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Abstract Ultra-relativistic heavy-ion collisions are ex-
pected to produce the strongest electromagnetic fields
in the known Universe. These highly-Lorentz con-
tracted fields can manifest themselves as linearly polar-
ized quasi-real photons that can interact via the Breit-
Wheeler process to produce lepton anti-lepton pairs.
The energy and momentum distribution of the pro-
duced dileptons carry information about the strength
and spatial distribution of the colliding fields. Recently
it has been demonstrated that photons from these fields
can interact even in heavy-ion collisions with hadronic
overlap, providing a purely electromagnetic probe of
the produced medium. In this review we discuss the
recent theoretical progress and experimental advances
for mapping the ultra-strong electromagnetic fields pro-
duced in heavy-ion collisions via measurement of the
Breit-Wheeler process.

Keywords Heavy-ion collisions - Quark-gluon
plasma - Two-photon interactions - Electromagnetic
Fields - Photon Polarization
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1 Introduction

Heavy-ion collisions are expected to produce the
strongest electromagnetic (EM) fields in the known
Universe, of order 10'° Tesla [1l2,3]. In both Quan-
tum Electrodynamics (QED) [45] and Quantum Chro-
modynamics (QCD) [6l[7], such strong EM fields are
expected to lead to various exotic phenomena and
have therefore been a source of intense study over the
decades. Recently, there has been a large amount of ex-
perimental and theoretical interest in emergent magne-
tohydrodynamical QCD phenomena [8] that may arise
in heavy-ion collisions (HIC). Specifically, the Chiral
Magnetic Effect (CME) [9,[10], an anomalous electric
current driven by chiral imbalances, has been searched
for and studied extensively [IT,12/[13]. However, the re-
alization of such phenomena requires the presence of ex-
tremely strong electromagnetic fields simultaneous with
the production of a quark-gluon plasma (QGP). While
heavy-ions are expected to produce sufficiently strong
fields for these exotic phenomena, previously there has
not been any clear experimental measurement of the
field strengths.

While the primary interest in high-energy heavy-ion
collisions is the production of a quark gluon plasma,
the high Z nuclei also provide an ideal laboratory for
studying photon mediated process due to the oc Z? en-
hancement of coherent quasi-real photons which com-



prise the highly-Lorentz contracted EM fields. Exclu-
sive photon mediated processes, especially the vy —
71~ processes (hereinafter 4 process), have been stud-
ied in so-called ultra-peripheral collisions (UPC) for
some time [I4[I5LI6L17]. In ultra-peripheral collisions
the nuclei pass one another with an impact parameter b
large enough that no nuclear overlap occurs, roughly for
b > 2R, with R4 being the nuclear radius. It was real-
ized only recently that such v~ processes can occur and
even be observed in head-on heavy-ion collisions. The
STAR [I8], ATLAS [19] and ALICE [20] collaborations
have demonstrated that the v+ processes can be statis-
tically isolated in semi-central to central collisions from
the “underlying event” produced by the hadronic inter-
actions. These measurements also reported significant
broadening of the dilepton transverse momentum (P, )
distributions compare to the same processes in UPCs,
leading to speculation on the mechanism responsible for
the modifications.

The unsuccessful description of the STAR data by
STARlIight led to the attribution of the P, broaden-
ing to the possible residual magnetic field trapped in
an electrically conducting QGP [3]. Similarly, the AT-
LAS collaboration qualified the effect via the acopla-
narity of lepton pairs « in contrast to the measure-
ment in UPC and explained the additional broadening
through multiple electromagnetic scatterings in the hot
and dense medium. However, each of these descriptions
of the broadening effect assume that there is no im-
pact parameter dependence of the transverse momen-
tum distribution for the electromagnetic production of
lepton pairs. Additional measurements from STAR [21]
and CMS [22] have since demonstrated that significant
P, broadening results from the impact parameter de-
pendence of the process, even in the absence of a quark
gluon plasma or other medium. This impact parameter
dependence can be understood in terms of the spatial
distribution of the colliding fields and therefore provides
an avenue for experimentally measuring the strength
and spatial distribution (i.e. “mapping”) of the strong
EM fields for the first time. Furthermore, STAR [21]
has measured angular modulations in the daughter lep-
ton momentum with respect to the dilepton pair mo-
mentum, experimentally confirming that the colliding
photons are linearly polarized. Since the photon polar-
ization is defined in terms of the radial electric field em-
anating from the nucleus, with magnetic field circling
it, detailed measurement of the photon polarization ef-
fects provides a new tool for the discovery of vacuum
birefringence and a method for mapping the two dimen-
sional distribution of the transverse EM fields.

An understanding of the physics involved in the vy
processes is necessarily based on a theoretical or phe-

nomenological framework. Over the last few decades
there have existed two main frameworks: equivalent
photon approximation (EPA) and lowest-order QED
(LOQED). The equivalent photon approximation has
been used for many decades to simplify the calcula-
tion of photon mediated processes. For instance, the
two-photon QED processes in high-energy eTe™ col-
lisions [23,24] can be formulated in terms of the col-
lision of Weizsédcker-Williams photons as summarized
by the Particle Data Group [25] (section 50.7). Specif-
ically, Eq. 50.44 of Ref. [25] exemplifies the use of the
EPA in eTe™ collisions. In this picture, the photons
are assumed to be emitted from the centers of the in-
coming electron (positron) and then collide. It requires
minimum and maximum virtuality with a finite four-
momentum transfer (—k?) for the photons to be emit-
ted from the electron and positron (see Eq. 50.44 to
Eq. 50.45 in Ref. [25]). This is necessary because the
photon flux in such a formalism diverges at both high
and low photon k2. Such an approach has been adapted
in models for ultra-peripheral heavy-ion collisions with
the exclusion of the field inside the nucleus [26/27] (such
as STARIight, which has been commonly used for com-
parison with high-energy experiments for the last two
decades) or with the addition of nuclear charge form
factors [28]. In all EPA calculations for ultra-peripheral
heavy-ion collisions the Breit-Wheeler two-photon cross
section (applicable only for real photons) has been used.
This approach can describe the cross section reasonably
well with the decay kinematics (specifically the the po-
lar angular distribution) computed in an ad hoc way
by using the angular distribution predicted by LOQED
for the collision of real photons [231[26].

However, there are fundamental differences in the
assumptions used to implement the EPA in an eTe™
collider versus in heavy-ion UPCs. While the EPA for-
malism for an ete™ collider explicitly requires deflec-
tion of the scattering electron (positron) beam particles
leading to minimum and maximum four-momentum
transfer (finite virtuality) [24], the EPA implementa-
tion traditionally used to describe UPCs is formulated
in terms of the external field approximation, which
requires the colliding heavy ions to maintain their
straight-line trajectory both before and after the col-
lision [29]. Unlike in the case for an ete™ collider, the
photon flux does not diverge in UPCs because the low-
energy photon flux is regulated by the finite Lorentz
factor of the ions (k% > (w/v)? = (2 MeV)?), where
w is the photon energy and < is the ion Lorentz fac-
tor) and the high-energy photon flux is naturally cut
off by the finite size of the ion’s charge distribution
(k* < (1/Ra)* ~ (30 MeV)?2, R4 is the nuclear ra-
dius)(e.g. Eq. (38)—(45) in Ref. [29]). Similarly, in the



high-power laser-driven nonlinear Breit-Wheeler pro-
cess [30], the photon generated by the electron-laser
collisions serves as an intermediate propagator and its
divergence is cutoff by the finite duration of the laser
pulse [31] with a laser pulse length about 10 times that
of the laser photon wavelength. While the implemented
EPA approaches have provided a relatively good de-
scription of the measured vy process in UPCs over the
years, they have been unable to describe various exper-
imental results, such as the recently observed broaden-
ing of the pair transverse momentum with impact pa-
rameter. While impact parameter dependence in rela-
tivistic heavy-ion collisions of the cross section has been
implemented with additional factors, this kind of imple-
mentation fails to describe the transverse-momentum
spectra and fails to produce any impact parameter de-
pendence on the spectra as observed in experiments.
Additionally, the traditional EPA approach ignores the
spin-momentum correlation of the photons. These as-
pects of the process kinematics are especially impor-
tant, since, if the photon transverse momentum is de-
termined by the uncertainty principle and virtuality, it
would not depend on collision impact parameter nor
would it correlate with the orientation of the Coulomb
field. This deficiency has been pointed out in recent the-
oretical attempts to produce a generalized EPA (gEPA)
framework for heavy-ion collisions [32,33]. Additionally,
the traditional EPA approach is also unable to pro-
vide any azimuthal dependence resulting from the pho-
ton spin. Though not internally consistent, an approxi-
mate azimuthal dependence can be achieved in the tra-
ditional EPA approach by introducing the transverse-
momentum distribution (TMD) from the Poynting vec-
tor of the field as is done in Ref. [34] and similarly in
SuperChic3 [35].

In addition to the phenomenological approaches us-
ing the traditional EPA method, the vy processes may
also be computed via Lowest-Order QED Feynman dia-
grams [32,30,33L37]. In this case, the semi-classical elec-
tromagnetic fields resulting from the Lorentz-boosted
Coulomb field are used as input to the lowest or-
der Feynman diagram calculations. Some models [32]
33] directly use the full four-momentum vector gener-
ated by the field as input to the (real photon) vertex
function while others [29)[37] use the real-photon and
its three-momentum vector instead. Many comparisons
have been carried out via analytic formula [29], numeri-
cal calculations between gEPA and LOQED with virtu-
ality (at b = 0) [32], and LOQED with and without vir-
tuality [331[37]. All these have shown that the difference
in the physical observables, including the transverse-
momentum distributions, between full four-momentum
vector input and real-photon input is negligible in

RHIC and LHC kinematics (e.g. see the derivation of
the exact form of the matrix element for vy — [T1~
process in Eq. 28-33 from Ref. [32]). Specifically, Eq. 25
in Ref. [29] shows that in the transition current, the
term which dominates is the first term with the magni-
tude of the transverse component of the Poynting vec-
tor (k1) at about a factor of 1/ times its longitudi-
nal magnitude (k; ~ w/7v). Neglecting the other terms
which are suppressed by 1/4%, one can arrive at the
vertex function for real (massless) photons interactions
(i.e. Eq. 28 in Ref. [29]) and can consequently justify
the real-photon approximation for all the physics ob-
servables in the specified kinematic range. Throughout
this review, the colliding photons that satisfy the above
conditions are referred to as “quasi-real”, meaning that
they behave as real photons with respect to all final
state observables since their virtuality, though not ex-
actly zero, is inconsequential even for ete™ pair pro-
duction (since electrons have the lightest mass of all
leptons, any photon virtuality would have the largest
impact on ete™ production). Breit and Wheeler first
introduced the concept of pair production from the fu-
sion of two real photons [38], i.e. the : vy — eTe™
process. In this review we use “Breit-Wheeler process”
to refer to the family of vy — [TI™ processes where
l=e,u,T.

There have been several reviews of the photon-
photon process in heavy ion collisions [16l39L[40,41] fo-
cusing on opportunities available at RHIC and LHC,
including some that discuss recent developments, e.g.
[42]. In this review we focus on the connection between
the Breit-Wheeler process and the EM fields of the
ultra-relativistic heavy-ions. The primary focus of this
review is to discuss recent developments that demon-
strate the viability of using <~ interactions to exper-
imentally map the electromagnetic fields produced by
heavy-ion collisions in order to provide novel input to
fundamental investigations in both QED and QCD.
This review is structured as follows: First we introduce
the concept of pair production in vacuum by strong
fields followed by a brief review of the equivalent pho-
ton approximation. Next we discuss the impact param-
eter dependence of the dilepton kinematics, followed by
a discussion of the photon polarization effects. Finally,
we close the paper with discussion on the experimental
mapping of the strong EM fields, and end with a brief
discussion of some future prospects.

2 The vy — IT1~ Process

The concept of eTe™ pair production from the vacuum
in the presence of a uniform and constant electric field
was first introduced by Sauter [43] and later developed



by Euler and Heisenberg [44]. Finally, the paradigm
of ete™ pair production in Quantum Electrodynam-
ics was developed by Schwinger [45]. The Schwinger
mechanism, applicable for constant and spatially uni-
form electric fields, leads to pair production above a
critical electric field of

m23

eh

E.= ~ 1.3 x 10'® V/em. (1)
For comparison, the order of magnitude estimation for
the maximum achieved electric field in heavy-ion colli-
sions is given by[40]

Ze
Enax = bT’y’ (2)
where Z is the charge of the ion moving along a straight
line trajectory, -y is the Lorentz boost factor, and b is the
distance from the ion’s center. For values appropriate
at RHIC (Z = 79, v = 100, b = 15 fm) one finds a
maximum field strength of Ep . = 4.9 x 10'6 V/cm.
Similarly, for values appropriate at the LHC (Z = 82,
~ =~ 3000, b = 15 fm) an even stronger field of E.x =
1.5 x 10*® V/em is found.

While these fields are well above the critical field
strength for Schwinger pair production, they are far
from constant — acting over a short timescale of ap-
proximately At ~ b/(yv). With v ~ ¢ this gives
At ~1072(1072%)s at RHIC (LHC). These fields vary
far too rapidly to be considered constant with respect
to electrons (positrons) (with a Compton wavelength of
Ac = 386 fm [47]). Instead the process must be consid-
ered in terms of light quanta. The production of lepton
anti-lepton pairs from light quanta has been studied
for nearly a century, originating with the seminal works
of Breit and Wheeler[48] and Landau and Lifshitz[49],
both in 1934.

2.1 Equivalent Photon Flux

Traditionally, in heavy-ion collisions the lowest order
pair production process, the vy — 71~ process (where
I = e, u,7), has been studied via the method of equiva-
lent photons, developed by Fermi [51], Weizsacker [52],
and Williams [53]. According to this method, com-
monly referred to as the equivalent photon approxima-
tion (EPA), the two photon interaction can be factored
into a semi-classical and a quantum component. The
equivalent flux of photons is dealt with in terms of an
external classical field, while the quantum part of the
calculation deals with the elementary cross section for
the Breit-Wheeler process (in the case of quasi-real pho-
tons). The cross section for the polarization averaged

two-photon process in heavy-ion collisions is then given
by

OA+ASAFAHITI- =

3

/dwldwgnl(wl)ng(wg) X Oy — 1+~ (W;m), ( )
where W is the invariant mass of the produced lepton
pair and n1(w;) and na(ws) are the equivalent number
of photons with energies w; and ws from the field of
nucleus 1 and 2, respectively. When the pair transverse
momentum P, is small compared to the lepton pair
invariant mass W, the photon energies are related to
the lepton pair invariant mass and rapidity y as

w
wig = —etY, (4)
’ 2
and
1 w1
= —In—. 5
2 Ws ( )

In the external classical field approximation, the heavy
nuclei are assumed to travel at constant velocities
in straight-line trajectories. The polarization-averaged
fundamental cross section for the fusion of two real pho-
tons into an [T~ pair with invariant mass W and lepton
mass m is given by the Breit-Wheeler formula [48,23]

dra?, 8m?  16m*
w2 |\ 2T T
W+ VW?2 — 4m? 4m? 4m?
x In Al = — |1+ = |-
2m w2 w2
(6)

The number of equivalent photons is determined by
equating the energy flux of the transverse electromag-
netic field of the moving highly charged ion through an
infinitesimal transverse plane element with the energy
flux of a photon bunch through the same transverse
plane element. For a plane wave, the time-averaged en-
ergy flux of the field, described by the Poynting vector,
is proportional to the square of the Fourier transformed
electric field [54]. Therefore the distribution of equiva-
lent photons from the field of one nucleus reads

olyy = 1117) =

1
n(w;by) = E|EL(b¢,w)|2

4ZQO‘em
= (7)

d27ﬁ F(k? +w®/7%) iy, ’
)2 ko k2 + w2 /2 €
where F(k?) is the charge form factor of the nucleus

and the photon four-momentum (k) is k = (w, k1 ,w/v),
where w is the photon energy, v is the Lorentz-boost

)
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Fig. 1: (color online) (a) The measured vy — eTe™ cross section (blue circles) for ultra-peripheral Pb-Pb collisions
in \/syny = 2.76 TeV for —0.9 < n < 0.9 for events in the invariant mass interval 2.2 < M;,, < 2.6 GeV/c2
compared to STARlight [26] simulation (black line). The blue (green) bars show the statistical (systematic) errors,
respectively. Reproduced from Ref. [14]. (b) The differential cross section for the vy — utu~ process shown as a
function of | cos ¥%, | in bins of invariant mass (m,,,,) compared with the cross section prediction from STARIight [26]
for |y,.| < 0.8. Statistical uncertainties are shown in error bars while total systematic uncertainties are shown as

gray bands. Reproduced from Ref. [50].

factor, and v is the velocity of the nucleus. In Eq[7]
the inherent connection between the total vy — It~
cross section, the charge distribution, and the electro-
magnetic field generated by an ultra-relativistic charged
nucleus is evident.

The nuclear charge form factor is computed via the
Fourier transform of the charge distribution as

F) = [ dre*Tpa) (8)

The two-parameter Fermi distribution, also known as
the Woods-Saxon distribution [55], is commonly used
to describe the charge distribution of high-Z nuclei

- v o)
1+ exp[(r — Rws)/d]’
where the radius Rws (Au: 6.42 fm, Pb: 6.66 fm ) and
skin depth d (Au: 0.41 fm, Pb: 0.45 fm [50]) are based
on fits to electron scattering data [57L58], and p° is
the normalization factor. In general, the Fourier trans-
form of the Woods-Saxon distribution must be com-
puted numerically, since it does not have an analytic
form. For this reason, many calculations instead prefer
to approximate the Woods-Saxon distribution with a
hard sphere, with radius R4, convolved with a Yukawa
potential with range a (in fm) [59]. This charge dis-
tribution provides a very good approximation to the

pa(r)

Woods-Saxson distribution (See [27] for a direct com-
parison) and has the analytical form

47 p° 1
(k) = Al (1 +a2k2>

X [sin (|k|RAa) — |k|Ra cos (|k|RA)],

(10)

with A as the mass number and where k is the
4—momentum transfer. Finally, the probability for pro-
ducing a lepton pair with invariant mass W and ra-
pidity y results from the convolution of the equivalent
photon distributions with the elementary cross section,
yielding

1% L.
P(W,y,b) = 3 /deun(whbu)n(Wz, |b—0b11])

X O-'y'y—>l+l* (W) .

(11)

Traditionally, photon mediated processes, such as
the vy — IT1~ interaction, have been studied in ultra-
peripheral collisions, where the nuclei pass one another
with an ion-ion impact parameter b large enough that
there are no hadronic interactions. While this corre-
sponds roughly to the case when b > 2R 4, precise treat-
ment of the minimum impact parameter range is influ-
enced by the hadronic overlap probability as a function



of impact parameter. Taking this into account, the in-
variant yield for vy — 71~ interaction in UPCs can be
written as

2N
AW dy

-,

= /d2bp(W, y,b) x Pop(b), (12)

where Pyp(b) is the probability of not having hadronic
interactions, which tends to unity for b > 2R4. The
probability to have no hadronic interaction is

Porr(b) =1 — Py (b). (13)

The hadronic interaction probability (Pg (b)) is given
by

Pu(B) =1—exp [U—NN [Ermaarar-n). o

where onn is the inelastic hadronic interaction cross
section and T4 () is the nuclear thickness function de-
fined as

T (F) = / dzp(F, ). (15)

In hadronic collisions, the invariant yield in a given im-
pact parameter range is is given by

-

BN [y d20P(W,y,b) x P (b)

— min — , (16)
AW dy Sy d2b Py (b)

bnm'

where b,,;n, and b4, are the minimum and maximum
of the impact parameter range, respectively. Numer-
ical calculations implementing the equivalent photon
approximation according to the above framework, e.g.
STARIlight [26], have successfully described the mea-
sured vy — [T1~ cross section from several experi-
ments over many years to about the 20% level[T4[17,
50]. Figure [1| shows comparison between measurements
of the v processes at LHC and STARIight predic-
tions. Figure shows measurements of the vy — ete™
process by the ALICE collaboration as a function of
the pair invariant mass (W = M,.) along with the
STARIight curve. Figure[Ip shows measurements of the
vy — uwTpu~ process by the ATLAS collaboration com-
pared to STARlight predictions as a function of the
cosine of the dimuon scattering angle in the vy rest
frame, | cos?},,[, within the ATLAS acceptance and for
|yup] < 0.8. In both cases the STARIlight model pro-
vides a reasonable description of the data both in terms
of total cross section and differential shape for the in-
variant mass and rapidity.

2.2 Kinematics of the [T]~ Pair

In the photon-photon fusion process, the produced lep-
ton pair inherits the four-momentum sum of the col-
liding photons. Specifically, the pair transverse momen-
tum, P, , is the vector sum of the two photon transverse
momenta

P =k +kay, (17)

where k1, and ko, are the transverse momenta of
the photons from the field of nucleus 1 and 2, respec-
tively. Since ultra-relativistic charged nuclei produce
highly-Lorentz contracted electromagnetic fields, the
coherently generated photons have momentum predom-
inantly in the beam direction with a transverse compo-
nent of order w/y where w is the photon energy and
v is the Lorentz factor of the target and projectile nu-
clei. For this reason the produced pairs have a small
transverse momentum component (P, ~ w/~) and the
daughter leptons are nearly back-to-back. The devia-
tion from back-to-back can be quantified in terms of
the acoplanarity

PR Cald | (18)

T

where ¢T and ¢~ are the azimuthal angles (angle in
plane transverse to the beam) of the two daughter lep-
tons. It should be noted that 7 ~ P, /W in an experi-
mental setup where the sagitta of a particle’s trajectory
is much larger than the effect of multiple scattering in
the detector material and from resolution of the exper-
imental measurement. A proper handling of the photon
transverse momenta is crucial for accurately describing
the lepton pair momentum and « distributions. In the
next sections we discuss the theoretical challenges and
approaches to computing the photon k, distributions
and the resulting pair distributions.

The allowed spin states for quasi-real photons and
the predominantly longitudinal alignment of the photon
momentum result in a distinctive polar angle distribu-
tion (@), the angle of a daughter lepton with respect to
the beam). The polar angle distribution of these lep-
ton pairs in the photon-photon center-of-mass frame,
computed via LOQED, is given by [23]
4m?

W)
(1- ‘%}[}f )sin?(6)cos?(0) + ‘%/},”:‘
1 (1- mcos2(0)?
for pair invariant mass W and lepton mass m. This
G(6; W, m) distribution results in a distinctive pair ra-
pidity (yy) distribution which results from the quasi-

real photon kinematics. Even though most experimen-
tal setups are limited to measurement of particles at

G(O;W,m) =2+4(1 —
(19)




large angles with respect to the beam, evidence for
the distinctive peaking of the pair production at for-
ward /backward angles predicted by the G(6; W, m) dis-
tribution can still be clearly observed (see Fig. and
Ref. [21]).

2.3 Traditional EPA Calculations

Traditional EPA calculations, e.g. STARIlight or those
from Ref. [60] determine the photon %k, distribution us-
ing the so-called k, -factorization method (throughout
this review we use the term “k | -factorization” as de-
fined in Refs. [60,/61]). In this approach the one-photon
distribution is integrated over all transverse distances,
ie. 0 < by < oo to obtain the k, distribution (Eq. 16
of Ref. [20])

AN 1P R
dk,  2m2 (k2 +w?/92)2

This approach is motivated by the connection between
k, and b as conjugate variables, related by the uncer-
tainty principle[62]. For this reason, one cannot readily
compute a b, dependent k, distribution. At this point
it is useful to note that in the EPA, the ion-ion impact
parameter is related to the photon-photon interaction
location via b = l_)'u_ — EQL - i.e. assuming that the pho-
tons are emitted from the center of each nucleus and in-
teract locally. Even despite this relationship, ky 1, ko,
and P, are not directly conjugate to the ion-ion im-
pact parameter b, which may be precisely constrained
in some experimental setups. By virtue of integrating
out the b, in the one photon distribution, the k-
factorization approach leads to a P, distribution which
is naturally independent of the ion-ion impact param-
eter b. It has been shown that such an approximation
of the k| distribution differs from the full calculation
by order w/v - precisely the same order of magnitude
as k, itself [29/47]. Despite this, the k, -factorization
approach has achieved some limited success in approxi-
mately describing the measured P, and «a distributions
from various measurements over the last ~ 20 years [17,
63164150, T4.65].

The first UPC measurement of vy — eTe™ by
STAR in 2004 [I7], with only 52 pairs reconstructed,
was the first hint that this impact parameter inde-
pendent P, distribution could not fully describe the
data. At that time the disagreement between this k| -
factorization approach and the full lowest-order QED
calculations was attributed to significant virtuality
which altered the dilepton kinematics [6617]. Indeed,
in several places over a few decades it has been reported
that the quasi-real photons can be treated as real in all

(20)

cases except with respect to ete™ production [G@4T].
However, those conclusions are largely based on the as-
sumption that the disagreement between the EPA cal-
culation and the full lowest-order QED result are due to
neglecting the photon virtuality in the EPA case. How-
ever, as discussed in the introduction, extensive com-
parisons of various models and LOQED calculations
have shown that in the kinematics regimes relevant for
production of mid-rapidity pairs with large invariant
mass at RHIC and LHC energies, the process and all
physical observables are consistent with real photon col-
lisions to high precision (corrections due to virtuality
are suppressed by powers of the Lorentz factor, order
of 1/~?%) [29]. Instead the breakdown of the EPA may be
due to its inability to describe the changing photon k
distribution as a function of ion-ion impact parameter,
and not because of significant photon virtuality - even
in the case of eTe™ pair production. In the next section
we discuss several notable experimental and theoretical
developments related to the impact parameter depen-
dence of the vy — [T]~ processes.

3 Impact Parameter Dependence
3.1 Neutron Tagging in Ultra-Peripheral Collisions

Recently, various experimental techniques have been
developed to test the impact parameter dependence of
the photon flux and kinematics of the produced dilep-
tons. For highly charged nuclei, Zaen, &~ 0.6 (Cem =~
1/137 and Zxy, = 79, Zpp, = 82), meaning that the den-
sity of photons is appreciable, and therefore, the nuclei
may exchange multiple photons in a single passing. In
UPCs, the quasi-exclusive 7y — [T]~ process may be
selected in collisions where additional exchanged pho-
tons lead to the excitation and subsequent dissocia-
tion of the nuclei. Mutual Coloumb excitation (MCE)
is the process by which at least two photons (in ad-
dition to those mediating the semi-exclusive process
of interest) cause one or both nuclei to become ex-
cited [69]. The cross section is dominated by the Giant
Dipole Resonance (GDR) [70] which peaks at low en-
ergy (E, ~ 14 MeV/c for gold and lead nuclei). The
GDR excitation is responsible for several final states
with one or two neutrons emitted and has been mea-
sured with high precision by various experiments [71].
Regardless of the specific excitation channel, the pres-
ence of forward and/or backward neutrons (XnXn +
Xn0n, where the XnY n notation denotes events with X
neutrons in one direction and Y neutrons in the other
direction) provides a convenient experimental trigger
for selecting UPC events that may contain the quasi-
exclusive 7y processes of interest. For this reason, many
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Fig. 2: (color online) (a) The impact parameter dependence of the OnOn, Xn0On, and XnXn neutron emission
scenarios from the STARlight model. Reproduced (with modified line styles) from Ref. [42]. (b) Neutron emission
probability for 2°Pb as a function of the ion-ion impact parameter in Pb+Pb collisons at V/snN = 5.02 TeV for
different neutron multiplicities. Reproduced from Ref. [68].

experiment are well equipped to detect such beam ra-
pidity neutrons via zero-degree calorimeters [(2L[73l[74]
75L[76]. However, since hadronic collisions also produce
substantial activity in the forward /backward directions,
selecting UPC events while simultaneously rejecting
events with hadronic overlap generally requires addi-
tional detectors in order to verify that no other ac-
tivity is present besides the quasi-exclusive process of
interest (i.e. that a rapidity gap is present). Further-
more, some experiments are well equipped to detect
UPC events without any coinciding nuclear dissociation
(OnOn events), providing access to the truly exclusive
process of interest [50L22].

The STARIlight model provides calculations of the
total vy — [TI~ cross section for several common
breakup modes including OnOn, Inln, XnXn, and
OnXn, for gold and lead nuclei based on parameteri-
zations of experimental measurements [77]. Figure
shows the impact parameter dependence of various for-
ward and backward neutron emission scenarios from the
STARIlight model while Fig.[2b shows the neutron emis-
sion probability for 2°8Pb as a function of the ion-ion
impact parameter in Pb + Pb collisons at \/sxn = 5.02
TeV from [68]. STARlight contains several common
neutron emission scenarios and implements the corre-
sponding impact-parameter dependence for the total
cross section calculation but not for the process kine-
matics. The SuperChic3 model, another common EPA
implementation, does not provide specific calculations
for any neutron emission scenarios.

Various dedicated models [78|[79,80] exist for the
sole purpose of computing the full neutron emission
spectra and can be used for more detailed calcula-
tions. In order to calculate the neutron emission spec-
tra, one can begin by computing the mean number
of Coulomb excitations resulting from the cloud of
Weizsicker-Williams photons incident on the target nu-
cleus. The mean number of Coulomb excitations to any
state which emits one or more neutrons is given by [80]

mxn(b) = /dkn(w,b)aVAﬁA*(w), (21)
where 0,4, 4+ (w) is the photoexcitation cross section
for a photon with energy w. The photoexcitation cross
section 0,4 4+ (w) for a given heavy ion can be deter-
mined from experimental measurements [711[81[821[83]
84[851[86]. The number of photons with energy w at an
impact parameter b can be determined by integrating
the &k, dependence out of Eq. [} The resulting photon
spectra, and therefore the mean number of Coulomb
excitations, falls off o« 1/b? (See Eq. 6 in Ref. [80]).
Therefore, selecting v+ events in conjunction with one
or more neutron in the forward and backward direc-
tions (XnXn) biases the events toward smaller impact
parameters. Conversely, events can be selected with a
veto on forward and backward neutrons (0nOn), leading
to events with a larger average impact parameter. For
this reason, the selection of various neutron emission
scenarios provides an experimental technique for inves-
tigating the impact parameter dependence of the v
processes since events with more neutrons correspond



to a smaller mean impact parameter while events with
fewer neutrons correspond to a larger mean impact pa-
rameter.

However, mx, cannot be treated as the neutron
emission probability, since mx, can exceed unity at
high energies and small impact parameters, and may
lead to non-physical neutron multiplicities (exceeding
the number of neutrons in the nucleus). Figure shows
the neutron emission probabilities for Pb2°® following
the formalism developed in Refs. [7987] which is used
by the RELDIS Monte Carlo model [78]. Following this
approach, the probability for absorbing exactly N pho-
tons is

N (b
P(N)(b) _ m)]{\?'( )e*an(b)’ (22)

and the corresponding normalized probability density
for absorbing N photons with energies wy, wo,...,and
wy is [68]

[TV, 7w, b)o a4 (w;)
my, (bL)

PN (w1, w2, ey, b1 ) =
(23)

From this expression the probability density for the
first- and Nth-order electromagnetic dissociation pro-
cess for the channel with emission of ¢ neutrons is ex-
pressed as

PO (b,) = / dior PO )pD (i, b1) filwr),  (24)

and

PZ(N)(bJ_> :/-~-/dw1...dwN

x PN (0)pN) (wy, .oy, b1 ) filwr, ooy i),
(25)

Here f;(w1) and f;(w1,...,wn) are the branching ratios
for the channel corresponding to ¢ neutrons emitted.
Assuming the simultaneous absorption of multiple pho-
tons gives

M=

fi(wl,...,wN) :fl( wk). (26)

k=1

Since the higher order contributions given by Eq.[25]fall
off very quickly, in practice it is sufficient to compute
only the first few terms. Importantly, this approach pre-
dicts a well behaved total neutron emission probability
even at high energy and small impact parameters. De-
tailed calculations of the neutron emission spectra as
a function impact parameter dependence are needed
for precise comparison between experiments employing

neutron tagging and the theoretical calculations that
include impact parameter dependence.

The STAR and CMS collaborations have recently
employed this neutron tagging approach to experimen-
tally test the impact parameter dependence of the
Breit-Wheeler process and to specifically investigate the
photon k| distributions. Figure shows recent mea-
surements by the CMS collaboration of the « distribu-
tion (ra =~ P, /W) of dimuons in events with various
neutron emission scenarios. A significant dependence of
the {(@core) distribution with neutron multiplicity is ob-
served, where ore 18 the statistically isolated « distri-
bution from coherent vy — p*pu~ interactions [22]. In
the CMS measurement the narrow signal (acore) and
broad background distributions were isolated via em-
pirical fit functions. Likewise, STAR has measured the
~v — eTe™ process in UPC for events with approxi-
mately one neutron in the forward and backward direc-
tions (Inln) [2I] and find that the P, distribution is
incompatible with the P, distributions predicted by the
k| -factorization approach (See Fig[3p). The ATLAS
Collaboration has carried out similar measurements of
a in the vy — pTu~ process for events with various
numbers of beam energy neutrons [50]. ATLAS found
that the total « distribution is generally well describe
by STARIight, which models the leading order process,
with PYTHIAS [88] for modeling final-state QED radi-
ation processes and LPair 4.0 [89] which models dis-
sociative 77 interactions in proton-proton collisions.
While ATLAS finds generally good agreement between
STARIlight and the measured pair rapidity, invariant
mass, and « distributions, they do note systematic dif-
ferences, especially with STARIlight’s description of the
minimum (ki) and maximum photon (kmax) ener-
gies [50]. The ATLAS Collaboration further suggests
that this may indicate deficiencies in the modeling of
the incoming photon flux and could be remedied by ad-
justing the cutoff radius in the STARIlight model [50].

Both the STAR [2I] and CMS [22] measurements
demonstrate clear and significant impact parameter de-
pendence of the Py (STAR) and o (CMS) distribu-
tions for the v process, and are incompatible with
the k, -factorization approach. In addition to the ob-
served impact parameter dependence of the P, and «
distributions, both the CMS [22] and ATLAS [50] ex-
periments have observed similar modification of dimuon
pair invariant mass and rapidity with respect to var-
ious neutron emission scenarios. The CMS measure-
ment [22] found strong (> 50) modification of the pair
invariant mass with respect to various neutron emis-
sion scenarios, demonstrating a clear impact parame-
ter dependence of the photon energy. While STARIight
describes the observed overall trend, it fails to pre-
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cisely describe the measured invariant mass distribu-
tions. Similarly, ATLAS found that STARlight ade-
quately describes the photon energy, except for the
minimum (kpin) and maximum (kp,ax) energy photons,
where large deviations from STARIlight predictions are
observed (~ 20% for kuyin and ~ 40% for kmax) [50].
ATLAS measured the dimuon pair rapidity in single
dissociative events (XnOn) and in double dissociative
events (XnXn). While they observe a clear difference
between the two sets of events, they find good over-
all agreement with STARIlight within the experimental
and theoretical uncertainties.

In the past it was widely held that the photon vir-
tuality significantly altered the process kinematics (es-
pecially for the eTe™ case) dominating the pair trans-
verse momentum [39], which would not lead to such
impact parameter dependence. Instead, the observed
impact parameter dependence can be understood in
terms of a dependence of the photon k,; distribution
on the EM field distribution, as described by various
phenomenological and theoretical approaches discussed
in sections Crucially, both of these measurements
verify the impact parameter dependence of the photon
kinematics in the absence of a medium and provide a
precise test of the baseline broadening effects due to
the electromagnetic field configuration. This observa-
tion of impact parameter dependence is also important
for identifying this interaction as the Breit-Wheeler
process [21I] (as opposed to other processes producing
lepton pairs from the fusion of virtual photons [90,91])
since these measurements identify the source of the P,
broadening as originating from the EM field configura-
tion, and not as a result of significant photon virtuality.

3.2 v Processes in Hadronic Heavy-Ion Collisions

Recently the -7 processes, have also been identi-
fied in peripheral and semi-central events [18[65L[19].
Such exclusive v processes were traditionally thought
to occur only in ultra-peripheral collisions given the
strong theory assumptions needed for their explana-
tion, namely that the ions generating the electromag-
netic fields maintain a straight-line trajectory, and that
the photons result from an external electromagnetic
field that is coherent both before and after the col-
lision [92]. Several experiments have observed photo-
nuclear [65,03] and photon-photon [I819] processes in
events with hadronic overlap demonstrating the pos-
sibility for studying these photon mediated processes
even in peripheral to central heavy-ion collisions. Mea-
surement of the 77 processes in events with hadronic
overlap allow access to much smaller impact parameters
than are accessible in UPCs (limited by bpmin = 2R4).

Importantly, in events with hadronic overlap, the colli-
sion geometry and impact parameter can be precisely
determined via the Glauber approach[94,[05]. Further-
more, in these events the 77 processes occurs in con-
junction with the hadronic interactions that may pro-
duce a quark-gluon plasma.

Figure shows STAR measurements of vy — eTe™
in UPC and in 60—80% central Au+Au collisions where
the impact parameter is slightly less than twice the nu-
clear radius (b ~ 11.5—13.5 fm). The STAR 7y — ete™
result from 60 — 80% collisions was first compared with
the P, distribution from STARIlight and found to be
significantly broadened [I8]. In that paper it was pro-
posed that the broadening might result from Lorentz-
force bending in the presence of an ultra-strong mag-
netic field. If the pairs were produced in conjunction
with a conducting QGP capable of trapping and pro-
longing the EM fields [3], then the amount of bending
would be sensitive to the conductivity of the medium
through its effect on the strength and lifetime of the
trapped EM fields [96]. Similarly, Fig. [4] shows AT-
LAS measurements of o for the vy — p*pu~ process
in peripheral to central Pb+Pb collisions that display
significant broadening compared to STARIlight predic-
tions [97]. In that paper and others [3] it was suggested
that broadening may result from electromagnetic mul-
tiple scattering analogous to partonic energy loss via
strong interactions in a QGP. In that approach the
broadening is quantified in terms of a QED scatter-
ing parameter ({(§orpL)) of the QGP and the ATLAS
a data was found to be well described by (jorpL) of
order (50 MeV)? to (100 MeV)? [9608]. It should be
noted that these two mechanisms may not necessar-
ily be mutually exclusive, especially since the STAR
and ATLAS measurements cover significantly differ-
ent kinematic ranges and therefore may probe differ-
ent dominant mechanisms with the same processes.
However, both comparisons used baseline distributions
from STARIlight, implementing the b-independent k| -
factorization approach, for determining the amount of
medium-induced broadening in P, and «. Clearly, any
broadening of the P, and « distributions due to the
initial EM field configuration would modify the conclu-
sion about how much, if any, medium induced broad-
ening were present. As discussed in the previous sec-
tion, the experimental measurements from STAR [21],
18] and CMS [22] have demonstrated that the photon
k| -factorization approach lacks impact parameter de-
pendence clearly displayed by the data. While the tradi-
tional EPA method discussed in Sec. [2] provides a rela-
tively simple and straightforward technique for comput-
ing the vy — IT1™ cross section in heavy-ion collisions,
it is insufficient to describe the impact parameter de-



11

x10°° PbPb 5.02 TeV (1.5nb™")
1.6 : ‘ : o=
. CMS 1 S
1.5F * ] é
[ 1 B
14 + .......... { E
g/\ v ot 1 ;
O 13 I~ + § ] Q
L ; + 1 1
12f — E
S -~ STARiight | &
1Al --- b-dep. y P, ] !
' | B
| | | | | | )

0/700 0/77,7 0/7,\,,) 7/77,7 7/7)(,7 /\'n,\/n
(a)

x1073

:o4<|v|ee<o7eeewc STAR ] S
5 A QED Data Au+Au: 7 1.4 %

S #OUPC 14 o
4+ ,' s 1 ‘* —— * 60 - 80% N Av

Co o~ = L

L . + . ] S
of i & /* T N STARLight - |

m : . -0.8 +13

C [ / % ’.“ \ ] —

o * 1\ } Hos =%
20 & / s N 37 Z°

= N t o4 Z
1:_' /S o .t < * \\ ] e

'v'/ cale Uncertainty : +13 A> - )'7'*-'. —o0.2 3
0& L L L | L | L | L .\*' !} ; g

0 0.02 0.04 0.06 0 08 0.1 S

P, (GeV/c)

(b)

Fig. 3: (color online) (a) CMS measurement of (aeore) from the vy — p*p™ process for various neutron multi-
plicities compared to the STARlight model and to lowest order QED calculations (b-dep. v pr). A strong neutron
multiplicity dependence is observed. Reproduced from Ref. [22] (b) STAR measurement of the P, distribution
for the vy — ete™ process in UPC and 60 — 80% central hadronic interactions. The measured P, distributions
are incompatible with the k| -factorization result. Reproduced from Ref. [21].

pendence of the photon flux or various effects resulting
from the photon polarization. In the next section we
review some notable progress made in the phenomeno-
logical and theoretical description of the v~ processes.

3.3 Generalized EPA Approach

Instead of integrating out the transverse spatial posi-
tion early on, as is done in the k| -factorization method,
one can attempt to regain the impact parameter de-
pendence on the pair kinematics by delaying the inte-
gration on the interaction location and impact param-
eter until later. This approach, referred to as a gen-
eralized equivalent photon approzimation (gEPA), was
pursued by the authors of Ref. [33]. We should em-
phasize that although the traditional EPA treatment
sounds like a mathematical trick to overcome the com-
plication of multiple integrals, and while it remains cor-
rect for many observables under the condition without
any impact-parameter constraint or tagging, it still has
significant consequences. All traditional EPA models
[26,35199] assume in their subsequent calculations of
impact-parameter dependence that the transverse mo-
mentum, spatial location and spin of the photons are
not correlated, resulting in impact-parameter indepen-
dence of many observables [26] and incorrect baseline
for experimental results [I8[19], or simply not able to
perform such a calculation [35]. Again following the
procedure of the external classical field approach as in
Ref. [29], the gEPA approach starts from the electro-

magnetic potentials of the two colliding nuclei in the
Lorentz gauge:

Fl(_kfklp)

At (ky,by) = —2m(Zye)e™* 10 5 (kY uy,,) b
kok1y
Fo(— P
Al (i, by = 0) = —2m(Ze) (kY uny ) L2 KER20)
kgk20
(27)

Here b is the impact parameter, which characterizes the
separation between the two nuclei. The ¢ function en-
sures that the nuclei travel in straight line motion with
a constant velocity. In this approach, the possible de-
flections from straight line motion due to collisions are
neglected, even for events with hadronic overlap. The
validity of this approximation will be discussed more in
Sec. Bl The velocities are taken in the center-of-mass
frame with w1 o = (1,0, 0, +v), where  is the Lorentz
contraction factor.

The amplitude for the lepton pair production from
the electromagnetic fields in lowest order is then given
by the S-matrix element, which leads to Eq. 30 in

Ref. [29]:
4 4 /de/dwl dw2 d2k‘u_ d2k2L quJ_
wy (2m)2 (2m)2 (2m)2
( /f2 (—k3) F*( k’2)F*( k) _ia
2R kf PR (28)

11 kon )Ry - Ky o (wr, ws)

x|

(k
+ (k1s % kor)(Kyy % Ky )ops(wi, w2)],
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Fig. 4: (color online) The background-subtracted distributions (normalized to unity) are shown for a. Moving from
left to right, the data (circles) are shown for increasingly peripheral collisions. The distributions obtained from
STARIight for the vy — ptu~ process are overlaid on the data and shown for each centrality interval as a filled
histogram. The distribution measured in the most peripheral collisions, the > 80% interval (diamonds) is repeated
in each panel to facilitate a direct comparison. The error bars include the statistical and systematic uncertainties.
Uncertainties related to the background normalization are not shown. Reproduced from Ref. [19].
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Fig. 5: (color online) (a) ALICE measurement of P, from the vy — ete™ process for peripheral Pb+Pb colli-
sions [20]. The data are compared to various models including the EPA k -factorization approach, the gEPA, and
the lowest-order QED calculations. Reproduced from Ref. [20]. (b) Comparison between ATLAS measurements of
a in central (0 — 5%) Pb+PDb collisions [I9] and the predictions from the photon Wigner function formalism [61].
Reproduced from Ref. [61].

where the four momenta of photons are Here the cross section is expressed in terms of the ele-
mentary scalar (o) and pseudo-scalar (o) cross sec-

wy wo tions. The scalar and pseudo-scalar cross sections are,

k1= (w1, k1, — " )y k2 = (wa, PL — k11, — " —) as in the case of the total cross section, given by the

Breit-Wheeler cross sections for photons with given po-

1 1
wy §(P0 +oP,),wy = §(P0 —oP,)

qL=hiL —ky, (29)
kot =P — ki1
ki = (w1, k11 —qu,wi/v)

ky = (wo, kot + q1,wa/v).
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larization (either parallel or perpendicular to one an-
other)

g =

4ra?,, 8m?  24m*
24 ———;
s 5 s

) A2 2
ln<\/§+\/s m)_ ,_4m (1+6m>]
2m ]
477045,”{( 8m4)
oL = 24+ 2 2
s s s
— 4m? 4m? 2m?
Xm<ﬁwvsm>_ L ()]
s s

2m
(30)

where m is the mass of the produced leptons and
s = dwyiwso. Due to symmetry considerations, the scalar
cross section can be identified with the cross section for
parallel photon polarization (¢, = o)) and the pseudo-
scalar cross section can be identified with the cross sec-
tion for perpendicular photon polarization (o,s = o).
Since the total cross section for a fermion pair is a mix-
ture of the scalar and pseudo-scalar components, the
total cross section is

) _ Us(w17w2;m) + Ups(w17w2;m)
2 )

o(wy,wa;m (31)
and is given by Eq. [] It should be noted that an in-
tegration of Eq. gives the well known EPA result.
Such a correspondence is a good cross-check and should
be required of any impact parameter dependent model.
The resulting dilepton kinematic distributions (P, «,
etc.) can be computed numerical from Eq. 28] Both the
shape and the magnitude of the experimental measure-
ments can be described reasonably well by the gEPA
calculations [33]. Most notably, the e=**9% term found
in Eq. leads to significant impact parameter depen-
dence of the dilepton kinematics (P, and «). However,
there is a notable rapid increase in the cross section
predicted at low P, , which disagrees with the data and
also appears to be unphysical. The breakdown of the
gEPA approach at very low P; may be due to a fail-
ure to accurately take into account interference between
the two fundamental amplitudes corresponding to the
two participating Feynman diagrams for the lowest or-
der process. Put another way, it illustrates an inabil-
ity to express the process as a convolution of two well
defined separate single photon distributions. In an at-
tempt to remedy this breakdown at low P, , the authors
of Ref. [33] implemented an additional approach by in-
serting a phase factor of efortios into K. . 28 where
is the angle between k:1 L and E 1, while ay is the an-
gle between ky; and k:2 | - The additional of this phase

factor is phenomenological and motivated by the full
lowest-order QED calculations which will be discussed
next.

3.4 Lowest Order QED

In lieu of phenomenological models, the full lowest-
order (i.e. second order) QED calculations of the vy —
IT1~ process can be performed. In Refs. [T00,101] the
formalism for the calculation including impact parame-
ter dependence was introduced and results were pre-
sented for collisions at an impact parameter of zero
(b = 0 fm) where analytical calculations may be per-
formed. The authors of Ref. [3368] extended the cal-
culations to all impact parameters and explored the
results relevant for the STAR [2I[18], ATLAS [19],
CMS [22] and ALICE [65] measurements.

The lowest-order two-photon interaction is a second-
order process with two Feynman diagrams contributing,
as shown in Fig. 2 of Ref. [T00,I0T]. As in the EPA and
gEPA | the straight-line approximation for the incoming
projectile and target nuclei is applied. Following the
derivation of Ref. [I00,I0T], the cross section for pair
production of leptons is given by

/d2 :/2 dGP(D /d2 qu

(32)

dGP
By, dBp_

_AP@ gy QED at the

and the differential probability dgp Bp

lowest order is

dP(§) L4 1
-4 (7 e S
d3p, d3p_ (Zarem) B2 (2m)62¢, 2¢_
x/d2 F(No)F(N1)F(N3)F(Ny)
« NoN; N3N,

< T+ ) [N p— g, +
Ny, — p, + mml] ¥, —m)
x[Mﬁ%@%¢+mml

N (4, + 4, |
(33)
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with

No = —qj,

Ny = —[q1 — (p+ + )%,

N3 = —(q1 +q)?,

Ny=—[q+ (1 —py —p-))%, (34)
Nop = —(q1 —p-)* +m?,
Nox = —(qu — p4)* +m?,
Nsp = —(q1 +q—p-)* +m?,

(

Nsx = —(q1 + ¢ —p4)* +m?,

where p; and p_ are the momenta of the created lep-
tons, the longitudinal components of ¢; are given by
qio = %[(&F + 67) + 6(p+z + P—z)], qiz = qlo/ﬁv €+
and e_ are the energies of the produced leptons, and m
is the mass of the lepton. In order to compute results
at all impact parameters, where in general no simple
analytical form is available, the multi-dimensional in-
tegration is performed with the VEGAS Monte Carlo
integration routine [102] in order to compare the pre-
dictions directly with the data.

Like the gEPA result, the lowest order QED cal-
culation predicts strong impact parameter dependence
of the dilepton kinematics. The existing measurements
from STAR [I8,21], ATLAS [50,19], CMS [22] and AL-
ICE [20] all show good agreement, considering experi-
mental uncertainties, with the predictions from the low-
est order QED calculations. Figure[3p and Fig. [fh show
comparisons between the P, distribution from lowest
order QED calculations and the corresponding mea-
sured distributions from data. In both cases the QED
calculations show good agreement with the data over
several different impact parameter ranges considering
the experimental uncertainties. In addition to the re-
sults from Ref. [33L[68], the authors of Ref. [37] have also
carried out full lowest-order QED calculations in order
to explore the dilepton transverse momentum and an-
gular distributions in an impact parameter dependent
fashion and the two approaches show results that are
consistent with one another. The full implications for
mapping of the EM fields based on the results of the
QED calculations will be discussed in Sec.

3.5 Photon Wigner Distributions

The Wigner quasiprobability distribution, or just
Wigner function, is a method of relating a system’s
quantum wave function to a quasi-probability func-
tion in phase space [103]. The Wigner function is sim-
ilar to a classical probability distribution, in that it
describes the phase space distribution of the process.
However, unlike its classical analog, it does not satisfy

all properties of a classical probability function. Specif-
ically, Wigner functions can take on negative values for
states of the system that have no classical analogue, a
clear indication of quantum interference. The authors
of Ref. [37] suggested that the full spatial dependence
of the v+ processes, including the impact parameter de-
pendence, may be expressed in terms of photon Wigner
distributions.

Since then the authors of Ref. [06,[104] and Ref. [6I]
have investigated the Wigner function formalism for de-
scribing the v processes in heavy-ion collisions. Fol-
lowing the notation of Ref. [6I], the photon Wigner
function can be expressed as

Nij(w, b, q) _/f;ﬁexp[ibQ]
x B; (w q+ Q)E*(w q— g)
= /dzs expligs]

xE(wb—i— 2V (w0 - )

(35)

where F; ; are the electric field vectors expressed in
terms of the nuclear charge form factors (F’) as

—qF (P +qf
Bw.) = 2, 1)
™

7 + qf
w

where, ¢ = 2 and e, A~ 1/137.

By virtue of the Wigner function definition, Eq.
is a function of both the spatial location (b) and trans-
verse momentum (q) coordinates. The standard formula
for the photon flux in either momentum space or po-
sition space may be obtained by integration over b or
q, respectively. The differential cross section for lep-
ton pair production can then be expressed in terms of
the photon Wigner functions as a convolution over the
transverse momenta and transverse positions [61]

(36)

do

D = /d2b1d262 @ (b — by + by)

/d Q1dQ25(2)( P—qg—q)

dwy dw (37)
/7172]\7 (w1, b1, q1)Nii(wa, b2, g2)

X —ZM”M”T da(I+17),

where the final term (Eq. is a sum over the helicy
amplitudes for the vy — [T~ process and d®(I*1™)
is the invariant phase space for the leptons [61]. The
details of the helicity amplitudes are discussed in the
next section concerning the photon polarization.
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Fig. 6: (color online) Ilustration of the electric and
magnetic field lines in the plane perpendicular to the
beam. The photon interactions locations (5172 1) are
shown for two example interaction locations. Since the
dileptons are produced locally, the photon polarization
vectors 5172 are well defined in terms of the classical EM
field lines.

The differential cross section for the vy — putu~
process computed via the photon Wigner function for-
malism is shown in Fig. [5b and compared to « distribu-
tion data from ATLAS. The Wigner function calcula-
tion describes the data reasonably and reproduces the
qualitative features of the data, such as the dip in cross
section at a = 0. Indeed, based on the comparisons
shown in Ref. [6IL[I04], it appears that the Wigner func-
tion calculations can recover the full impact parameter
dependence of the lowest order QED result.

4 Photon Polarization

Since ultra-relativistic nuclei produce a highly Lorentz
contracted radial electric field emanating from the nu-
cleus with a magnetic field circling the nucleus, both
perpendicular to the direction of motion (See Fig @,
they propagate as nearly transverse linearly polarized
electromagnetic waves at a given infinitesimal trans-
verse plane element. Therefore, the coherent photons
with vanishing virtuality generated by these fields are
expected to be linearly polarized in the transverse
plane with respect to the beam. However, until re-
cently there was no proposed technique for accessing
the photon polarization information, and most theoret-
ical calculations implicitly or explicitly integrated over
the polarization (and the resulting azimuthal dependen-
cies) [35]. One of the key distinctions between the vir-
tual photon-photon fusion process studied by Landau
and Lifshitz [49] compared to the real photon-photon
fusion process studied by Breit and Wheeler [4§] is the

dependence on photon polarization. Specifically, Breit
and Wheeler predicted different cross sections for pho-
ton collisions with parallel vs. perpendicular photon po-
larization vectors 51,2 (See Eq. .

The authors of [34], originally applying formal-
ism borrowed from transverse momentum dependent
(TMD) parton distribution functions in QCD, recently
proposed an experimental signature of linear polarized
photon-photon fusion to dileptons. They predicted that
a cos 4¢ modulation is a unique signature of the Breit-
Wheeler process with linearly polarized photons, where
¢ is the angle between (p1, + p2) and (p11L — p21)/2
with p; 21 being the daughter lepton momenta. This re-
sult can be understood in terms of the spin and parity
of the intermediate two-photon state.

For real photons with helicity J, = +,— (J, = 0
forbidden), the two photon interaction can form states
with total helicity and parity(P) of JI = 0% +£2%.
Symmetry properties require that scalar states (P = +)
form when F; || Fy and pseudo-scalar states (P = —)
when F; L Es. The |J,| = 2 states are dominant when
B — 1 while the J = 0 states dominate for 5 < 0 [61],
with

4m2
B=1/1- W (38)

where [ is the lepton velocity in the dilepton center-
of-mass frame, m is the mass of the lepton, and W is
the lepton pair invariant mass. Since the photon po-
larization is defined by the electric field direction (and
perpendicular to the magnetic field) these can be equiv-
alently defined in terms of the photon polarization vec-
tors f; 2.

It is useful to express the Breit-Wheeler process
not at the cross section level as before, but at the
more fundamental level of the individual helicity am-
plitudes [I05241[106]. In the equivalent photon approx-
imation, the vy — [*1~ process at the amplitude level
has the form (as taken from SuperChic3 [35])

ki k) Vij =
—5(ky, ko J(Myy + M) (JP =0t)
—5l(k1, xko )My —M__) (JP=07)

+3 [( Tk, — kY K5 +ia(kT Ry, + kiﬁk”z‘;)]/\/l+

(JF =+2%)
T [( P RS RURY) (kTR R %Z)]M+-
(JzP = _2+)a

(39)



16

[ T T
0.2 L Au+Au 200GeV A
9 01t
N Y Asmuht -
< Seoal DN
z Centrality:60-80% "~ R
t entrality:60-80% "~-~.___ "\, 1
(I) 0.0 - gk TP r=r—
[ =———— Centrality:80%-99.9% S Tt
< -
[ mmmmee-- tagged UPC \\\i___
ALl - UPC ]
L. " " L " " L " " L " " L " " PR
0.00 0.02 0.04 0.06 0.08 0.10
q. [GeV]
(a)

r T T T T T T T T T T T T T
0.2 L e Pb+Pb 5.02TeV ]
L [onInIIT ?:~~\ ]
4 ey
L
3 AL
/_\| 01 : o \t}\ 4
3 [ '/’ '“~~.\.~ RN
\8/ i Centralit 6;;55"7‘ \(’
r ity:60— T~ .
o 00 it b LES A >
[ —-—=-- Centrality:80%-99.9% ST ]
N
ECEEEEELE tagged UPC AN
—01}t Sseam7
S - UPC
L. L L 1 L L 1 L L 1 L L 1 L L P
0.00 0.02 0.04 0.06 0.08 0.10
q. [GeV]
(b)

Fig. 7: (color online) Estimates of the cos4¢ modulation strength as a function of pair transverse momentum
(g = Py) for different impact parameter (centrality) ranges for the vy — eTe™ process in Au+Au collisions
at \/sSyny = 200 GeV (a) and for the vy — puTp~ process in Pb+Pb collisions at \/syy = 5.02 TeV (b).

The calculations are performed within the STAR and ATLAS acceptances for the eTe™

respectively. Reproduced from Ref. [37].

where M4 corresponds to the y(£)v(£) — X he-
licity amplitude and where V,,, is the vy — X ver-
tex. In this expression it should be noted that the pho-
ton transverse momenta k; 2| coincide with the photon
polarization vectors &; 2. This point is crucial for the
predicted cos4¢ modulation in the final state. With-
out this quantum position-momentum correlation (and
therefore spin-momentum correlation) there would be
no event-by-event alignment of the photon polarization
vectors with the dilepton momentum, and therefore the
effects of the photon polarization would average out
over many events.

In Ref. [34] where those authors first predicted the
cos4¢ modulation for polarized photon-photon colli-
sions, they used the impact parameter independent
k| -factorization approach for computing the photon
transverse momentum. This approach is equivalent to
the implementation of SuperChic3 which uses the & -
factorization approach but includes the photon polar-
ization dependent helicity amplitudes in the calcula-
tion. This approach is not self-consistent since in one
case (with respect to the photon transverse momen-
tum) the spatial dependence is integrated out, while
on the other hand the spatial dependence is kept when
dealing with the polarization. The calculation of the
cos4¢ modulation was revisited in Ref. [37] using the
full lowest order QED calculation for the collision of
real linearly polarized photons in order to take into ac-
count the full spatial dependence. The resulting cos 4¢
modulation amplitude is shown with respect to the pair
transverse momentum (P, , denoted ¢, in the figure)
for Au+Au (Fig. [fh) and Pb+Pb (Fig. [Tp) collisions

and pTp processes,

in various impact parameter (centrality) ranges to il-
lustrate the significant dependence on collision geome-
try. While the impact parameter dependent calculation
and the k| -factorization approach predict a similar av-
erage modulation amplitude for P; < 0.1 GeV/c, they
predict significantly different P, dependence. Since the
Wigner function formalism maps the system’s density
matrix, relating the real phase space parameters to the
expectation values of Hamiltonian operators, it should
be capable of describing the quantum spin-momentum
correlations that result in the cos4¢ modulation of
the produced leptons. Indeed, the authors of Ref. [61]
specifically note that the Wigner distribution predicts
azimuthal anisotropic behavior and that a future pub-
lication will address that aspect of the calculation via
the Wigner function in more detail. Ref.[104] provided
a general framework for the photon Wigner function
and was able to derive the EPA and TMD factorization
from this formalism.

John Toll (Wheeler’s student), Euler, and Heisen-
berg predicted that the vacuum exhibits the opti-
cal property of birefringence when subjected to ex-
tremely strong electromagnetic fields (B > Bg =
m?2c®/he ~ 108 Tesla), the so-called vacuum birefrin-
gence effect[1051[44]. Birefringent materials are notable
because they exhibit an optical property by which light
travels at different speeds (different indices of refrac-
tion) depending on whether the polarization plane is
parallel or perpendicular to the crystal axis, thus split-
ting a beam of light into two. Vacuum birefringence is
a specific example of vacuum polarization in which the
path of light splits depending on whether it has a po-
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larization parallel (perpendicular) to the external (mag-
netic) field direction. While vacuum polarization[44] is
responsible for the well-known Lamb shift and Casmir
effect[I07L[108], the only reported evidence for vacuum
birefringence since its prediction in 1936 has been asso-
ciated with enhanced linear polarization of light pass-
ing through strong magnetic fields near the surface of
neutron stars[I09] but was debated in the literature on
the validity of the conclusion [I10]. Over the last several
decades, several experimental setups, generally employ-
ing high powered lasers, have attempted to measure the
effect in laboratory settings [I11]. However, due to the
extremely strong fields required and the extreme sen-
sitivity needed to observe the small deflection due to
the refraction, laboratory evidence of vacuum birefrin-
gence in such experiments has proven unachievable so
far. Reference [112] offers an extensive overview of re-
cent efforts to achieve vacuum birefringence via laser-
driven experiments.

Vacuum birefringence occurs due to the interaction
between the background field(s) and the (virtual) ete™
pairs from vacuum fluctuations of the probe photon.
However, in the case that the ete™ masses become real,
the probe photon is absorbed instead of transmitted.
Both the forward scattering and the absorption process
can be described by a complex index of refraction. This
is analogous to classical optics, in which the refraction
of light (forward scattering) through an optical medium
is described by the real part of the index of refraction,
while the attenuation and absorption is characterized
by the imaginary part of the index of refraction [I13]
54]. Furthermore, the real and imaginary part of the
complex index of refraction are related by the Kramers-
Kronig relations [1141[105]. With vacuum birefringence,
even in the absorption process, the imaginary part of
the refractive index of empty space depends on the rel-
ative angle between the photon polarization and the
field orientation, leading to an anisotropic absorption
of photons with respect to the magnetic field direction.
In the formalism of QED, the forward scattering pro-
cess is connected to the absorption process through the
optical theorem [24]. Unlike the Schwinger mechanism,
which is necessarily a non-perturbative effect, the fun-
damental effect leading to vacuum birefringence can be
identified in the lowest order Feynman diagram, as il-
lustrated in Fig. 1 of Ref. [111].

The Breit-Wheeler process in heavy-ion collisions
can be identified as the absorption of a linearly po-
larized photon from one nucleus by the intense elec-
tromagnetic field with a fixed circular magnetic com-
ponent around the other nucleus (i.e. another source
of linearly polarized photons). The resulting angular
dependence of the photon absorption rate is therefore

related to the lowest order effect contributing to vac-
uum birefringence[5l[109]. In fact, in retrospect it can
be seen that Toll’s thesis, which builds upon the work
of Breit and Wheeler, actually predicts the anisotropic
effect arising from the photon polarization (in that case
without interference, so a cos 2¢ modulation) as can be
seen in Eq. 4.3-7 of Ref. [I05]. In a few other places
the relation between the indices of refraction and the
lowest order effects in both the forward scattering and
pair production process have been explored [IT5[116].

At this time only the STAR experiment has mea-
sured the cos4¢ modulation [21I] resulting from the
anisotropic vacuum polarization effects. The modula-
tion strength and centrality dependence observed in
the vy — eTe™ process show good agreement (within
+10) with the full lowest-order QED calculations for
the collision of real photons with linear polarization
that take into account impact parameter dependence.
The STAR result in 60—80% central collisions display a
stronger modulation (—2x (cos4¢) = 27+6%, including
stat. and syst. uncertainty) compared to the same mea-
surement in neutron tagged ultra-peripheral collisions
(=2 x (cos4¢) = 16.8 £ 2.5%), providing evidence for
the predicted impact parameter dependence. However,
the reported experimental uncertainties are too large
to definitively demonstrate impact parameter depen-
dence on the average cos4¢ modulation strength. Fu-
ture opportunities at STAR, possible with higher preci-
sion multi-differential measurements, will be discussed

in Sec. [6l

5 Mapping the Electromagnetic Fields

As discussed in Sec. [2] the order-of-magnitude electro-
magnetic field strengths in heavy-ion collisions can be
computed fairly straight-forwardly, while much more
involved calculations are needed to predict the de-
tailed spatial distribution [2] and time evolution of the
fields [BlI17]. Furthermore, detailed calculations involv-
ing event-by-event fluctuation of the charge distribution
(protons) within the nucleus indicate that the electric
and magnetic field strength, and orientation, may in
some cases change dramatically with respect to the case
for a static and continuous charge distribution [I18].
However, despite important implications on emergent
magnetohydrodynamical phenomena of QCD, as of yet
there has been little in the way of experimental mea-
surements capable of constraining the electromagnetic
field distributions in their spatial extent or in terms of
their time evolution.

The ability to map the electromagnetic field pro-
duced in heavy-ion collisions using the vy processes is
based on the following specific principles:
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— The total production cross section, via the photon
flux (see e.g. Eq.[7 [35)), is indicative of the trans-
verse electric field strength.

— The pair transverse momentum distribution is influ-
enced by the collision geometry due to the spatial
distribution of the electromagnetic fields.

— Observation of the predicted cos 4¢ modulation ex-
perimentally demonstrates the photon polarization
states and therefore provides a clear connection be-
tween the electric and magnetic field strengths (in
a given frame).

Each of these aspects will be discussed in more de-
tail in the following sections. Here it is valuable to point
out that the in the case of the external field approxima-
tion, the electric and magnetic fields (in a given frame)
are fully defined by the electromagnetic four-potential
(see Eq. and that the only free parameters in this
description are the photon momenta and the nuclear
charge distribution (we assume that the uncertainty on
the Lorentz-boost factor v is negligible and that the
charge Z is known exactly). Therefore, in the following
discussion the mapping of field the distribution is dis-
cussed primarily in terms of the ability to constrain the
photon kinematics and the nuclear charge form factor.

5.1 Transverse Momentum and Invariant Mass

The success of the gEPA, lowest order QED, and
Wigner function formalism of the v process to de-
scribe the impact parameter dependence observed by
various experiments illustrates the importance of con-
sidering the spatial distribution of the electromagnetic
fields. While the full QED calculations contain all of the
relevant physics, they are not as easily interpretable
as the gEPA or Wigner function formalism. As dis-
cussed in Ref. [06], to first order, the photon kj is
related to the transverse interaction distance b; as
(k%) oc 1/b2 . Since the coherent photon flux from the
full charge of the nucleus (Z) cannot participate for
b1 < Ry, the characteristic momentum for photons
from the field of a given nucleus with charge radius R4
is (k%) oc 1/R%. Additionally, since the pair transverse
momentum is the vector sum of the individual photon
momenta (k1 , k2] ), one can intuitively see the connec-
tion between the charge distribution and the final state
pair transverse momentum.

As an example of the constraining power, Figure [8h
shows the results of a y?-minimization procedure ap-
plied by fitting the STAR measured P, distribution
from the vy — eTe™ process in 1nln events using the
lowest-order QED calculations (Sec. [21]. For the
minimization, the nuclear charge distribution is param-

eterized according to a Woods-Saxon with both the ra-
dius and skin depth (i.e. surface thickness, not to be
confused with neutron skin) as free parameters. Fig-
ure shows the corresponding magnetic field distri-
bution allowed by the nuclear charge distribution, not-
ing that the connection to the B—field strength re-
quires simultaneous measurement of the photon polar-
ization [21], as was carried out by STAR. The uncer-
tainty from the data on the measured P, distribution
are translated into +£1¢ and 420 uncertainties on the
magnetic field distribution. The data are, within uncer-
tainty, fully consistent with the nominal field strength
given by the expected distribution for a continuous
charge distribution determined by a Woods-Saxon with
parameters R4 = 6.38 fm, @ = 0.535 fm (black solid line
in Fig. ) The measured distribution and uncertain-
ties do not allow a significantly weaker field (compared
to the nominal), but do allow significantly stronger field
strengths at small radii, within the nucleus. This re-
duced constraining power for small radial distances is
largely due to the limited range of the STAR P, mea-
surement (only for P; < 0.1 GeV/c), since the field
at small distances contributes predominantly to the
cross section at higher P,. Additional precision mea-
surements at higher P, will be especially important for
constraining the effects of event-by-event fluctuations
of the nuclear charge distribution, since these are ex-
pected to produce changes in the field distribution that
are largest at small radii within the nucleus [2].

The vy processes is also sensitive to the details of
the nuclear charge form factor through the dilepton in-
variant mass distribution, since the charge form factor
regulates the photon energy. While the dominant be-
havior is driven by the characteristic mass scaling of
the Breit-Wheeler cross section (see Eq. @, some effect
is expected due to the energy dependence of the photon
flux which is partially determined by the charge form
factor. Specifically, the higher frequency (finer spatial
details, e.g. hard edges) of the charge form factor are
resolved by higher invariant mass pairs [I19]. As an ex-
ample of this, Fig. [0]shows an ATLAS simulation of the
invariant mass distribution of u™ ™~ pairs for a realistic
charge distribution compared to a hard sphere [120]. A
measureable difference, considering the predicted un-
certainties for future data samples, is visible between
the two charge distributions with the most significant
difference at higher invariant masses.

The impact parameter dependence of the total
~y — 71~ cross section is also sensitive to the spatial
distribution of the electromagnetic fields. With recent
measurements of the vy process in events with hadronic
overlap, precise tests of the impact parameter depen-
dence are possible for the first time. Observation of
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Fig. 8: (color online) (a) The x? landscape obtained from a fit to the STAR measured P, distribution from the
vy — ete” process in Inln events using the lowest order QED calculations (Sec. . Reproduced from Ref. [21].
The nuclear charge distribution is assumed to follow a continuous charge distribution given by a Woods-Saxon
distribution. (b) The strength of the magnetic field produced by a relativistic heavy-ion (with Lorentz-boost factor
~ = 107) determined through a fit to the P, distribution. Reproduced from Ref. [21]

the photon mediated processes in events with hadronic
overlap also provide an opportunity to test the appli-
cability of the external field approximation. There are
two aspects of the approximation that may be ill suited
for describing events with hadronic overlap: first, the
assumption that the fields are generated by nuclei that
are undeflected and travel along straight-line trajecto-
ries, and second, that the participating coherent elec-
tromagnetic fields are a result of the full charge Z of the
colliding nucleus. It has been suggested that in events
with hadronic collisions, the external field applicable to
the v+ process may result only from the portion of the
nucleus participating in the collision, or alternatively,
only from the portion not-interacting (spectators) since
that portion is most likely to follow the assumed unde-
flected, straight-line trajectory [9203,65].

However, at this time, the predictions using the
unmodified external field approximation appear to
roughly describe the existing measurements within ex-
perimental uncertainties. The recent ATLAS measure-
ments of the vy — uTp~ process over a wide range
of centralities are currently best suited to test the ap-
plicability of the external field approximation in this
way. The « distribution calculated using the Wigner
function formalism [61] compared to the ATLAS mea-
surement [I9] in 0 — 5% most central collisions shows
good agreement, both in terms of the differential shape
and the absolute normalization (see Fig. [5p). The good
agreement would suggest that the external field approx-
imation is, at least to leading order, a good approxima-

tion even in central heavy-ion collisions. Future high
precision and multi-differential measurements will pro-
vide deeper insights into the realm of applicability of
the external field approximation.

5.2 Photon Polarization and Collision Geometry

Compared to the transverse momentum distribution
alone, the P| dependence of the cos 4¢ modulation pro-
vides even more information for constraining the pho-
ton kinematics and charge distribution. As depicted in
Fig. [6] the final amplitude of the cos4¢ modulation is
a balance between positive contributions when &; L &
and negative contributions when &; || &.

Pairs with low momentum, where the photons col-
lide with approximately anti-parallel and nearly equal
transverse momenta, have polarization vectors that are
correspondingly anti-parallel. Since the photon polar-
ization is approximately anti-parallel, the pairs at low
P, are expected to display an overall negative cos4¢
modulation amplitude. In contrast, pairs with slightly
higher transverse momentum are predominantly pro-
duced by photons that interact nearly perpendicular,
which leads to a predominantly positive cos4¢ modu-
lation. The QED calculations of the process [37] show
this oscillation between an overall negative and posi-
tive modulation as a function of the P, . Figure [7h and
b show the predicted cos4¢ modulation strength for
Au+Au (a) and Pb+Pb (b) as a function of P, and
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Fig. 9: (color online) STARIight [26] predictions for the
differential cross section for exclusive production of the
dimuon pairs as a function of the invariant mass. Two
nuclear charged form factors are considered: a realistic
skin depth of the nucleus (solid line) or a hard sphere
(dashed line). The lower panel shows the ratio to nom-
inal as a function of the invariant mass, where nomi-
nal is the case with the realistic skin depth of the nu-
cleus [120]. Reproduced from Ref. [120].

illustrates the sensitivity to the nuclear charge distri-
bution. While the peak modulation amplitude is nearly
equal between the two cases, the P, dependence shows
a smaller oscillation period for the larger Pb nucleus
(Rpp = 6.62 fm) compared to Au (Ra, = 6.38 fm). Fig-
ure[7] also indicates that some impact parameter ranges
may be more sensitive to the nuclear charge distribu-
tion than others, especially since the cross section for
the coherent vy — {1~ process drops rapidly with P, ,
making measurement above P, =~ 0.1 GeV /e difficult.

5.3 Final State and Medium Effects

The v processes that were previously considered viable
only in ultra-peripheral collisions have recently been
measurements by STAR [17] and ATLAS [97] in heavy-
ion collisions with hadronic overlap. The simultaneous
measurement of the purely QED-driven v processes
alongside the production of a quark-gluon plasma in
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Fig. 10: (color online) The azimuthal angular distribu-
tions of ete™ pairs (M., = 0.6GeV/c? at y=0) with
respect to the reaction plane for different centralities in
Au+Au collisions at \/syy = 200 GeV [33].

hadronic collisions may in principle provide an oppor-
tunity to use the QED processes as precision probes
of the QCD medium. A significant broadening effect
in P, (STAR) and o (ATLAS) was observed with re-
spect to the same distribution in UPCs and to pre-
dictions from EPA calculations. Since the concept of
a broadening in the photon momentum with respect
to impact parameter was not considered at that time,
various possible mechanisms were offered to explain the
significant broadening observed with respect to existing
EPA calculations. The STAR paper [I7] offered a possi-
ble broadening mechanism resulting from Lorentz-force
bending as the daughter leptons traverse the strong
magnetic field generated in the collision. On the other
hand, the ATLAS result was compared with models
that involved multiple scattering as the daughter lep-
tons traversed the produced medium [19]. In both cases,
the fundamental assumption was that the existing EPA
calculations were a proper baseline for extracting pos-
sible medium induced or final state effects.

As discussed in Sec. the photon kinematics and
the produced dilepton kinematics show strong depen-
dence on the collision geometry. Both the STAR [17]
and ATLAS [19] data are in relatively good agree-
ment with the theoretical calculations that take into
account the spatial dependence of the fields (gEPA [33],
QED [33/37], and Wigner function formalisms [61006,
104]). Considering the good agreement with these cal-
culations that include the vacuum process only, room
for any such medium induced or final state effects is sig-
nificantly reduced. Higher precision measurements will
be needed to determine the level at which these addi-
tional effects may be present. For instance, the existing
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STAR P, measurement, while consistent with the QED
prediction alone, favors a best fit with a slightly broader
distribution characterized by an additional %k, kick of
14 £+ 4 (stat.) =4 (syst.) MeV/c . The ATLAS collab-
oration has recently completed a new, higher precision
measurement of the vy — ptp~ process [50] which
may provide additional power for distinguishing the ef-
fects of medium interaction or Lorentz-force bending
in a magnetic field. Furthermore, it has recently been
suggested that the source of any additional broaden-
ing may be determined through measurement of the
broadening with respect to the rapidity difference be-
tween the daughter leptons [96]. Since the Lorentz force
applied to a charged particle with velocity v is propor-
tional to @ x B the leptons with equal rapidity (and
approximately equal momentum) will result in cancel-
lation of the magnetic field bending effects. The analy-
sis in Ref. [06] suggests that the magnetic field broad-
ening begins to saturate for a rapidity difference be-
tween the two leptons of approximately 3 units. There-
fore, differential measurements of the transverse mo-
mentum spectra with respect to the rapidity difference
may provide more quantitative constraints on the con-
tribution from that broadening mechanism. With the
existing best fit of momentum broadening, we can esti-
mate the magnetic rigidity limit which may have impli-
cations for other QCD phenomena related to the mag-
netic field such as synchrotron radiation [I2I]. Given
that the single e™(e™) momentum is much larger than
the eTe™ pair momentum and the final momentum kick
k. is much smaller than the single particle momentum
(p1 ~p2), kL ~0 p~JdP, ~eBL ~ eBrg where L is
the distance the electron travels in the magnetic field
and 7p is the duration of the magnetic field. Similar to
the example in Ref. [I2], the magnetic field from this
estimate is eB ~ k; /L ~ 14 MeV/2 fm ~ 0.1m2 /h,
about an order of magnitude smaller than the assump-
tion in literature [I21]. However, we emphasize that the
current estimate was from the peripheral Au+Au col-
lisions and the situation may be very different in more
central collisions.

6 Future Opportunities

We close this review with a short discussion of future
opportunities that are possible with additional mea-
surements of the vy processes in light of the collision ge-
ometry and photon polarization dependencies discussed
herein. Measurement of the vy processes in events with
hadronic overlap provide the opportunity to correlate
the dilepton production with other event activity. Low-
est order QED calculations predict that the produced

lepton pairs from the vy processes should be preferen-
tially correlated with the global reaction plan [33] as
shown in Fig. [I0] Furthermore, the correlation strength
is expected to change with impact parameter (central-
ity) range due to the changing electromagnetic field
overlap distribution. Since the photon polarization ef-
fects lead to a cos4¢ modulation in the angle between
the pair momentum (p; +poy) and (p1L —p21)/2, the
correlation of the pair with the global event reaction
plane implies that (p;1 — po2y)/2 is also correlated with
the reaction plane. In this case one can identify the
anisotropic effects with respect to the global magnetic
field direction (approximately perpendicular to the re-
action plane) [2]. Observation of these correlations with
respect to the global event reaction plane would there-
fore provide novel input for the in-situ study of the
ultra-strong electromagnetic fields that may lead to ex-
otic QCD phenomena, such as the Chiral Magnetic Ef-
fect.

As discussed in Sec. o] the observation of these vy
processes in events with hadronic overlap potentially
allow the purely QED processes to be used as a probe
of the produced nuclear medium. Both RHIC and LHC
plan future data collection that will allow high precision
multi-differential analysis of these vy processes [122]
120]. Future measurements at STAR are expected to
provide significantly higher precision measurements of
the ete™ transverse momentum spectra and the cos 4¢
modulation. Additionally, multi-differential measure-
ments, such as the cos4¢ modulation strength versus
pair pr, will be possible. The increased precision on
the pair pyr will provide additional constraining power
to investigate the proposed final-state broadening ef-
fects. In addition to their effect on the pr spectra, fi-
nal state interactions would wash-out the cos4¢ mod-
ulation strength that results from the initial colliding
photon polarization. Figure [L1] shows the predicted fu-
ture precision that will be achieved for the pr (a) and
cos4¢ modulation measurements (b) in future STAR
analyses. The added precision in the cos4¢ modulation
measurement is expected to allow experimental verifica-
tion of impact parameter dependence predicted by the
lowest order QED calculations (and therefore further
exclude the k,-factorization plus TMD treatment of
the photon polarization [123,35]). The future data tak-
ing campaigns planned for the LHC experiments will
also allow improved measurements from ALICE of the
vy — eTe™ process (Fig. ) in a similar region of phase
space as measured by STAR but in collisions with a
much larger Lorentz-boost factor. Such measurements
will provide further constraints on the treatment of the
photon kinematic distributions over a range of photon
energies. Similarly, future data taking by CMS and AT-
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Fig. 11: (color online) (a) Projections for measurements of the vy — eTe™ process in peripheral and ultra-
peripheral collisions. Left: The 1/(p2.) of dielectron pairs within the fiducial acceptance as a function of pair mass,
M., for 60 — 80% central and ultra-peripheral Au+Au collisions at \/syy = 200 GeV. (b) The projection of the
cos 4A¢ measurement for both peripheral (60 — 80%) and ultra-peripheral collisions. Reproduced from Ref. [122].

LAS will allow additional precision measurements of the
the vy — p™ ™ process in events with hadronic over-
lap, possibly shedding light on the presence (or lack)
of medium induced modifications via differential mea-
surements of the produced dilepton kinematics.

All the proposed mechanisms discussed in this
review require extraordinarily strong electromagnetic
fields, an interdisciplinary subject of intense interest
across many scientific communities. While much clar-
ity has been gained in recent years, there are still a
few assumptions and caveats regarding these processes
which deserves further theoretical and experimental ex-
plorations [33]. In all of the theoretical approaches dis-
cussed here, there is a strong assumption of a continu-
ous charge distribution without point-like substructure.
It has been shown that the substructures of protons and
quarks within nuclei [124] and their fluctuations [125]
can significantly alter the electromagnetic field inside
the nucleus at any given instant. This should result in
an observable effect, and deserves further theoretical
and experimental investigation. The expected effects
are most prominent in central collisions where the exist-
ing ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a mea-
surement. The very first assumption in all the known
models is that both colliding nuclei maintain their ve-
locities (a d(kYu;,) function) to validate the external
and coherent field approximation. In central collisions,
where the photon flux is expected to be generated pre-
dominantly by the participant nucleons, charge stop-

ping and finite momentum transfer may be an impor-
tant correction to the initial electromagnetic fields.

We have ignored higher-order corrections in both
the initial electromagnetic field [126] and the Sudakov
effect [127)] in this review in order to focus on the physics
of the lowest order QED processes. However, the Su-
dakov effect may be significant at smearing the dip
around a = 0, altering the high P, tail [127] and reduc-
ing the azimuthal asymmetry at high pair P, [37]. Fur-
thermore, it has been pointed out that there may be,
in a single event, significant multiple pair production
in up to 20% of the UPC events [128] at LHC energies.
This may complicate the model calculation, experimen-
tal measurements, and the corresponding comparisons
in which an exact match of how the events are defined is
needed between experiment and theory. Recently, var-
ious approaches for revisiting the Coulomb corrections
have been proposed, in one case to the photons [129],
and in the other case to the produced e*e™ pair [130].
All these aspects need to be put into a consistent and
coherent framework for comprehensive comparison to
experiment and for precision tests of models based on
QED [611[104].

In addition to the Breit-Wheeler process discussed
herein, the Light-by-Light (LbyL) scattering process
has also recently been observed at the LHC by the AT-
LAS [131[132] and CMS [I33] collaborations. In the
Standard Model, the leading order LbyL process pro-
ceeds through box diagrams of virtual charged parti-
cles. However, measurement of the LbyL process has
also been proposed as an avenue for testing physics be-
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yond the standard model, since the process may pro-
ceed through predicted axion-like (ALP, a) particles
(vy = a — vv) [134]. Future LHC measurements of the
LbyL cross section are expected to provide additional
constraining power on the allowed ALP mass and cou-
pling [120]. The ALP process is connected to the elec-
tromagnetic field distribution through the Lagrangian
density of the form [134]

Loyy = ﬁaF’“’FW = %aE - B, (40)
where 1/A is the coupling strength of the interaction
(A has units of energy) and a is the field for a mas-
sive scalar ALP. The physical link to the EM fields
through the E - B term should specifically be noted.
For this reason, a differential measurement of the LbyL
cross section sensitive to the field configuration (pho-
ton polarization) could provide additional power for dif-
ferentiation between the standard model process and
the possible ALP mediated LbyL process. For instance,
an observable similar to that used for the cos4¢ mea-
surement performed for the Breit-Wheeler process [37,
34121] could be employed. In this case, ¢ = ¢, is
instead the azimuthal angle between (p]' + p]*) and
(p7* — p1*)/2, where p]"*? are the transverse momenta
of the two outgoing photons. Though such a measure-
ment may be challenging considering realistic experi-
mental uncertainties on the measured v kinematics. As
an example of this, we note that the SuperChic3 model
displays a cos 2¢p modulation in this quantity due to the
photon polarization dependence [35]. Considering the
discussion above concerning the expected correlation of
IT1™ pairs with the global reaction plane produced in
events with hadronic overlap, one can similarly expect
that the outgoing photons produced in LbyL scatter-
ing may be correlated with the global event plane as
well. Therefore, if LbyL can be measured in events with
hadronic overlap (thus allowing reaction plane mea-
surement), then the angular correlation effects result-
ing from the photon polarization may be alternatively
accessed in that way. We note that both the Breit-
Wheeler process and the LbyL scattering measured in
the current experiments are at midrapidity while the
optical theorem connecting the two processes applies
to the Breit-Wheeler process at midrapidity and the
LbyL scattering at forward angles.

As a final point about future opportunities we
note that these developments have implications for the
study of other photon mediated processes in heavy-ion
collisions. For example, the measurement of coherent
diffractive photo-nuclear production of vector mesons
(YA — p% ¢, J/1...) has long been identified as a tool
for imaging the nucleus in high energy collisions. Since

these processes also involve a photon manifested from
the ultra-Lorentz boosted Coulomb fields, the detailed
understanding of the photon polarization and spacial
dependencies that have been learned from studying the
vy processes are expected to shed new light on these
other photon-mediated processes as well. Naturally, one
might expect that novel phenomena may result from the
impact parameter dependence and photon polarization
in photo-nuclear processes [I35] as have in the v pro-
cesses.

Since ultra-relativistic high-Z nuclei produce ultra-
strong electromagnetic fields, heavy-ion collisions pro-
vide a unique experimental setting for studying QED
phenomena in strong fields. In this review we have pre-
sented an overview of the concept of pair production
in vacuum by strong fields followed by a brief review
of the equivalent photon approximation as it is tradi-
tionally used to describe ultra-peripheral heavy-ion col-
lisions. Recent theoretical and experimental advances
have been discussed with special attention given to the
recent progress in understanding the effects of impact
parameter dependence and photon polarization on the
kinematics of the Breit-Wheeler process. Experimental
measurement of the strength and spatial distribution
the ultra-strong EM fields produced in heavy-ion col-
lisions are possible for the first time due to these ad-
vances. This progress is expected to advance the study
of other areas of QED in strong fields and to provide
novel input for the study of emergent phenomena of
QCD in ultra-strong electromagnetic fields.
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