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Abstract We present an overview of processes induced by
the coherent Weizsäcker-Williams (WW) photon cloud in
heavy ion collisions. Due to the rather broad energy spectrum
of photons a large variety of physics topics can be addressed.
At the low-energy side, there are the electromagnetic dis-
sociation processes. We discuss the few-neutron production
via giant dipole resonance excitation. A typical high energy
photonuclear process that has attracted much attention is the
diffractive photoproduction of vector mesons. We review the
color dipole approach to coherent and incoherent diffractive
photoproduction of J/ψ mesons. Finally we turn to periph-
eral and semicentral collisions and discuss the role of WW
photons in the production of very low-PT dileptons.

1 Introduction; equivalent photon approximation

Fast moving heavy ions are accompanied by their cloud of
Weizsäcker-Williams (WW) photons, which offer the pos-
sibility to study a large range of photon-photon processes
as well as photonuclear processes ranging from low to high
energies [1–3]. The WW photons couple coherently to the
whole nucleus, and photon fluxes in an ion are enhanced by
the square of the large charge Z |e|. For example for the gold
and lead ions, Z = 79, 82, respectively. While the charge
at rest is surrounded by its electric Coulomb field, the field
generated by a highly boosted current consists of electric
and magnetic fields which are of (almost) the same size and
(almost) orthogonal to each other. This corresponds to the
situation of a plane-wave electromagnetic field which can be
viewed as a flux of (quasireal) photons. If we assume that
the charge moves at an impact parameter b, with relativistic
velocity β ≈ 1, at a boost γ = 1/

√
1 − β2 � 1, we can

easily obtain the field strength as [4]
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(ωb
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Here K1 is the modified Bessel function, and ω is the photon
energy in the considered frame. We omitted a term ∝ 1/γ ,
and put β = 1 wherever possible. This simple result is valid
for a point-like charge, it cannot be correct for the finite-size
nucleus, for b < RA. The finite size of the nucleus is easily
accounted for by using

E(ω, b) = Z
√

4παem

∫
d2q

(2π)2

e−ibqqFem(q2 + ω2/γ 2)

q2 + ω2/γ 2 ,

(2)

where Fem(Q2) is the charge form factor of the nucleus,
which is essentially a Fourier transform of the charge dis-
tribution. For heavy nuclei, such as Au or Pb, the pointlike
formula Eq. (1) is an excellent approximation for b > 20
fm. For many ultraperipheral processes, where the essential
contribution comes from b � RA, it is sufficient to simply
cut off the region b < RA in most integrated cross sections.
However, especially for the calculation of distributions in
invariant mass or transverse momentum of a produced sys-
tem (see, e.g. [5,6]), the use of a realistic form-factor, such
as the one implemented in the STARlight Monte-Carlo [7],
is recommended.

The photon flux finally is obtained from the electric field
(or more precisely from the Poynting vector S ∝ E × B) as

N (ω, b) = 1

ω

1

π

∣∣∣E(ω, b)
∣∣∣
2
. (3)

Then, cross sections involving the electromagnetic interac-
tion in the collision of ions A and B, where A serves as the
source of the WW photons can be calculated from the γ B
cross section convoluted with the flux of photons:

σ(AB) =
∫

dωd2b N (ω, b) σ (γ B;ω). (4)

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epja/s10050-020-00231-8&domain=pdf
mailto:Wolfgang.Schafer@ifj.edu.pl


231 Page 2 of 14 Eur. Phys. J. A (2020) 56 :231

The apparent frame dependence of the energy distribution
of photons, could be easily avoided by using momentum
or energy fractions. It is useful to use per-nucleon ener-
gies, and hence the corresponding x = ω/EN = ω/(γmN )

with dx/x = dω/ω. Then Eq. (4) becomes the standard
parton-model expression, with WW photons as partons of
the nucleus.

From the plethora of processes which involve WW pho-
tons, a few are indicated in Fig. 1. They include pure QED
processes, like pair production of dileptons, as well as low-
energy nuclear reactions, such as electromagnetic excitation
of one of the ions, say into a giant resonance state. From
the realm of high-energy nuclear interactions we mention
the diffractive coherent and incoherent photoproduction of
vector mesons. Also of interest are generic photoabsorption
processes with multiparticle production containing for exam-
ple jets as a probe of nuclear partons.

Electromagnetically induced cross sections can be very
large, owing to the long range of the interaction.

Strong interactions are of finite range, and thus require two
nuclei to have geometric overlap. Once nuclei do come close
enough, though, an interaction happens with probability of
one – the defining property of strong interactions indeed. If
we want predict a cross section without strong interactions
between ions, i.e. without additional production of particles,
we need to take the constraint of no additional interaction into
account. For example, for the process of coherent diffractive
vector meson production, we would use an effective photon
flux

σ(A1A2 → A1A2V ; s) =
∫

dωN eff
A1

(ω)

×σ(γ A2 → V A2; 2ω
√
s) + (1 ↔ 2), (5)

for which we simply multiplied in impact parameter space
by the probability of no interaction between the ions:

Nef f (ω) =
∫

d2b Psurv(b)N (ω, b) . (6)

This probability, in analogy to the absorptive corrections in
diffractive production processes [8] is called the rapidity gap
survival probability, where here a survival against strong
interactions is meant. The latter is essentially the square of
the elastic (strong-interaction) S-matrix of ions, and amounts
in practice to the geometric cutoff [9]:

Psurv(b) = S2
el(b) = exp

(
− σNN TA1A2(b)

)

∼ θ(|b| − (R1 + R2)).

For a discussion of the accuracy of the last approximation, see
e.g. [10] for the case of dilepton production. Notice that the
survival probability breaks the factorization of the photon-
flux representation of cross sections. The effective flux of Eq.
(6) can only be used in reactions involving a single photon
exchange. For photon-photon fusion reactions the analogous
procedure of including absorptive corrections can be applied
to the b-space formulation of the cross section, but the result
will not involve the flux of Eq. (6) but rather an effective
photon-photon luminosity. We finally note, that the size of the
photon source controls the maximal photon energy attainable
at a certain collision energy, roughly ωmax ∼ γ /RA. Clearly,
WW photons also play a role in proton-proton collisions,
where much higher photon energies can be achieved than
in nucleus-nucleus collisions, however with a much reduced
coupling/intensity. Finally proton-nucleus collisions offer an
excellent opportunity to access photoproduction on the pro-
ton, exploiting the nucleus as the photon source.

The rest of this paper will be devoted to a biased choice of
electromagnetically induced processes to which the author
has contributed. We will start from ultraperipheral collisions
(UPCs) at high energies. Much additional information on the

Fig. 1 Some photon induced processes in (ultra-)peripheral heavy ion
collisions. From left to right: 1. lepton pair production via γ γ -fusion;
2. electromagnetic excitation of one of the ions, e.g. into a giant dipole
resonance; 3. coherent diffractive photoproduction of a vector meson;

4. Incoherent diffractive photoproduction - one of the nuclei breaks
up; 5. a generic inelastic photon-nucleus process with multiple particle
production in the final state
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processes discussed below can be found in the recent review
[3].

In Sect. 2 we will discuss the electromagnetic dissocia-
tion of nuclei into giant dipole resonances (GDRs), and their
contribution to few-neutron production in the nuclear frag-
mentation region. In Sect. 3 we discuss a class of high-energy
photonuclear processes: the coherent and incoherent diffrac-
tive photoproduction of J/ψ mesons. We show how in the
color dipole approach predictions can be made that gener-
alize the Glauber multiple scattering theory and are based
on a color-dipole cross section that describes the diffractive
γ p → J/ψp process. Then, in Sect. 4 we lift the restriction
of ultraperipherality and show how fusion of WW photons
is the mechanism behind the production of dileptons at very
low pair transverse momentum in peripheral to semicentral
centrality classes.

2 Electromagnetic excitation of heavy ions

The measurement of ultraperipheral reactions at the high
energies of present day colliders (RHIC and LHC) often
requires special triggers. The presence of large fluxes of WW
photons, sharply peaked at low photon energies, leads to the
possibility of electromagnetic excitation of one or both of
the ions. Here low-energy excitations, with energies in the
nuclear rest frame of E∗ < 50 MeV play an especially impor-
tant role. These low-energy excited nuclear heavy systems,
close to giant resonance region, decay predominantly via
emission/evaporation of few neutrons. Because the energy
of the neutrons in the nucleus rest frame is rather small ∼ 10
to 20 MeV, in the highly boosted situation of UPCs the neu-
trons are emitted in very small angular cones around beam
directions. Such neutrons can be registered by the so-called
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Fig. 2 Photoabsorption cross section on 208Pb

zero-degree calorimeters (ZDC’s) which are associated with
many high-energy detectors, such as e.g. STAR at RHIC and
ALICE at LHC.

In [11] we developed an approach which combines the
description of photoexcitation of nuclei by WW photons and
the decay of excited nuclei in the framework of Hauser-
Feshbach theory. We calculated topological cross sections
with a given number of neutrons in ion-ion collisions from
the subprocess γ Pb → Pb∗ + k neutrons.

The formalism for the relevant multiphoton exchange pro-
cesses can be found in [12–14]. The crucial ingredient is the
effective number of photons colliding with, say ion # 2:

n̄ A2(b) ≡
∫ ∞

Emin

dE NA1(E, b)σtot(γ A2; E).

As an input we need the total photoabsorption cross section
of a given nucleus, see Fig. 2 for the case of 208Pb. The cross
section for excitation of one of the ions is dominated by the
absorption of a single photon:

σtot(A1A2 → A1A
∗
2; Emax)

≈
∫

d2bPsurv(b) exp[−n̄ A2(b)]

×
∫ Emax

Emin

dE NA1(E, b)σtot(γ A2; E). (7)

Here we again encounter the survival probability Psurv(b)
which puts a veto on additional strong interactions between
ions.

We are interested mainly in final states that contain a few
neutrons, and want to study excitation cross sections as a
function of neutron multiplicity. We then need as an input
crucial the fractions f (E, k) of final states with k neutrons
coming from the decay of an excited nucleus at excitation
energy E . To obtain these fractions, we use the Monte-Carlo
program GEMINI [15] based on Hauser-Feshbach formal-
ism, which allows us to describe excitation functions of few
neutron final states in photoabsorption, see Fig. 3. Then, we
can calculate the impact parameter profiles for processes with
k evaporated neutrons as:

dPexc
A2

(b, k)

dE
= f (E, k) ·

∑

n

wn(b)p
(n)
A2

(E, b)

≈ f (E, k) p(1)
A2

(E, b)n̄ A2(b) exp[−n̄ A2(b)],
(8)

and, correspondingly:

Pexc
A2

(b, k) =
∫ Emax

Emin

dE
dPexc

A2
(b)

dE
. (9)

The cross section for k-neutron excitation is then

σ(A1A2 → A1(kN, X)) =
∫

d2b Psurv(b) Pexc
A2

(b, k). (10)

123



231 Page 4 of 14 Eur. Phys. J. A (2020) 56 :231

Fig. 3 From left to right: Excitation functions for the γ 208Pb → n207Pb, γ 208Pb → 2n206Pb, and γ 208Pb → 3n205Pb reactions

Of course we are confined to low-neutron multiplicities, as
final states of large number of neutron (k) can be produced by
processes in the energy region E > Emax which we do not
model so far. Analogously, the mutual excitation cross sec-
tions with m and k neutrons in the debris of nucleus A1, A2,
respectively, is given by

σ(A1A2 → (mN, X)(kN,Y )) =
∫

d2b Psurv(b)

×Pexc
A1

(b,m) Pexc
A2

(b, k). (11)

In Fig. 4 we show the total cross section for electromagnetic
excitation as a function of

√
sNN as well as the partial cross

sections into one and two-neutron final states. We see that at
LHC the few-neutron cross section via electromagnetic dis-
sociation (EMD) amounts to ∼ 200 barn, much larger than
the total lead-lead hadronic cross section. It should be noted
that we concentrate only on the neutrons evaporated from
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Fig. 4 Single EMD cross sections as the function of
√
sNN . Data are

from SPS and LHC (ALICE)

the electromagnetically excited nuclei. We do not account
for neutrons from other hadronic processes, like the intranu-
clear cascading (see for example [13] and references therein).
By imposing the “gap survival factor”, we also discard the
mutual excitation of nuclei by strong interactions.

3 Coherent and incoherent diffractive photoproduction
of J/ψ

Diffractive dissociation processes are much studied phenom-
ena in hadronic and photon-induced interactions (see e.g. [16]
for an introduction). Here one or both of the colliding par-
ticles dissociates or is excited into a resonance. The mass
of the produced system is much smaller than the cm-energy
of the collision. Reaction products are produced in the frag-
mentation region of beam or target respectively, the products
of both being separated by a large gap in rapidity. Only vac-
uum quantum numbers are exchanged in the cross channel,
and the transverse momentum transfer distribution exhibits
a characteristic “diffraction cone”.

Let us concentrate on the case of diffractive dissociation
of a photon on a nuclear target. The prominent final states
are vector mesons, being carriers of photon quantum num-
bers J PC . One generally distinguishes between coherent (or
exclusive) diffraction, where the nucleus stays in its ground
state, and incoherent diffraction, which includes the excita-
tion of the target nucleus into an excited state, or dominantly,
the breakup of the nucleus (see Fig. 5). An important quali-
fier is, that here we restrict ourselves to diffractive processes
in which no new particles are produced in the nuclear frag-
mentation region.

Much attention has been paid in the past on diffractive
photo- and electroproduction of vector mesons on the proton.
A large body of data has been accumulated in particular at
the DESY-HERA facility. For a review of experimental data
and of the theoretical approaches, see [17].
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Fig. 5 Diffractive (virtual) photoproduction of a vector meson on a
nuclear target. Shown are sample diagrams of a multiple scattering
expansion of a color dipole. The four diagrams depict different pos-
sible final states. From left to right: (1) coherent diffraction with the

outgoing nucleus in the ground state; (2) incoherent diffraction with
breakup of the nucleus, (3) diffractive excitation of the nucleus into
an excited state, (4) incoherent diffraction including a heavy nuclear
fragment in the final state

Here we will review the color dipole approach to the coher-
ent and incoherent photoproduction of J/ψ as used recently
by us in [18,19]. Motivated by the recent experiments [20–
25], and following the pioneering work of Klein and Nys-
trand [26], and Goncalves and Machado [27] in the color
dipole approach, the exclusive production of J/ψ in ultra-
peripheral heavy-ion collisions has been investigated using
a number of different theoretical approaches. We will give a
brief overview of recent works brief in Sect. 3.4. For more
references, see also the review [28].

3.1 Diffractive photoproduction on the free nucleon target

The diffractive production of a vector meson V of mass MV

at high energies, is characterized by a coherence length lc =
2ω/M2

V much larger than the size of the proton lc � RN ,
where ω is the photon energy in the proton rest frame. In
such a situation the V photoproduction can be described as
an elastic scattering of a qq̄ color dipole of size r , which
is conserved during the interaction [29,30]. The γ → qq̄
transition and projection of the qq̄ pair on the bound state are
encoded in the relevant light-cone wave functions. Besides
the dipole size, they depend also on the fraction z of the
photon’s light-front momentum carried by the quark. This
results in the (imaginary part of the) forward amplitude of
the form

�mA(γ ∗(Q2)p → V p;W, t = 0)

=
∫ 1

0
dz

∫
d2rψV (z, r) ψγ ∗(z, r, Q2) σ (x, r) (12)

Here the dipole cross section is related to the unintegrated
gluon distribution of the proton through:

σ(x, r) = 4π

3
αS

∫
d2κ

κ4 F(x, κ2)
[
1 − eiκr

]
.

The energy dependence of the amplitude is encoded in its
dependence on x = (Q2 + M2

V )/W 2, where W is the γ ∗ p-
cms energy. The dipole factorization of Eq. (12) captures the
salient features of a rich phenomenology of diffractive VM
production. In particular it allows one to model the transition

from soft interactions of large dipoles, to the perturbative
QCD (pQCD) dominated dynamics of small dipoles. The
dipole size probed in the VM production is [17,31]

r ∼ rS ≈ 6
√
Q2 + M2

V

, (13)

which offers two handles to control the dipole size: virtuality
of the photon and mass of the quark constituent of the meson.
This leaves heavy mesons as probes of pQCD dynamics in
the case of photoproduction.

In the small-dipole limit of the dipole cross section, one
can identify the unintegrated gluon distribution as

F(x, κ2) = ∂xg(x, κ2)

∂ log(κ2)
. (14)

Then, the proportionality of the hard amplitude to the gluon
distribution in the proton is put in evidence:

σ(x, r) = π2

3
r2αS(q

2)xg(x, q2) , q2 ≈ 10

r2 .

It is often assumed that this relation can be simply carried
over to the case of the nuclear target, this being an important
motivation behind the studies of diffractive J/ψ’s. However,
as will become clear below, in the nuclear case multiple scat-
terings of the dipole have to be taken into account. These
have no simple interpretation in terms of the modification of
the nuclear collinear glue.

Let us give a few more details on our calculation of diffrac-
tive J/ψ production. The overlap of wave functions has the
form [32]

ψ∗
V (z, r)ψγ (z, r) = eQ

√
4παemNc

4π2z(1 − z)

{
m2

QK0(mQr)ψ(z, r)

−[z2 + (1 − z)2]mQK1(mQr)
∂ψ(z, r)

∂r

}
,

and we have used parameters determined in Ref. [33], see
[18,19] for further details. There are two more corrections
which need to be taken into account. Firstly, the real part of
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the amplitude, which can be restored from analyticity

σ(x, r) → (1 − iρ(x))σ (x, r) , ρ(x) = tan
(πΔIP

2

)
, (15)

It is related to the energy dependence of the amplitude
through the effective intercept

ΔIP =
∂ log

(
〈V |σ(x, r)|γ 〉

)

∂ log(1/x)
. (16)

We also neglected the finite longitudinal momentum transfer.
Taking the latter into account, the amplitude will no longer be
related to the gluon density of the target, but to a generalized,
or skewed parton density. At low values of x , one can however
use ordinary “diagonal” partons and multiply the latter by a
factor:

Rskewed = 22ΔIP+3

√
π

· Γ (ΔIP + 5/2)

Γ (ΔIP + 4)
, (17)

which again is controlled by the effective intercept ΔIP. The
diffractive cross section then receives a correction factor

K = (1 + ρ2(x)) · R2
skewed. (18)

For the dipole cross section a large amount of models are
available. We use among others a recent fit [34] to combined
HERA structure function data, which uses the ansatz

σ(x, r) = σ0

(
1 − exp

[
−π2r2αs(μ

2)xg(x, μ2)

3σ0

])
, (19)

with

μ2 = C/r2 + μ2
0. (20)

We have also tried alternative parametrizations of Refs. [35–
38].

In Fig. 7 we compare our results to the available data
on diffractive J/ψ photoproduction. A good agreement is
obtained in the energy range of W = 30–200 GeV, in which
data predominantly originate from HERA. We will see that
it is this range of energy which is most important for the
calculations in UPCs.

3.2 Coherent and incoherent diffractive photoproduction on
the nuclear target

Let us briefly recapitulate the color dipole approach to coher-
ent photoproduction on the nucleus, which is a variant of
Glauber-Gribov multiple scattering theory. It sums up mul-
tiple scatterings of a color-dipole within the nucleus, see a
typical diagram in Fig. 5.

A general amplitude, at finite momentum transfer, for the
process γ Ai → V A f can be written as

A(γ ∗Ai → V A∗
f ;W,Δ) = 2i

∫
d2B exp[−iΔB]

Fig. 6 A Feynman diagram for the γ ∗ p → V p process. The photon
splits into a qq̄ color dipole of size r. The interaction is described by
the (unintegrated) gluon density of the proton

Fig. 7 Total cross section for the exclusive photoproduction γ p →
J/ψp as a function of γ p-cms energy W . The results for three different
dipole cross-sections are shown. See Ref. [19] for more details on the
data points

×〈V |〈A∗
f |Γ̂ (b+, b−)|Ai 〉|γ 〉

= 2i
∫

d2B exp[−iΔB]

×
∫ 1

0
dz

∫
d2rψ∗

V (z, r)ψγ (z, r)

×〈A∗
f |Γ̂ (B − (1 − z)r,B + zr)|Ai 〉. (21)

We introduced the notation:

r = b+ − b−, b = (b+ + b−)/2 ,

B = zb+ + (1 − z)b− = b − (1 − 2z)
r
2

(22)

The main task is now the evaluation of the nuclear averages
of the dipole scattering amplitude (or profile function in the
standard terminology of Glauber-theory).

Let us start with the case of coherent diffraction, Ai = A f .
The diffractive amplitude is now

A(γ ∗Ai → V Ai ;W,Δ) = 2i
∫

d2b exp[−ibΔ]
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×
∫

d2rρV γ (r,Δ)〈Ai |Γ̂ (b + r
2
, b − r

2
)|Ai 〉 , (23)

with the overlap of photon and VM wave functions

ρV γ (r,Δ) =
∫ 1

0
dz exp[i(1 − 2z)

rΔ
2

]ψ∗
V (z, r)ψγ (z, r).

The z-dependent phase factor is a relativistic kinematic
effect, which is not always accounted for correctly in the liter-
ature. However for heavy vector mesons within the presently
used overlap of light-front wave functions, which derives
from the γμ-vertex of the cc̄ → J/ψ transition, it is beyond
our accuracy and can be neglected.

One can then use the standard techniques of Glauber the-
ory. First one writes the nuclear profile function as a multiple
scattering expansion over free nucleon profile functions

Γ̂ (b+, b−) = 1 −
A∏

i=1

[1 − Γ̂Ni (b+ − ci , b− − ci )] ,

The nuclear averages of free-nucleon amplitudes are stan-
dard:

M(b+, b−) =
∫

d2cTA(c)ΓN (b+ − c, b− − c)

≈ 1

2
σ(r)TA(b) ,

and within the common dilute gas approximation of uncor-
related nucleons they only involve the optical density TA(b)
of a nucleus. Then, in the large-A limit one obtains the well-
known exponentiation

〈Ai |Γ̂ (b + r
2
, b − r

2
)|Ai 〉 = 1 −

[
1 − 1

A
M(b+, b−)

]A

≈ 1 − exp[−1

2
σ(r)TA(b)]. (24)

Here we have neglected the real part of the amplitude, which
can be however accounted for in a straightforward way,
see [19]. The differential cross section is obtained from the
amplitude according to

dσcoh

dΔ2 = 1

16π

∣∣∣A(γ ∗Ai → V A∗
i ;W,Δ)

∣∣∣
2
. (25)

In the numerical calculation, we also account for the longitu-
dinal momentum transfer by including a nuclear form factor.
This accounts for the suppression of the cross section, when
the coherency condition lc � RA is not fulfilled, see the
discussion in [30].

Let us now come to the incoherent diffraction. The eval-
uation of the nuclear amplitude for a concrete final state is a
difficult task, it is only the ground-state average of the profile-
function operator which can be evaluated in a straightforward
way. One can however address the cross section

dσincoh

dΔ2 =
∑

A f �=A

dσ(γ Ai → V A∗
f )

dΔ2 , (26)

where the sum goes over all possible nuclear final states and
continuum multi-nucleon states, such that the completeness
relation
∑

A �=A f

|A f 〉〈A f | = 1 − |A〉〈A|, (27)

can be employed. The incoherent cross section now is written
as

dσincoh

dΔ2 = 1

4π

∫
d2rd2r′ρ∗

V γ (r′,Δ)ρV γ (r,Δ)

×Σincoh(r, r′,Δ) , (28)

with

Σincoh(r, r′,Δ) =
∫

d2bd2b′ exp[−iΔ(b − b′)]

× C
(
b′ + r′

2
, b′ − r′

2
; b + r

2
, b − r

2

)
. (29)

Here the function

C(b′+, b′−; b+, b−) = 〈A|Γ̂ †(b′+, b′−)Γ̂ (b+, b−)|A〉
−〈A|Γ̂ (b′+, b′−)|A〉∗〈A|Γ̂ (b+, b−)|A〉

indeed contains only the ground-state nuclear averages, as we
required. The complicated multiple convolution structure of
Eqs. (28, 29) can be simplified in two limits. The first one
is the one of large momentum transfers Δ2R2

A � 1. In this
case one can follow the arguments of Glauber and Matthiae,
and derive a multiple scattering expansion

dσincoh

dΔ2 =
∑

n

dσ (n)

dΔ2

= 1

16π

∑

n

wn(Δ)

∫
d2bT n

A (b)|In(x, b)|2.

If we assume, that the single scattering on a free nucleon
within the diffraction cone has a Δ2 dependence ∝ exp
[− 1

2 BΔ2], we can obtain for the n-fold scattering aΔ2 depen-
dence according to

wn(Δ) = 1

n · n! ·
( 1

16πB

)n−1 · exp
(

− B

n
Δ2

)
.

The functions

In(x, b) = 〈V | σ n(x, r) exp[−1

2
σ(x, r)TA(b)]|γ 〉

=
∫ 1

0
dz

∫
d2rψ∗

V (z, r)ψγ (z, r)

×σ n(x, r) exp[−1

2
σ(x, r)TA(b)]

︸ ︷︷ ︸
nuclear absorption

.

control the weight of the n-fold scattering contribution.
Notice that there is a nontrivial interplay between the inco-
herent addition of n-fold scatterings, and the presence of a
coherent intranuclear absorption of the dipole amplitude.
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Fig. 8 Incoherent diffractive cross section for γ A → J/ψX for
A =208 Pb at W = 100 GeV. We show the contributions from 1 to
5 scatterings. Here a BGK-type dipole cross section was used

In Fig. 8 we show as an example the incoherent diffractive
photoproduction cross section for the γ 208Pb → J/ψ X
reaction at a γ Pb-cms energy of W = 100 GeV as a function
of t ≈ −Δ2. We show the contributions of up to 5 rescatter-
ings. The higher the number of rescatterings the broader the
distribution. We see that the integrated cross section will be
dominated by the n = 1 scattering.

The second interesting limit is the one of very small
momentum transfer Δ2R2

A � 1. In this case one would rather
use the exact expression for the single-scattering term:

dσincoh

dΔ2 = 1

16π

{
w1(Δ)

∫
d2bTA(b)|I1(x, b)|2

− 1

A

∣∣∣
∫

d2b exp[−iΔb]TA(b)I1(x, b)
∣∣∣
2

︸ ︷︷ ︸
vanishes for Δ2R2

A�1

}
.

Notice that at large Δ2 the subtraction term, which induces a
dip in the forward region vanishes and the single-scattering
term of Eq. (30) is obtained. The very fast convergence to
the large Δ2-limit is evident from Fig. 9. In the absence of
intranuclear absorption, one would obtain a standard expres-
sion for weak scatterers:

dσincoh

dΔ2 = A · dσ(γ N → V N )

dΔ2

∣∣∣
Δ2=0

·
{

1 − F2
A(Δ2)

}
,

where FA(Δ2) is the one-body form factor of the nucleus,
normalized as FA(0) = 1. As we have seen, the incoherent
cross section is dominated by the absorption-corrected sin-
gle scattering term. How large is the effect of intranuclear
absorption? This effect is quantified by the ratio

Rincoh(x) ≡ dσincoh/dΔ2

A · dσ(γ N → V N )/dΔ2
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Fig. 9 The incoherent cross section in the very low-t region. The solid
line shows the forward dip, while the dashed line is the single scattering
term of the large-t limit. A BGK-type dipole cross section was used
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Fig. 10 The nuclear suppression ratio for γ A → V X on lead as a
function of x = m2

V /W 2 for V = Υ (upper lines) and V = J/ψ
(lower lines). The dashed and solid lines refer to different choices of
the free-nucleon color dipole cross section

=

∫
d2bTA(b)

∣∣∣〈V |σ(x, r) exp[−1

2
σ(x, r)TA(b)]|γ 〉

∣∣∣
2

A ·
∣∣∣〈V |σ(x, r)|γ 〉

∣∣∣
2 ,

which is shown in Fig. 10. We show the results for J/ψ
mesons and for the bb̄-state Υ . As expected, the smaller
dipole sizes relevant in the Υ -case lead to a smaller intranu-
clear absorption (cf. “color transparency”). Intranuclear
absorption for J/ψ is not negligible, and for x < 0.01 the
dependence on the input dipole cross section is rather small.
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Table 1 Subenergies W± and
Bjorken-x values x± for√
sNN = 2.76 TeV for a given

rapidity y. Also shown are
photon fluxes n(ω±)

√
sNN = 2.76 TeV

y W+[GeV] W−[GeV] x+ x− n(ω+) n(ω−)

0.0 92.5 92.5 1.12 × 10−3 1.12 × 10−3 69.4 69.4

1.0 152 56.1 4.13 × 10−4 3.05 × 10−3 39.5 100

2.0 251 34.0 1.52 × 10−4 8.29 × 10−3 14.5 132

3.0 414 20.6 5.59 × 10−5 2.25 × 10−2 1.68 163

3.8 618 13.8 2.51 × 10−5 5.02 × 10−2 0.03 188

3.3 Coherent and incoherent diffractive photoproduction of
J/ψ in UPCs

We now come to the coherent photoproduction in UPCs.
There are two amplitudes, see Fig. 11 to be added coher-
ently, because each of the ions can be the photon source.
The interference between these amplitudes is concentrated
at very small transverse momenta [26,39]. It introduces the
azimuthal correlation between the outgoing ions, and in the
absence of absorptive corrections it would vanish after the
angular integration [39]. In our calculation of the rapidity
distribution we neglect the interference term, and write

dσ(AA → AAJ/ψ;√
sNN )

dy
= n(ω+)σ (γ A → J/ψ A;W+)

+n(ω−)σ (γ A → J/ψ A;W−). (30)

Here the WW fluxes are integrated over impact parameter
space and include the gap survival factor:

n(ω) =
∫

d2bPsurv(b)ωN (ω, b). (31)

The two terms in Eq. (30) correspond to the contributions
where the left-moving ion serves as the photon source and
the right-moving one as the target and vice-versa. The photon
energies corresponding to the two contributions are ω± =
mV exp[±y]/2, and the corresponding cm-energies for the
γ A → J/ψ A subprocesses are W± = 2

√
sNNω±.

For a better understanding of the relevant kinematics, we
show in Table 1 the values of W±, the associated Bjorken-x
values x± as well as photon fluxes n(ω±) for the example of√
sNN = 2.76 TeV. At midrapidity of course W± coincide,

and we are always well in the energy range that has been
explored at HERA for the free nucleon target. Notice, that at
larger rapidities it is always the low-energy reaction which
tends to dominate. This is due to the rather quick drop of the
nuclear photon fluxes at high photon energies and the rather
modest rise of the nuclear photoproduction cross section.

We show our results for two energies,
√
sNN = 2.76 TeV

and 5.02 TeV in Fig. 12. Also shown are data taken by
ALICE, CMS and LHCb. We find a good agreement with
experiment, except for the midrapidity ALICE result at

Fig. 11 The two amplitudes for coherent J/ψ production in UPCs

√
sNN = 2.76 TeV. We therefore suspect that at energies

W ∼ 100 GeV additional effects, such as explicit cc̄g-states
must be taken into account.

In Fig. 13 we show our result for the incoherent diffrac-
tive production of J/ψ at

√
sNN = 2.76 TeV A reasonable

agreement with ALICE data is obtained after accounting for
the K-factor of Eq. (18).

3.4 A very brief overview of other approaches

Here we give a brief overview of recent works on diffractive
J/ψ , and vector meson production in general, in ultrape-
ripheral heavy ion collisions. This however is not a complete
review of the available literature, nor can we, due to space
limitations, provide extensive discussions of the merits and
shortcomings of different approaches. For applications of
the color dipole approach to UPCs, some of them extend-
ing to light vector mesons and excited states, we refer the
reader to [40–52]. The momentum space formulation, k⊥-
factorization, which is equivalent to the dipole approach was
used in [53], where also qq̄g-states were included. A differ-
ent formulation of Glauber-Gribov theory is used in [54,55].
Other nonperturbative approaches to diffractive vector meson
production are put forward in [56,57].

Many of the details of the color-dipole approach have been
taken under scrutiny, especially different approaches to the
light-front wave functions of the vector meson have been
explored in Refs. [47,58–60]. In particular, Krelina et al.
[58–60] point to the spurious D-wave component present in
the γμ-vertex used in the spinorial structure of the vector
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Fig. 12 Upper panel: rapidity dependent cross section dσ/dy for
exclusive production of J/ψ in 208Pb208Pb-collisions at per-nucleon
cms energy

√
sNN = 2.76 TeV. The data are from ALICE [20,22] and

CMS [23]. Lower panel: the same for
√
sNN = 5.02 TeV. Shown are

the recent ALICE data [25] as well as preliminary data from LHCb [24]
(the latter mirrored to the negative rapidity axis)

meson wave function. Here a proper account of the Melosh
spin rotation and a separation of S and D waves is important
especially for excited states. This is in line with our calcula-
tions in the momentum space representation [62], using the
formalism of [61]. In addition, Refs. [58–60] investigate the
dependence on the meson’s light front wave function using
various potential models.

Many authors have suggested a direct relation of the
diffractive coherent amplitude to the collinear gluon distribu-
tion of the nucleus. For a useful representation of older data
in this context, see [54]. Evidently, in the approach reviewed
in this article, no explicit “leading twist” gluon shadowing

2− 1− 0 1 2

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

/d
y 

[m
b]

σd

= 2.76 TeVNNs

Fig. 13 Rapidity dependent cross section dσ/dy for incoherent
diffractive production of J/ψ in 208Pb208Pb-collisions at per-nucleon
cms energy

√
sNN = 2.76 TeV. We show the results with and without

the K -factor, Eq. (18). The ALICE data point is from Ref. [22]

is present, and there is no direct relation to the DGLAP-
evolving collinear nuclear glue. Indeed multiple scatterings
of the color dipole generate the leading twist shadowing for
light quarks [29,30] only. The ALICE data however sug-
gest, that around x ∼ 10−3, gluon shadowing effects may
be important. Recently a reasonable description including
gluon shadowing from a DGLAP fit of nuclear partons has
been obtained in [45].

Finally, a caveat on our treatment of incoherent diffraction
is in order. The use of the completeness relation in the sum
over nuclear states, Eq. (27), implies that no additional par-
ticles are produced in the final state. Guzey et al. [55] have
pointed out that the experimental data can be better described
after including nucleon dissociation processes.

4 Low transverse momentum dilepton production in
semicentral heavy-ion collisions

We now leave the domain of UPCs, and allow the impact
parameter between ions to be small, so that they overlap and
collide inelastically [63]. Still, the coherent WW photons
must be regarded as partons of the nucleus and can produce
dilepton pair even when ions collide and –from the dilepton
point of view– give rise to an “underlying event” of high
multiplicity, see the diagram Fig. 14.

The γ γ -fusion is of course not the only mode of
dilepton production in ultra-relativistic heavy-ion collisions
(URHICs). Indeed the investigation of dilepton production in
URHICs has a long history as a probe of the hot QCD medium
produced in the highly inelastic nuclear collisions [64,65].
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There exists a firmly established thermal radiation compo-
nent from the interacting fireball [66,67]. One distinguishes
the low-mass region, i.e. invariant masses M < 1 GeV,
where hadronic radiation dominates. This mass region can
be described by the “melting” of the ρ resonance [68]. In the
intermediate-mass region, quark-gluon plasma (QGP) radi-
ation dominates [69,70].

Dilepton production is also well established in UPCs [71–
73], where no fireball is created. Due to the cutoff on WW-
photon transverse momenta this radiation is characterized by
very small pair transverse momentum, PT , and falls off much
steeper than for thermal radiation emitted from strongly inter-
acting fireballs. Calculations using WW-fluxes with realistic
form factors give a good description of the UPC data [10,74].
The role of WW-photons in peripheral collisions has been
recently explored in [75,76].

In Ref. [63] we addressed the interplay of these two pro-
cesses in peripheral and semi-central heavy-ion collisions,
where thermal radiation is suppressed compared to central
collisions while the coherent photon emission is still appre-
ciable in the very low-PT region.

It is interesting to note, that also J/ψ photoproduction in
UPCs gives a significant contribution to the low-PT yields
in semi-central collisions at the LHC [77,78], in agreement
with the ALICE data [79].

When calculating the cross section for dilepton production
via fusion of WW photons, we now omit the “gap survival
probability”, and allow the impact parameter b to take any
value:

dσll

dξd2b
=

∫
d2b1d

2b2 δ(2)(b−b1−b2)N (ω1, b1)N (ω2, b2)

×dσ(γ γ → l+l−; ŝ)
d(−t̂)

, (32)

with the phase space element dξ = dy+dy−dp2
t where y±,

pt and ml the single-lepton rapidity, transverse momentum
and mass, respectively, and

ω1 =
√
p2
t + m2

l

2
(ey+ + ey−) ,

ω2 =
√
p2
t + m2

l

2
(e−y+ + e−y−) , ŝ = 4ω1ω2 . (33)

We obtain the dilepton yield in centrality class C by integrat-
ing over an interval [bmin, bmax] associated with the given
centrality:

dNll [C]
dM

= 1

fC · σ in
AA

∫ bmax

bmin

db
∫

dξ δ(M − 2
√

ω1ω2)
dσll

dξdb

∣∣∣
cuts

,

Fig. 14 An inelastic nucleus-nucleus collision including lepton pair
production from coherent WW photons of the ions

The fraction of hadronic events in centrality class C

fC = 1

σ in
AA

∫ bmax

bmin

db
dσ in

AA

db
, (34)

is used to determine [bmin, bmax] and σ in
AA by using the optical

Glauber model,

dσ in
AA

db
= 2πb(1 − e−σ in

NNTAA(b)) . (35)

In Fig. 15 we compare the different dilepton contribu-
tions, to data recently released by the STAR collaboration.
While thermal radiation (and the hadronic decay “cocktail”)
dominate the yield for PT >0.2 GeV at all centralities, while
the γ γ -fusion gives rise to the pronounced enhancement at
PT < 0.15 GeV. Note that a recent transport calculation [81]
confirmed that hadronic sources (thermal emission plus cock-
tail) cannot explain the low-PT excess observed by STAR in
peripheral Au–Au collisions. No photoproduction processes
were considered in that study.

Finally, a comment on the transverse momentum spectra
is in order. In [63] the PT distributions were calculated essen-
tially from a convolution of transverse momentum dependent
WW fluxes:

dσll

d2PT
=

∫
dω1

ω1

dω2

ω2
d2q1t d

2q2t
dN (ω1, q2

1t )

d2q1t

dN (ω2, q2
2t )

d2q2t

×δ(2)(q1t + q2t − PT )σ̂ (γ γ → l+l−)

∣∣∣
cuts

, (36)

with

dN (ω, q2
t )

d2qt
= Z2αEM

π2

q2
t

[q2
t + ω2

γ 2 ]2
F2

em(q2
t + ω2

γ 2 ). (37)

123



231 Page 12 of 14 Eur. Phys. J. A (2020) 56 :231

Fig. 15 Upper 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, |ηe| <1
and |ye+e− | <1) for γ γ fusion (solid lines), thermal radiation (dotted
lines) and the hadronic cocktail (dashed lines); Lower panel: PT spectra
of the individual contributions (line styles as in the previous figure) in
3 different mass bins for 60–80% central Au+Au collisions (

√
sNN =

200 GeV), compared to STAR data [80]

This approach neglects the nontrivial interplay between
impact parameters and photon polarizations. In a more
refined treatment, one must take into account that the γ γ -
system at a fixed impact parameter distance of its sources is
prepared as a b-dependent mixture of Jz = 0 and Jz = ±2
states. Therefore a full density-matrix approach is called
upon. Other potentially important effects such as Sudakov
resummation of soft photon emissions and a possible rescat-

tering of dileptons in the plasma have been recently discussed
in Ref. [82].

5 Summary

We hope we could give the reader a useful overview on the
rich possibilities of photon-induced processes in heavy-ion
collisions. Firstly, even when nuclei do not touch each other,
they have very large inelastic cross sections. The electro-
magnetic dissociation cross section is about ∼ 200 barn at
LHC. Exploiting the high-energy tail of the photon spec-
trum, photoproduction of J/ψ tells us about interaction of
small dipoles with the nuclear medium, potentially about the
nuclear gluon distribution. Further data, such as a measure-
ment at central rapidities at

√
sNN = 5 TeV, of transverse

momentum distributions as well as production of ψ(2S)

would be very interesting. Much additional information on
the topic of gluon shadowing is of course expected from
a future electron-ion collider [83], where photon virtuality
appears as another experimental handle.

The coherent WW photons are also important beyond
UPCs–they nicely explain the low-PT enhancement of dilep-
tons in peripheral and semicentral collisions. The exploration
of these processes has just begun.

Finally let us mention some major omissions: firstly, there
is the recent observation of light-by-light scattering, see the
short review [84]. Secondly, in proton nucleus collisions,
heavy ions open a possibility to study high-energy photopro-
duction on the proton. See e.g. [85] for a proposal to measure
the photonic parton distribution in a nucleon.
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