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Collision-energy dependence of the Breit-Wheeler process in heavy-ion collisions
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The collision energy dependence of the cross section and the transverse momentum distribution of dielectrons
from the Breit-Wheeler process in heavy-ion collisions are computed in the lowest-order QED and found to be
sensitive to the nuclear charge distribution and the infrared divergence of the ultra-Lorentz-boosted Coulomb
field. Within a given experimental kinematic acceptance, the cross section is found to increase while the pair
transverse momentum (,/(p3)) decreases with increasing beam energy. We demonstrate that the transverse-
momentum component of Weizsidcker-Williams photons is due to the finite extent of the charge source and
electric field component in the longitudinal direction. We further clarify the connection between the nuclear
charge distribution and the kinematics of produced e*e~ from the Breit-Wheeler process, and propose a criterion
for the validity of the Breit-Wheeler process in relativistic heavy-ion collisions. Following this approach we
demonstrate that the experimental measurements of the Breit-Wheeler process in ultrarelativistic heavy-ion
collisions can be used to quantitatively constrain the nuclear charge radius. The extracted parameters show
sensitivity to the impact parameter dependence, and can be used to study the initial-state and final-state effects

in hadronic interactions.
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I. INTRODUCTION

In 1934, Breit and Wheeler studied the process of the col-
lision of two light quanta to create electron and positron pairs.
At that time Breit and Wheeler also noted that it is hopeless
to observe the pair formation in laboratory experiments with
two beams of X rays or y rays meeting each other due to the
smallness of the cross section and insufficiently large avail-
able densities of photon quanta [1]. In high-energy heavy-ion
collisions, ultrastrong electromagnetic fields can be obtained
from the Lorentz contraction of highly charged nuclei [2-6],
and produce observable physics outcomes. In a specific phase
space, these intense electromagnetic fields can be quantized as
a flux of quasireal photons (equivalent photon approximation,
EPA) [7,8], providing a viable source of photons to achieve
the Breit-Wheeler process in the laboratory.

Traditionally these photon-photon processes were expected
to exist only in ultraperipheral collisions (UPCs) [9-12] for
which the impact parameter between the colliding nuclei is
larger than twice the nuclear radius such that no nuclear
overlap occurs. However, it was recently realized that, even
in events with nuclear overlap, the dielectron production at
very low transverse momentum originates from two-photon
interactions [ 13—15]. The ability to measure the Breit-Wheeler
process in events with nuclear overlap provides additional
avenues to study the collision energy dependence of the Breit-
Wheeler process.
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In high-energy e*e™ collisions, the photons are assumed
to be emitted from the electron or positron. As shown by
Ref. [16] (Egs. 50.44 and 50.45), photon flux diverges at both
high and low four-momentum transfer, therefore it requires
cutoffs at the minimum and maximum of virtuality with a
finite four-momentum transfer for photons to be emitted from
the electron or positron. Unlike in the case for eTe™ colli-
sions, the photon flux does not diverge in heavy-ion collisions
[17], because the low transverse momentum photon flux is
regulated by the finite Lorentz factor of the ion, and the
high transverse momentum photon flux is naturally cut off
by the finite electric field strength due to the finite size of
the ion’s continuous charge distribution [18]. The consequen-
tial difference is that, in the ete™ — ete ete™ process, the
photons act as mediators, with their energy, transverse mo-
mentum distribution (TMD), and helicity state determined by
the scattering states of the initial and final electrons in action
[19,20], while in the heavy-ion UPC Breit-Wheeler process
the photons are predetermined from the external field as lin-
early polarized photons with their transverse momentum and
energy spectra constrained by the ion geometry and Lorentz-
boost factor. Therefore the photon source from heavy-ion
collisions is crucial for the discovery of the Breit-Wheeler
process and the investigation of the photon space-momentum-
spin correlation (Wigner function). These QED properties can
be further tested by the collision energy dependence of pair

©2023 American Physical Society


https://orcid.org/0000-0001-9670-8916
https://orcid.org/0000-0002-6327-5947
https://orcid.org/0000-0003-2168-0861
https://orcid.org/0000-0001-8370-4756
https://orcid.org/0000-0001-8853-0409
https://orcid.org/0000-0001-9976-8631
https://orcid.org/0000-0001-6094-9574
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.107.044906&domain=pdf&date_stamp=2023-04-20
https://doi.org/10.1103/PhysRevC.107.044906

XIAOFENG WANG et al.

PHYSICAL REVIEW C 107, 044906 (2023)

root-mean-square value of transverse momentum (V ( pzT))
and cross section for photon-photon process in heavy-ion
collisions.

Furthermore, the STAR Collaboration at the BNL Rel-
ativisitic Heavy-Ion Collider (RHIC) [13] and the ATLAS
Collaboration at the CERN Large Hadron Collider (LHC) [14]
have found a significant py broadening effect for the lepton
pairs from photon-photon processes in hadronic heavy-ion
collisions (HHICs) in comparison to those in UPCs. And they
are explained by introducing the effect of either the Lorentz
force from a trapped electromagnetic field [13] or Coulomb
scattering [ 14] in the quark-gluon plasma (QGP) created in the
HHICs. However, recent measurements by the CMS Collab-
oration to control the impact parameters in the UPC without
the influence of the thermal medium show that the photon-
photon process is dependent on the impact parameters [21].
This pr broadening effect has successfully been described by
the generalized EPA (gEPA), lowest-order QED, and Wigner
function formalism, each of which include the impact param-
eter dependence [18,22-24], which illustrates the importance
of considering the spatial distribution of the electromagnetic
fields. Strong electromagnetic fields arising from the Lorentz
contraction of highly charged nuclei generate a large flux of
high-energy quasireal photons. It has been argued in many
publications that the characteristic momentum for photons
from the electromagnetic fields of a given nucleus is (k}) o
1/R? [10,12,25-27] based on the uncertainty principle, where
R is the nucleus charge radius. In this article we clarify the
connections among the photon transverse momentum, the pair
transverse momentum in the Breit-Wheeler process, and the
nuclear geometry, in order to demonstrate the procedure for
using experimental results to constrain the charge radius of
large nuclei [18].

This paper is structured as follows: In Sec. II, we derive
a general form of the cross section in the lowest-order QED;
in Sec. III, we discuss the connections among the transverse
momentum distributions of photons, of the e™e™ pair from the
Breit-Wheeler process, and the nuclear geometry; in Sec. IV,
we discuss the photon virtuality and present a criterion for
the Breit-Wheeler process in heavy-ion collisions; in Sec. V,
we present numerical estimations for the collision energy
dependence of the cross section and v (p3) in peripheral
and ultraperipheral heavy-ion collisions. An example of the
constraining power on the nuclear charge distribution is shown
in Sec. VI. Finally, the paper is summarized in Sec. VIIL.

II. LOWEST-ORDER QED

The pair creation in lowest-order two-photon interaction
can be depicted as a process with two Feynman diagrams
contributing, as shown in Fig. 2 of Ref. [28]. There is an
approximation commonly used for describing events: That of
external fields generated by nuclei that are undeflected by the
collision and travel along straight-line trajectories. Following
the derivation of Ref. [28,29], the cross section for pair pro-
duction of leptons is given by

o= / d*bd°P(h) = / d2qd®P(G) / d*bet (1)

and the differential probability d°P(§) in QED at the lowest
order is

4 dPp.d?p_
A°P(§) = (Zotgy)' — ——L2E L=
B2 (2m)%2¢, 2¢_

/ 2 FNo)F (N)F (N3)F (Na)
X dql
NoN| N3Ny

x Tr{(p_ + m)[NziDlﬂl(Pf — ¢, + mik,

+ Nox'tha (g — p +mihy ] (p, —m)

X [Nsptha(p_ —dy — ¢+ mihy
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with
No = — q%,
Ny = —[q1 — (p+ + p)T%,
Ny = —(q1 +q),
No=—lg+(q —py —p ),

3)
Nop = — (q1 — p-)* +m?,

Nox = —(q1 — p4)* +m?,
Nsp = — (g1 +q — p-)> +m’,
Nsy = — (q1 +q — py)* +m?,

where b is the impact parameter, p; and p_ are the momenta
of the created leptons, Z is nuclear charge number, «,,, is fine
structure constant, 8 = v/c with v being the velocity of the
nucleus, c is the speed of light in vacuum, ¢, and €_ are
the energies of the produced leptons, F'(Nyp) is the nuclear
electromagnetic form factor, m is the mass of the lepton, u; ; is
the four-velocity divided by Lorentz contraction factor (y) of
ions 1 and 2, q; » is the four-momentum of the photon emitted
by ions 1 and 2, and the longitudinal components of g, are
given by g0 = 3[(e; +€-) + B(pz + p-)]. 41 = q10/B
q = q> — q1. In order to compute results at all impact param-
eters, where in general no simple analytical form is available,
the multidimensional integration is performed with the VEGAS
Monte Carlo integration routine [30].

The nuclear electromagnetic form factor can be obtained
via the Fourier transform of the charge distribution as

F(k*) = f d*r eé* pa(r). 4)

In this paper, we assume that the charges in the target and
projectile nuclei are distributed according to the Woods-Saxon
distribution [31] without any fluctuations or pointlike struc-
ture as

o0

1 +expl(r — R)/d]’

where the radius R (Au: 6.38 fm) and skin depth d (Au:
0.535 fm) are based on fits to low-energy electron scattering
data such that all deformations are assumed to be higher order
and are ignored [32], and p" is the density at the center of nu-
cleus. The Fourier transform of the Woods-Saxon distribution

pa(r) = &)
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does not have an analytic form; it was computed numerically
for the following calculations.

The EPA is used when deriving the cross section for pair
production in Eq. (1). According to the EPA, the number
spectrum of photons with energy w [17] manifested by the
field of a single nucleus is

n(w) NRO)

2
2 -
1) 2
 (Zep [00 4k, F((y) + ki) -
0

@r)* (%)2 +%2

—
where k | is the photon transverse momentum and F ((%)2 +

Tw

- . .
k %) is the nuclear electromagnetic form factor.

III. TRANSVERSE MOMENTUM DISTRIBUTION

From Eq. (6), the photon density increases dramatically as
k; — 0 and would diverge if it were not regulated by the
w/y factor. This implies that the measurements of collision
energy dependence of the [T/~ pair differential cross sec-
tion and mean transverse momentum would be sensitive to
the infrared-divergence term as evident from those equations.
Specifically in Eq. (6), the transverse momentum would be
expected to increase with decreasing beam energy (y) for
the same kinematic acceptance of e™ and e~ with fixed w.
Although it is commonly believed that the transverse momen-
tum distribution of photons is due to the uncertainty principle
and therefore k; o 1/R, we can demonstrate how to obtain
photon transverse momentum in classical electromagnetism.
At a given ultrarelativistic Lorentz boost (y), the classical
electric field from a charged nucleus can be expressed as

o, Ze
E= 57 (N
4reoy2r2(1 — B2sin?0)>

where g is the vacuum permittivity, r is the distance from
the center of the nuclear to field point, 7 is the direction from
the center of nuclear to field point, and 6 is the angle between
the electric field line and the beam direction. For any finite 8
and 6, there is a small component of the electric field in the
beam direction. The magnetic field expression can be obtained
from the electric field as

B=—@xE). (8)

From Eq. (8) it can be found that the magnetic field exists only
in the transverse plane. Therefore, the propagation of the elec-
tromagnetic wave (E X E) has a small but finite component in
the radial direction on the transverse plane. The photon den-
sity is related to the energy flux of the electromagnetic fields
[33] n(w) x § = iﬁ x B, where 1 is vacuum permeability
and § is the Poynting vector. The transverse component of the
photon momentum can be obtained by projecting the electric
field along the beam direction in Eq. (7) as E; = E cos ¢ and
integrating over the polar angle 6:

k_&_1

w E (€))

This relationship clearly shows that the transverse component
of photon momentum is due to the finite projection of elec-
tric field along the z axis and is not directly related to the
transverse size of the charge distribution. One can also un-
derstand intuitively that, in a cylindrically symmetric charge
distribution with infinite extension along the beam direction
(z axis), the electric field is strictly perpendicular to the z
axis and therefore the photons propagate strictly along the
z direction with no transverse momentum regardless of the
transverse radius. Similarly, in the high-power laser-driven
nonlinear Breit-Wheeler process [34], the photon generated
by the electron-laser collisions serves as an intermediate prop-
agator, and its divergence is cut off by the finite duration of the
laser pulse [35] with a laser pulse length about ten times that
of the laser photon wavelength.

How then are the measurements of the Breit-Wheeler pro-
cess sensitive to the nuclear geometry? Unlike in the case for
an ete™ collider, the photon flux does not diverge in UPCs
because the low-virtuality photon flux is regulated by the finite
Lorentz factor of the ions [k > (w/ y)2 Z 2 MeV)?, for
STAR acceptance and collision energy] and the high-virtuality
photon flux is naturally cut off by the finite field strength
due to the finite size of the ion’s charge distribution in the
form factor [k> < (1/R)> ~ (30 MeV)?] (e.g., Egs. (38)—
(45) in Ref. [33]). However, there is an additional important
factor which makes the Breit-Wheeler process sensitive to
the nuclear geometry. The Weizsidcker-Williams photons are
linearly polarized, and the two Feynman diagrams [28] in
Eq. (2) cancel at low k;. The phase modulation is of the
form exp (—ib-k.), and depends on the impact parameter,
which is related to the nuclear geometry. This is also what re-
sults in an impact-parameter dependence of the Breit-Wheeler
process. We note that the two-diagram interference depen-
dence is usually absent in models [26] implementing the
Breit-Wheeler process at the cross section level and not at
the quantum wave function level. Therefore, in high-energy
ultraperipheral heavy-ion collisions, the low k; is modulated
by exp (—ib-k.) and high k; by the form factor shown in
Eq. (4). Both of these factors are a function of the nuclear
geometry.

IV. PHOTON VIRTUALITY AND A CRITERION
FOR THE BREIT-WHEELER PROCESS

It is often considered that the transverse momentum of the
photons in UPCs is related to the transverse dimensions of
the nuclei and the virtuality of the photons as discussed in the
previous section. This has been used as an argument that the
et e pair production from UPCs is not the Breit-Wheeler pro-
cess despite the original proposal in the Breit-Wheeler paper
[1]. In this section, we follow the Vidovic paper [33] using
the S-matrix derivation to illustrate the approximation which
results in the EPA, and we propose a criterion for defining the
Breit-Wheeler process in relativistic heavy-ion collisions.

Since the Coulomb field is a pure electric field, the Lorentz
boost does not change the fact that real photons cannot be
generated by the single standalone nuclear field itself. The
resulting quantization as photons from the Poynting vector
from one nucleus would have the form as shown in Eq. (6)
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with a spacelike Lorentz vector and a “negative squared mass”
of —[(w/y)? —i—ki]. It was argued that if one were to de-
fine the process in UPCs as the Breit-Wheeler process, the
virtuality would simply have to be ignored. This is not the
case. In fact, setting this term to zero would result in infrared
divergence of the photon flux. Equation (25) in Ref. [33]
shows the approximation required for the conserved current of
the transition probability from yy to [T/~ pairs in the S matrix
to behave like real photon interactions. The requirement in
the center-mass-frame of the heavy-ion collision is that both
photons satisfy the following condition:

oy Sk < o. (10)

With this criterion and subsequent omission of the higher
order second and third terms of the order of 1/y2, the vertex
function of the two-photon process in relativistic heavy-ion
collisions in Eq. (28) of Ref. [33] would be identical to that of
the real-photon interaction in Eq. (19) of Ref. [33]. The inter-
pretation is therefore that the single-photon flux of the virtual
states from the Lorentz boosted field is given by Eq. (6) and
that the interaction is only relevant for (or behaves as) photons
with real-photon states characterized by an energy of @ and a
transverse momentum of & , validating the implementation of
the so-called photon Wigner function (PWF) [24,27,36,37].
The form factor (field strength) in the photon flux limits the
photon transverse momentum to be k; < 1/R and, in the
regime of much higher k; (k; 2 1/R and/or 2 y /R), sig-
nificant contributions from the “semicoherent” process [38]
with photons scattering off constituent nucleons and quarks
inside a nucleus may invalidate the EPA assumption. This
puts a further constraint on the available phase space for the
photons that may participate in the Breit-Wheeler process:

w/y Skt S 1/R K o. (11)

With decreasing beam energy (y) in the same kinematic
acceptance, the phase space for the Breit-Wheeler process
decreases and we would expect that the photons outside this
valid range (k. < w/y) contribute substantially to the inter-
action cross section at low beam energy.

V. NUMERICAL RESULTS

In this paper, we focus on peripheral and ultraperipheral
collisions. In peripheral collisions, the Breit-Wheeler process
may be accompanied by hadronic interactions. According to
the optical Glauber model, the mean number of projectile
nucleons that interact at least once in an A 4 A collision with
impact parameter b is [39,40]

Nu (D) = /d27 Ta(F — B){1 — expl—ony T4 ()]}, (12)

with the nuclear thickness function [74(7)] determined from
the nuclear density distribution:

TA(7) = /dz,o(?,z), (13)

where oy is the total nucleon-nucleon inelastic cross section,
and the subscript H of Ny stands for hadronic collisions. The
collision energy dependence of oyy has been determined via

a fit utilizing the parametrization onn(s) = A + Bln"(s) [41].
In this work, we use values of A = 25.0 mb, B = 0.146 mb,
s in units of (GeV)?, and n =2 in numerical calculation.
Then, the probability of having a hadronic interaction (1 —
exp[—Ng (b)]) can be obtained, which is also used to deter-
mine the collision centrality.

For ultraperipheral collisions, the nuclei pass one another
with a nucleus-nucleus impact parameter b large enough such
that there are no hadronic interactions. So, for UPCs, the
probability of having no hadronic interaction (exp[—Ng (b)])
must also be taken into account, especially for b ~ 2R. The
density of photons provided by the fields of highly charged
nuclei is appreciable, therefore the nuclei may exchange mul-
tiple photons in a single passing, which leads to the excitation
and subsequent dissociation of the nuclei. The STAR exper-
iment at RHIC measures cross sections of pair production
together with the mutual electromagnetic excitation of the
nuclei, in which neutrons are emitted from both ions. The
neutron emission multiplicity can be selected in the zero-
degree calorimeter (ZDC) [42,43]. In order to incorporate
the experimental conditions into the theoretical calculations,
the probability of emitting neutrons from an excited nucleus
must be included. 1nln is defined as two colliding nuclei
that each emit a neutron, while XnXn is defined as colliding
nuclei that each emit at least one neutron. The probabilities
of 1nln and XnXn can be obtained using the EPA method
[40]. The parametrized P(b) shown in Eq. (14) is another
widely adopted method to describe the probability of emitting
a neutron from the scattered nucleus [36,37]. Figure 1(a)
shows the probability distributions as a function of impact
parameter based on the parametrized method and the EPA
method with different neutron selections. Figure 1(b) shows
differential cross sections as a function of dielectron trans-
verse momentum according to the probabilities shown in
Fig. 1(a). The differential cross sections with probabilities
of 1nln by the EPA method and the parametrized method
are scaled to compare to the published XnXn UPC data
[23]. It is clear that the calculation with all three probabil-
ities can reasonably describe the shape of the measured pr
distribution:

SZ(A-2)
L ZA-2)
x exp| —5.45 x 107 AR (14)

We follow STAR experimental conditions in choos-
ing to integrate the rapidities and transverse momentum
of the electron (positron) over the ranges [—1,1] and
[0.2 GeV, 1.4 GeV], respectively. Similarly, the transverse
momentum of the eTe™ pair is required to be less than
200 MeV. Neutron selection condition XnXn is used to get
Figs. 2 and 3. We plot the cross section and v<p2T) of
ete” pairs as a function of center-of-mass energy within
STAR acceptance for peripheral and ultraperipheral colli-
sions in Figs. 2(a) and 3(a). The general trend is that the

cross section increases while «/(pzT) decreases when the
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FIG. 1. (a) The gold nucleus break-up probability as a function of impact parameter based on the parametrized method and EPA method
with different neutron selections. (b) Differential cross sections as a function of dielectron transverse momentum according to the probabilities
shown in the left plot compared to the STAR measurement [23] with neutron selection condition XnXn in Au + Au UPCs at 200 GeV.

center-of-mass energy increases. Both the cross section and

the ~/(p3) tend to reach a plateau at higher energy for the
same kinematic acceptance. As discussed earlier, and now
numerically demonstrated, v/ (p%) has a significant depen-
dence on impact parameter and does not follow the photon
k) decrease as w/y at high energy. The turning point where
the plateau sets in is at beam energy of around 100 GeV, and
therefore the RHIC beam energy range of ~20-200 GeV is

; AutAu
N
— 40-60°
© Solid line: R = 6.38 fm %
— 60-80% x0.5
1074 Dotted line: R = 6.9 fm —_UPC %02
1; b)
2 0.95
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TE peT >0.2GeV/e, |y <1, n|<1
0_6’ 1 1

10*

sy (GeV)

FIG. 2. (a) The cross section for the production of ete™ pairs
via the Breit-Wheeler process in Au + Au collisions within STAR
acceptance as a function of center-of-mass energy. Results are shown
for different centralities and for two different nuclear charge radii of
6.38 fm (solid line) and 6.9 fm (dotted line). The STAR measure-
ments [13,23] are also plotted for comparison. (b) The corresponding
ratios of the cross section for R = 6.9 fm over R = 6.38 fm.

10% 10°

ideal for studying this effect with the generic detector capa-
bilities available in high-energy nuclear physics.

To get some qualitative understanding of the trends of the
beam energy dependence shown in Figs. 2 and 3 that we
obtain from the numerical calculations, we derive the cross
section and v/ { pzT ) from the photon density in Eq. (6) with fur-
ther approximations of a Gaussian nuclear charge profile and
additive photon momenta [26]. The resulting equations for the

"F@
- Solid line: R = 6.38 fm AutAu
65 Dotted line: R = 6.9 fm — 40-60%
— 60-80%
605 —80-100%
)
S 55
q) [~
= =
~ 50—
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v 45—
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g T pe > 0.2 GeVie, Jy | <1, [n<1
© L ee e
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I@O.QS; =
0.9t :

102 10°

10
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FIG. 3. (a) The y/{p3) of e*e™ pairs produced in Au + Au col-
lisions within STAR acceptance as a function of center-of-mass
energy. Results are shown for different centralities and for nuclear
radii of 6.38 fm (solid line) and 6.9 fm (dotted line). The STAR
measurements [13,23] are also plotted for comparison. (b) The cor-
responding v/ (p2) ratios for R = 6.9 fm over R = 6.38 fm.
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FIG. 4. Cross section (left panel) and ,/(p?%) (right panel) as a function of center-of-mass energy fitted by Eqgs. (15) and (16) respectively.

cross section and v/ ( pZT) are

y2 5 w2R2
00(1n<ﬁ+a)>+w2R2—+y2+C, (15)
a)2 y2 5
,/(p%)ocZ;xln (ﬁ +w )+C, (16)

where C is some integration constant. These are used to fit

the QED calculations for cross section and v (p%), and are
illustrated for 40-60% centrality as a function of beam energy
in Fig. 4. These logarithmic functions can describe the overall
trends of our QED calculations.

In order to investigate the dependence on the nuclear
charge distribution, we vary the Woods-Saxon radius of the
nuclear charge distribution in the calculations from 6.38 to

V(P
with R = 6.9 fm are shown as dotted lines in Figs. 2(a) and
3(a). The corresponding ratios of the cross section and v/ pzT)
for R=6.9 fm over R = 6.38 fm are shown in Figs. 2(b)
and 3(b), respectively. These results show that, the larger the
radius of the nuclear charge distribution is, the smaller the
cross section and the smaller the average e*e™ pair momen-
tum. The ratios which deviate from unity demonstrate that
the kinematics of the yy — e*e™ process are sensitive to the
details of the nuclear charge distribution.

Figure 5 shows the 99.7% (30) confidence level con-
tour for the extracted nuclear charge distribution for a
gold nucleus. These confidence contours result from a x2-
minimization procedure applied to the STAR measurements
of the pair py and invariant mass (M,,) distributions from the
yy — ete™ process [13,23] compared to the corresponding
lowest-order QED calculations with the probabilities based on
the parametrized method and the EPA method. For the mini-
mization, the nuclear radius and skin depth are parametrized
according to a Woods-Saxon distribution and are assumed to
be the same for both electromagnetic and strong interactions.
And the confidence level contours are all from experimen-
tal uncertainty only. The QED in UPC calculated with the
parametrized probability has an arbitrary normalization and
an additional overall normalization parameter is used to fit
the data to get the XZ, while the absolute cross section is

6.9 fm. The recalculated values of the cross section and

used to obtain the x? from the other two neutron emission
distributions (1nln and XnXn). The charge radius can be
better constrained when the cross section is also taken into
account in the x? calculations shown as the contours in
Figs. 5(a) and 5(b) compared to Fig. 5(c). The results show
that the RHIC measured charge radius deviates systematically
from that from low-energy electron scattering at the 2-3o
level. Compared to Fig. 8 in Ref. [18] obtained from only
the measured pr distribution in UPCs, the gray contour in
Fig. 5 obtained from the measured py and M,, distributions
in UPCs [23] shows a trend towards a slightly larger radius.
In addition to adding the M,, distribution in constraining
the nuclear parameters, another difference is that our current
result uses the same free parameters of the form factors for
both the strong-interaction radius and the charge radius. On
the other hand, the result in Fig. 8 of Ref. [18] was found with
only the charge radius in the form factor as a free parameter,
assuming that the strong-interaction radius of the nucleus was
unchanged.

Another important factor we need to consider is the
model uncertainties. There are a few model conditions which
contribute to the numerical variations of the model implemen-
tation. The selection of neutron emission multiplicity in the
ZDC provides an effective cutoff at large impact parameter.
There are different implementations of such a probability
distribution function obtained from experimental data and the-
ory. The UPC data published by the STAR Collaboration are
with 1n—4n selections and are scaled up with an overall scale
factor to match with XnXn. In reality, the impact parameter
distribution is closer to a 1n1n selection [23]. Table I lists the
obtained root-mean-square (RMS) values of the charge radius
from the comparison between experimental data and model
under different conditions. Specifically, the results from UPC
show that the obtained radius is slightly larger (by about 0.1
fm) if XnXn neutron selection is assumed than if 1n1n selec-
tion is assumed. The other uncertainty is the nucleon-nucleon
inelastic interaction cross section (o,, ). This condition limits
how much smaller the impact parameter could be in UPCs.
Table I also lists the obtained RMS of radius for different o,,,.
The effect is at the level of 0.1 fm when o,, changes from
35 to 45 mb. We emphasize that these three model conditions
only affect the impact-parameter probability distribution and
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FIG. 5. The constraints on gold nuclear charge distribution obtained by the comparison between STAR measurement of yy — e*e™ and
the lowest-order QED calculation for different neutron selection conditions in ZDC and parametrized probability; (a), (b), and (c) are for

XnXn, 1lnln, and parametrized probability, respectively.

do not change other terms in the calculations presented in
the previous sections. The transverse momentum distribution
has a finite variation as a function of impact parameter [22];
however, that variation in UPCs with the ZDC selection on
the mutual Coulomb disassociation is small. Similarly, the
difference between a Glauber model with continuous density
distribution function vs that with a Monte Carlo simulation
would be even smaller because those two different Glauber
models would result in the same probability distribution. In
the peripheral collisions, the o,, would change the space
distribution of the participant nucleons but would not change
the centrality definition and its impact parameter value.

VI. DISCUSSIONS

Figure 2 shows a logarithmic growth of cross section and
Fig. 3 shows a flat distribution for ,/s,, > 100 GeV (y >
50). These are consistent with the discussion in Sec. IV of
the Breit-Wheeler process. For lower energy (y < 50), the
numeric results show that the cross section decreases dramat-
ically while v/ (p%) increases with decreasing beam energy.
This is consistent with the substantial contributions of pho-

ton interaction from phase space with k; Sw/y. Within the
kinematic acceptance, it was required that the single electron
(positron) momentum be >200 MeV at midrapidity [13,23].
This momentum threshold requires y > 10 to have any phase
space for the Breit-Wheeler process as defined in Eq. (11).
The results shown in Figs. 2 and 3 suggest that significant
contributions to the process outside of that valid range start at
y < 50. These highlight the importance of relevant kinemat-
ics when we discuss the validity of the Breit-Wheeler process
and its specific trend as a function of beam energy and central-
ity. Conversely, at extreme high energy, there are constraints
on the validity of the Breit-Wheeler process as well. We note
that, in addition to the lepton pair momentum, the acoplanarity
() has been used in literature [14]. The criterion can be
readily defined in terms of acoplanarity since it is straight-
forwardly related as 2k e %a)a [22,44]. Therefore, the
criterion of the Breit-Wheeler process in terms of acoplanarity
reads

S—aS < 1. an

<5
SRS

SIS

TABLE 1. RMS of radius (y/(r?)) at minimum x2 (x2,,) and uncertainties within x2, + 1 with different o, and with different neutron
selection conditions in ZDC and parametrized probability. UPC and MB, respectively representing ultraperipheral collision and minibias
collision data, are used, which is the same as Fig. 5. A default o,,, = 41.6 mb has been used in all other calculations. These are to be compared
to the default value of nuclear charge radius RMS of \/@ =533fmatR =6.38 fm and d = 0.535 fm.

MB UPC+MB

Condition o,y (mb) UPC

1nln 35.0 5.55+0.03 —0.30
40.0 5.32+0.26 — 0.21
41.6 5.39+0.14 — 0.21
45.0 5.47+0.02 — 0.21

XnXn 35.0 5.70 + 0.01 — 0.29
40.0 5.70 + 0.01 — 0.30
41.6 5.67+40.03 —0.17
45.0 5.54+0.17 - 0.16

Parametrized 35.0 551+0.15-0.18
40.0 5.43 +0.22 — 0.08
41.6 5.414+0.25 -0.09
45.0 5.404+0.23 —0.17

5.66 4+ 0.09 —0.12
5.6740.08 —0.10
5.6740.08 —0.12
5.66 4+ 0.09 —0.11
5.66 4 0.09 —0.12
5.6740.08 —0.10
5.67+0.08 — 0.12
5.6640.09 —0.11
5.664+0.09 — 0.12
5.67+0.08 —0.10
5.6740.08 —0.12
5.66+0.09 — 0.11

5.55+0.03 — 0.03
5.58 4 0.01 — 0.04
5.534+0.10 — 0.02
5.5440.08 — 0.03
5.64+0.07 - 0.07
5.704+0.01 - 0.12
5.67 4+ 0.03 — 0.09
5.6440.06 —0.11
5.614+0.13 - 0.11
5.6740.04 — 0.16
5.6240.12 -0.11
5.62+40.09 — 0.11
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For the kinematics of the ATLAS experiment at the LHC
[14,44] with y = 2500 and @ 2, 10 GeV, the real-photon cri-
terion becomes 4 < k; < 30 MeV (or 0.0004 < o < 0.003).
Recent ATLAS results [44] of pr and « in central Pb+Pb
collisions show that the full QED calculation presented in
this article can describe the depletion at o ~ 0 better than the
PWF [27]. We postulate that this difference may be due to
the breakdown of the real-photon approximation in PWF at
the extreme phase space when both photons’ k; (S4 MeV)
approach zero and the conserved transition current could
not be approximated as a two-real-photon vertex function
as discussed in Sec. IV, and the Landau-Lifschitz process
for the collisions of two virtual photons may have to be
considered [45].

In the approach described herein, we ignore several poten-
tial effects at the initial and final stages. They are (a) initial
charge fluctuation [2,39,46] and semi-coherent scattering
[38,39], (b) higher order Coulomb correction and suppres-
sion [47-51], (c) final-state Sudakov radiation [27,52], and
(d) electromagnetic interaction with the surrounding medium
[13,14,27,53]. Each effect has specific observable features
in addition to the effects on the broadening of transverse
momentum and the suppression of the overall cross sections.
Until those specific features are observed, it is difficult to take
those effects into account when the lowest-order QED has
been demonstrated to be able to describe the existing data to
high precision. It is beyond the scope of this paper and we
refer readers to a few recent review papers on these topics
[20,37,54]. The present study provides a baseline for future
investigations of these additional effects.

The data points in the 40-60% and 60-80% centrality
Au + Au collisions at 200 GeV [13] were used to get the
blue contour in Fig. 5. All available data points from both
the peripheral and ultraperipheral collisions [13,23] were used
to obtain the red contour in Fig. 5. The pink marker in the
figure shows the result from fits to low-energy electron scat-
tering data [32]; it lies at the 30 boundary of the red contour
and gray contour and is in the middle of both in Figs. 5(a)
and 5(b). This indicates a possible centrality dependence. The
centrality dependence may also be a potential indication of
possibly those four additional effects which are not included
in the EPA-QED calculations. We have already demonstrated

the sensitivity of the Breit-Wheeler process to small effects at
the level of just a few MeV. Therefore, future high-precision
measurements may potentially lead to constraint on these
initial- and final-state effects.

VII. CONCLUSIONS

We study the collision energy dependence of the cross sec-

tion and v/ (p%) for electromagnetic e*e™ pair production (the
Breit-Wheeler process) in heavy-ion collisions. It is found that

the cross section and v/ (p%) have a strong collision energy
dependence. To be more specific, the cross section increases

with increasing beam energy, while v/ (p3) for ete™ pairs
decreases with increasing beam energy for a fixed energy ().
Both reach a plateau above RHIC top energies for the specific
kinematic acceptance in the STAR detector discussed in this
paper. We further investigate the kinematics of the pair pro-
duction in order to define the criterion for the Breit-Wheeler
process. It would be very interesting to test these theoretical
predictions at RHIC and LHC. The collision energy depen-
dence can be used as a powerful tool to study QED processes
in strong electromagnetic fields. Moreover, the yy — [T~

process cross section and v/ (p%.) are sensitive to the nuclear
charge distribution in heavy-ion collisions, therefore the nu-
clear radius and skin depth can be extracted by [/~ pair pr,
M.,., and angular distributions. Additional precision measure-
ments at RHIC and LHC in non-UPC A + A collisions will
be especially important for improved precision and sensitivity
to any deviation from initial nuclear Woods-Saxon charge
distribution.
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