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We calculate the cross section and transverse-momentum (P⊥) distribution of the Breit-Wheeler process 
in relativistic heavy-ion collisions and their dependence on collision impact parameter (b). To accomplish 
this, the Equivalent Photon Approximation (EPA) was generalized in a more differential way compared 
to the approach traditionally used for inclusive collisions. In addition, a lowest-order QED calculation 
with straightline assumption was performed as a standard baseline for comparison. The cross section 
as a function of b is consistent with previous calculations using the equivalent one-photon distribution 
function. Most importantly, the P⊥ shape from this model is strongly dependent on impact parameter 
and can quantitatively explain the P⊥ broadening observed recently by RHIC and LHC experiments. This 
broadening effect from the initial QED field strength should be considered in studying possible trapped 
magnetic field and multiple scattering in a Quark-Gluon Plasma (QGP). The impact-parameter sensitive 
observable also provides a controllable tool for studying extreme electromagnetic fields.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
In 1934, Breit and Wheeler studied the process of collision 
of two light quanta [1] to create electron and positron pairs. 
The Weizsaeker-William (W W ) photon flux generated by highly 
charged heavy ions in a moving frame of reference was proposed 
as the only viable approach to achieve photon-photon collisions. 
In recent years, high-energy particle accelerators [2] with high lu-
minosity and high-power lasers [3,4] with fast pulses are able to 
generate extreme electromagnetic fields and realize photon-photon 
collisions. In the collider mode of relativistic heavy-ion collisions, 
the intense electromagnetic fields are equivalent to a flux of high-
energy quasi-real photons [5,6] in the laboratory frame, and the 
production of dileptons can be represented as the product of two-
photon collisions γ + γ → l+ + l− . The magnetic field generated 
by these passing nuclei can reach 1015 Tesla [7] and has become 
an important experimental and theoretical element in the study of 
new QCD phenomena [8].

From external classical field [9] and EPA approximations, pho-
tons are generated by the QED field with momentum predomi-
nantly along the beam direction and with transverse momentum 
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at the scale of ω/γ where ω is the photon energy and γ is the 
Lorentz factor of the projectile and target nuclei. Higher-order con-
tributions and photon virtuality are suppressed by orders of 1/γ 2

and are negligible for the case when the P⊥ of the photon is of 
ω/γ or less. Therefore, the associated photons have a small P⊥
and the leptons subsequently produced by these QED fields in the 
EPA have the distinctive signature of being nearly back-to-back in 
azimuth with small total transverse momenta (P⊥ � ω/γ ). The 
photon-induced scattering processes have been extensively stud-
ied in ultra-peripheral collisions (UPCs) [9–20], for which the im-
pact parameter (b) is larger than twice the radius (R A ) of the 
nucleus to ensure that no hadronic interaction occurs between 
the colliding nuclei. Conventionally, the photon-induced interac-
tions are expected only to be applicable in UPCs. However, in 
the last few years, such photo-processes have also been observed 
in hadronic heavy-ion collisions (HHICs) for photonuclear produc-
tion [21,22] and photon-photon collisions [23–25], and theoretical 
progress [26–29] has been made to describe such processes.

Furthermore, the STAR collaboration at RHIC [24] and the ATLAS 
collaboration at the LHC [25] have found a significant P⊥ broad-
ening effect for the lepton pairs from photon-photon collisions in 
HHICs in comparison to those in UPCs and to model calculations. 
 BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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The STAR Collaboration characterized the broadening by measuring 
the P 2⊥ and the invariant mass spectra of lepton pairs in Au+Au 
and U+U collisions with respect to the EPA calculations. The ATLAS 
Collaboration quantified the effect via the acoplanarity of lepton 
pairs in different centrality HHIC in contrast to the same mea-
surements in UPCs. Theoretical models are used to describe the 
broadening qualitatively by introducing the effect of a magnetic 
field trapped in an electrically conducting QGP or alternatively 
by the electromagnetic (EM) scattering of leptons in the hot and 
dense medium. These descriptions of the broadening effect assume 
that there is no impact-parameter dependence of the P⊥ distribu-
tion for the lepton pair from the initial photon-photon collision. 
In this letter, we examine the Breit-Wheeler process as a function 
of impact parameter in heavy-ion collisions based on the exter-
nal classical field approach [9] and go through the generalized EPA 
(gEPA1) assumption toward a formula, which shows strong impact-
parameter dependence of the cross section and P⊥ spectra. We 
have pointed out possible issue with this EPA approach, proposed 
an empirical remedy with a modified formula (gEPA2) and also 
carried out a full QED calculation based on Ref. [30,31]. These con-
tributions provide a baseline for the extraction of possible medium 
effect.

Following the procedure of external classical field approach 
in [9], we start from the electromagnetic potentials of the two col-
liding nuclei in the Lorentz gauge:

Aμ
1 (k1,b) = −2π(Z1e)eikτ

1 bτ δ(kν
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F1(−kρ
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2 k2ρ)

kσ
2 k2σ

uμ
2 .

(1)

Here b is the impact parameter, which characterizes the separa-
tion between the two nuclei. The δ function ensures that the nu-
clei travel in straight line motion with a constant velocity. In this 
approach, the deflections from the straight line motion due to col-
lisions are neglected. The velocities are taken in the center-of-mass 
frame with u1,2 = γ (1, 0, 0, ±v), where γ is the Lorentz contrac-
tion factor. The form factor F (k2) is the nuclear electromagnetic 
form factor obtained from the Fourier transformation of the charge 
density of the nucleus. The amplitude for the lepton pair produc-
tion from the electromagnetic fields in lowest order can be given 
by the S-matrix element, which leads to Eq. 30 in Ref. [9]:
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where the four momenta of photons are

k1 = (w1,k1⊥,
w1

v
),k2 = (w2, P⊥ − k1⊥,

w2

v
)

w1 = 1

2
(P0 + v P z), w2 = 1

2
(P0 − v P z)

k2⊥ = P⊥ − k1⊥,q⊥ = k1⊥ − k′
1⊥

k′
1 = (w1,k1⊥ − q⊥, w1/v)

k′
2 = (w2,k2⊥ + q⊥, w2/v)

(3)

The elementary scalar (σs) and pseudoscalar (σps) cross-
sections can be given by the following formula
σs = 4πα2
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where m is the lepton mass and s = 4w1 w2. To arrive at Eq. (2)
from Eq. (1), it has been shown in Ref. [9] that the photon flux 
is decisively longitudinal with k⊥ � ω/γ and higher-order terms 
are of the order of 1/γ 2 down from the first term presented in 
Eq. (2). This is also the only approximation from the external clas-
sic field resulting in the equivalent photon flux. For differential 
cross-section as a function of a given variable (for example, P⊥
or b), the integration is performed over all other phase spaces ex-
cept the given variable (P⊥ or b). It has been pointed out that 
the equations are used for total cross-section without kinematic 
cuts. The final-state dilepton pair kinematics were implemented 
and selected according to experimental acceptance using the read-
ily available code from STARLight [15] with the Breit-Wheeler for-
malism for the differential cross-section in γ γ → l+l− . Unless 
otherwise specified, the cross-sections of σs and σps are specific 
cross-sections within the detector acceptance. The results from this 
model are shown in Fig. 1 and are labelled as generalized EPA 1 
(gEPA1).

Through Eq. (2) and (4), we are able to study the impact pa-
rameter dependence of the differential cross-section on the P⊥
spectra of lepton pairs. To simplify the numerical calculation, we 
assume that the charges in the target and projectile nuclei are dis-
tributed according to the Woods-Saxon distribution without any 
fluctuations or point-like structure. The charge density for a sym-
metrical nucleus A is given by the Woods-Saxon distribution:

ρA(r) = ρ0

1 + exp[(r − RWS)/d] (5)

where the radius RWS (Au: 6.38 fm, Pb: 6.62 fm) and skin depth d
(Au: 0.535 fm, Pb: 0.546 fm) are based on fits to electron scattering 
data [32], and ρ0 is the normalization factor. The collision geome-
try (centrality) is determined by the Glauber model, in which the 
p+p inelastic cross sections employed for RHIC and LHC are 42 mb 
and 70 mb at their corresponding collision energies, respectively. 
Fig. 1 shows the numerical calculations of the P 2⊥ distributions 
of electron-positron pair production for different mass regions in 
60-80% Au+Au collisions at 

√
sNN = 200 GeV. The results are fil-

tered with the STAR acceptance (pT ,e > 0.2 GeV/c, |η| < 1, and 
|yee| < 1) to allow direct comparison with the experimental mea-
surements. The STAR measurements [24] and calculations from the 
STARLight EPA approach are also plotted for comparison. Both the 
shape and the magnitude of the experimental measurements can 
be described reasonably well by these calculations. However, there 
is a notable wiggle at low P⊥ , which disagrees with the data and 
appears to be unphysical.

Usually, an integration over b of Eq. (2) is performed resulting 
in the famous equivalent photon cross-section for two-photon col-
lisions as shown in Eq. 32 of Ref. [9], as in STARLight and other 
numerical calculations [15,33]. The integration of Eq. (2) over the 
impact parameter b leads to a δ function in the transverse mo-
mentum q⊥ and the subsequent result reads:
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Fig. 1. The P 2⊥ distributions of electron-positron pair production within the STAR acceptance for the mass regions 0.4 − 0.76 (left panel), 0.76 − 1.2 (middle panel), and 
1.2 − 2.6 GeV/c2 (right panel) in 60 − 80% Au+Au collisions at √sNN = 200 GeV. The STAR measurements [24] and calculations from gEPA1, gEPA2, QED and STARLight [15]
are also plotted for comparison. See text for details of the models.
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where σ(w1, w2) is the cross-section averaged over the scalar and 
pseudoscalar polarization. This is exactly the EPA expression com-
monly used in the literature and used in comparison to recent 
experiments [6]. The spectral shape [15,33], which is insensitive to 
the collision centrality, is the result of integrating over the whole 
impact parameter space as shown in Eq. 31 to Eq. 32 [9] and sub-
sequently inserting an impact-parameter dependent photon flux 
σ(w1, w2, b), as shown in Eq. 36 to 43 in Ref. [9].

We have also performed a QED calculation at leading-order 
based on Ref. [30,31] and extended its original calculation to all 
impact parameters as a function of the transverse momentum of 
the produced pair. The lowest-order two-photon interaction is a 
second-order process with two contributing Feynman diagrams, as 
shown in Fig. 2 of Ref. [30,31]. Similarly, the straight-line approx-
imation for the incoming projectile and target nuclei is applied as 
in the case of all EPA calculations. Otherwise, a full QED differen-
tial cross-section with two photons colliding to create two leptons 
has been calculated. Following the derivation of Ref. [30,31], the 
cross section for pair production of leptons is given by

σ =
∫
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with
N0 = −q2
1, N1 = −[q1 − (p+ + p−)]2,
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where p+ and p− are the momenta of the created leptons, the 
longitudinal components of q1 are given by q10 = 1

2 [(ε+ + ε−) +
β(p+z + p−z)], q1z = q10/β , ε+ and ε− are the energies of the 
produced leptons, and m is the mass of lepton. In the calculation 
of P (�q), the traces and matrices have been handled by the Math-
ematica package FeynCalc [34]. The multi-dimensional integration 
is performed with the Monte Carlo (MC) integration routine VE-
GAS [35].

The gEPA1 and QED calculations are shown in Fig. 1 as dash-
dotted and solid lines, respectively, together with experimental 
data points and the STARLight calculations. It is clear that there is a 
difference between the gEPA1 and the QED calculations. The most 
striking difference is in the P⊥ spectral shape. The QED curves 
describe the spectra quite well with a smooth distribution of the 
cross-section increasing from high to low P⊥ , but with a smooth 
turn-over at very low P⊥ . We stipulated that the two Feynman di-
agrams in the leading order have interference terms which is miss-
ing from the generalized EPA (gEPA1) in the connection between 
initial virtual photon fields and the Breit-Wheeler cross-section. 
We tried an additional phase term for the differential cross-section 
leading Eq. (2) to become:
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where α1 is the angle between �k1⊥ and �k′
1⊥ while α2 is the angle 

between �k2⊥ and �k′ . The results are shown in Fig. 1 as gEPA2. 
2⊥
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The gEPA2 result is strikingly similar to the QED calculation in 
all centralities and beam energies. Although there is no vigorous 
physics motivation for the additional phase shift, it is nevertheless 
valuable to be taken as an effective way of empirical parameter-
ization of the data. It certainly will be interesting to see if such 
a description holds with new precision data from UPCs at RHIC 
and LHC. We note that there is a small difference between the 
QED and the gEPA2 results evident in Fig. 1. Specifically, the QED 
calculation has a systematically lower 

√
〈P 2⊥〉 than the STAR data 

and the gEPA2 calculation. Whether this is a result from final-state 
interaction or from missing ingredients in the QED calculation in 
the initial stage requires further theoretical and experimental ex-
ploration. One possibility is to compare the QED calculation to 
experimental data in UPC to validate the calculations.

As demonstrated in Eq. (2), (7) and (10), the term ei�b·�q⊥ gives 
rise to impact parameter dependence in the integration over the 
transverse momentum q⊥ . Fig. 2 shows the numerical QED cal-

culations of the broadening variable, 
√

〈P 2⊥〉, for electron-positron 
pairs within STAR acceptance as a function of impact parameter b
for different mass regions in Au+Au collisions at 

√
sNN = 200 GeV. 

As expected from QED calculation, the broadening increases with 
deceasing impact parameter and reaches a maximum value ap-
proximately twice that of the peripheral collisions. In addition, 
the broadening depends on the invariant mass of the lepton pair. 
The larger the invariant mass, the more significant the broadening. 
A possible explanation is that the pairs with larger invariant mass 
are generated predominantly in the vicinity of the stronger elec-
tromagnetic field, which, in turn, create higher transverse momen-
tum. In this figure, the STAR measurements [24] are also plotted 
for comparison and show qualitative agreement but with system-
atically higher values than the QED calculations. We summarize as 
follows: 1. The 

√
〈P 2⊥〉 from data requires an additional �40 MeV/c

broadening compared to the STARLight result [24]; 2. The QED 
calculation in 60-80% requires � 30 MeV/c additional broaden-

ing compared to its UPC result; 3. The 
√

〈P 2⊥〉 from STAR data in 
60-80% central collisions is about 15 MeV/c broader than the QED 
calculation at the same centrality. This means that the final-state 
broadening effect, if any, is about a factor of 3 smaller than the 
original estimate [24]. Also shown in the figure is the gEPA1 and 
gEPA2 for the lowest mass range. The gEPA2 curve is similar to the 
QED while gEPA1 is quite different toward central collisions. We 
noted that Ref. [36] has used similar approach with a minimum 
cutoff on impact parameter to reproduce an earlier STAR result in 
ultra-peripheral collisions under the condition of mutual Coulomb 
excitation [10].

The STAR Collaboration performed this measurement with 
electron-positron pairs in the mass range of [0.4,2.6] GeV/c2. The 
ω/γ is in the range of [4,26] MeV and is at the same order of the 
measured P⊥ range as a required condition of EPA [10]. The mea-
surement of a smooth structure in the invariant mass distribution 
with the absence of vector mesons (ρ, ω and φ) is convincing ev-
idence of pure Breit-Wheeler process [23]. The excellent electron 
identification at low momentum along with large coverage and low 
material budget along the trajectories of produced particles at mid-
rapidity makes this difficult measurement possible at STAR. The 
ATLAS Collaboration takes advantage of better angular measure-
ment (than momentum measurement) of high-momentum muons, 
and characterizes the broadening of muon pairs with acoplanarity 
correlations in the mass range of 4 < Mμμ < 45 GeV/c2 from pe-
ripheral to central collisions [25]. The observed broadening by the 
pair acoplanarity, α, is defined as
Fig. 2. The 
√

〈P 2⊥〉 of electron-positron pairs within the STAR acceptance as a func-

tion of the impact parameter b for different mass regions in Au+Au collisions at √
sNN = 200 GeV. The gEPA1 is purple line, the gEPA2 is blue line while the QED 

calculation is red lines. The STAR measurements [24] are also plotted for compari-
son. The data points are slightly shifted for clarity.

α = 1 − |φ+ − φ−|
π

(11)

where φ± represent the azimuthal angles of the two individual 
muons. The acoplanarity was used to avoid the detector-induced 
distortions from poor momentum resolution. It should be noted 
that πα � P⊥/Mll in a detector setup where the sagitta of a parti-
cle trajectory is much larger than the effect of multiple scattering 
in the detector material and from resolution of the experimental 
measurements, as is the case for the STAR Detector within the 
measured kinematic range. The measured α distributions show 
broadening in hadronic Pb+Pb collisions with respect to UPCs. 
Fig. 3 shows the α distributions from our calculations in Pb+Pb 
collisions at √sNN = 5.02 TeV for different centrality classes. The 
results are filtered with the fiducial cuts: pTμ > 4 GeV/c, and 
|ημ| < 2.4, and normalized to facilitate a direct comparison with 
experimental data from ATLAS. The measurements from ATLAS [25]
can be well described by the gEPA2 and QED calculations within 
uncertainties. In UPCs and peripheral collisions, gEPA1 and gEPA2 
are consistent while gEPA1 really deviates from data and other 
model calculations toward central collisions.

There have been proposals in the literature regarding possible 
final-state effects to explain the P⊥ broadening. Two such pro-
posals are that the broadening is due to deflection by the resid-
ual magnetic field trapped in an electrically conducting QGP [24,
37] or due to multiple Coulomb scattering in the hot and dense 
medium [25,33]. All the proposed mechanisms including this study 
require extraordinarily strong electromagnetic fields, an interdisci-
plinary subject of intense interest across many scientific commu-
nities. There are a few assumptions and caveats in our calculation 
which deserve further studies:

• continuous charge distribution without point-like structure:
It has been shown [38,39] that the substructures of protons 
and quarks in nuclei and their fluctuations can significantly 
alter the electromagnetic field inside the nucleus at any given 
instant. This should result in an observable effect deserving 
further theoretical and experimental investigation. The effect is 
most prominent in central collisions where the ATLAS results 
have large uncertainties and where STAR currently lacks the 
necessary statistics for a measurement.

• projectile and target nuclei maintain the same velocity vector 
before and after collision:
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Fig. 3. The distributions of the broadening variable, α, from the generalized EPA approach (gEPA2, dash blue lines; gEPA1, blue dotted lines) and QED (solid red line) for 
muon pairs in Pb+Pb collisions at √sNN = 5.02 TeV for different centrality classes. The results are filtered with the fiducial cuts described in the text and normalized to unity 
to facilitate a direct comparison with experimental data. The measurements from ATLAS [25] are also plotted for comparison.
The very first assumption in Eq. (1) is that both colliding nu-
clei maintain their velocities (a δ(kν

i uiν) function) to simplify 
the calculation. In central collisions, where the photon flux are 
generated predominantly by the participant nucleons, charge 
stopping may be an important correction to the initial electro-
magnetic fields.

• omission of higher order contribution and multiple pair pro-
duction:
We have ignored higher-order corrections in both the initial 
electromagnetic field [10] and Sudakov effect [33]. However, 
the Sudakov effect may be significant at smearing the dip 
around α = 0, altering the high P⊥ tail [33] and reducing the 
azimuthal asymmetry at high pair P⊥ [40]. It has been pointed 
out that there may be significant multiple pair production in 
the same event [36], which may complicate the calculation 
and measurement.

• final-state effects of magnetic field deflection and multiple 
Coulomb scattering:
The STAR and ATLAS collaborations have demonstrated that it 
is possible to identify and measure the Breit-Wheeler process 
accompanying the creation of QGP. This opens new opportu-
nity using this process as a probe of emerging QCD phenom-
ena [8].

In summary, we study the impact-parameter dependence of the 
Breit-Wheeler process in heavy-ion collisions within the frame-
work of the external QED field and the approximations used to 
arrive at the Equivalent Photon Approximation, and with a full 
QED calculation based on two lowest-order Feynman diagrams. 
We further demonstrate that the P⊥ spectrum from the STARLight 
model calculation used by the recent comparisons as a baseline 
results from averaging over the whole impact parameter space 
and is therefore by definition independent of impact parameter. 
Our model results can qualitatively describe both the P⊥ broad-
ening observed at RHIC as well as the acoplanarity broadening 
observed at the LHC. It provides a practical procedure for studying 
the Breit-Wheeler process with ultra-strong electromagnetic fields 
in a controllable fashion. This outcome indicates that the broaden-
ing originates predominantly from the initial electromagnetic field 
strength that varies significantly with impact parameter. There may 
be an additional small broadening due to final-state interaction. 
Determining precisely the magnitude of final-state effects, if they 
are present in the data, requires further verification of our QED 
calculation. Future precision measurements from ultra-peripheral 
collisions would be useful for such verification of our QED calcula-
tions.
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