑃𝑇 dilepton data in Au-Au(√𝑠𝑁𝑁=200 GeV) collisions in three centrality
classes, for invariant masses from threshold to ∼4 GeV. The coherent emission is dominant for
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Figure 6: Acoplanarity distributions (in bins of centrality) of dielectrons for Pb + Pb collisions at
(√𝑠𝑁𝑁=5020 GeV).

the two peripheral samples, and comparable to the cocktail and thermal radiation yields in semi-
central collisions. The impact-parameter dependent dilepton 𝑃𝑇 distribution is described by a
Wigner function generalization of the Weizsäcker-Williams fluxes. Different weights of 𝐽𝑧 = 0,±2
channels of the 𝛾𝛾-system. For 𝑒+𝑒− pairs the 𝐽𝑧 = ±2 channels dominate. The parameter free
Wigner function approach gives very good description of centrality dependence of pair transverse
momentum and lepton azimuthal decorrelation.
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