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The advent of laser-driven high-intensity γ-photon beams has opened up new opportunities for designing
advanced photon-photon colliders. Such colliders have the potential to produce a large yield of linear Breit-
Wheeler (LBW) pairs in a single shot, which offers a unique platform for studying the polarized LBW
process. In our recent work [Q. Zhao et al., Signatures of linear Breit-Wheeler pair production in polarized
γγ collisions, Phys. Rev. D 105, L071902 (2022)], we investigated the polarization characteristics of LBW
pair production in circularly-polarized (CP) γ-photon collisions. To fully clarify the polarization effects
involving both CP and linearly-polarized γ-photons, here we further investigate the LBW process using the
polarized cross section with explicit azimuthal-angle dependence due to the base rotation of photon-
polarization vectors. We accomplished this by defining a new spin basis for positrons and electrons, which
enables us to decouple the transverse and longitudinal spin components of e�. By means of analytical
calculations and Monte Carlo simulations, we find that the linear polarization of photon can induce the
highly angle-dependent pair yield and polarization distributions. The comprehensive knowledge of the
polarized LBW process will also open up avenues for investigating the higher-order photon-photon
scattering, the laser-driven quantum electrodynamic plasmas and the high-energy astrophysics.
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I. INTRODUCTION

The quantum electrodynamics (QED) theory predicts the
interaction between photons, wherein the collision of two
real γ photons can produce the eþe− pair, known as the linear
Breit-Wheeler (LBW) process. The LBW process is the
second-order process in QED [1], and its validation in
terrestrial laboratories requires an ultrahigh-brilliance γ-ray
beam with a peak cross section of ∼1.6 × 10−29 m2 [2]. To
date, the only verified interaction of real photons in experi-
ments is multiphoton Breit-Wheeler pair production [3].
However, the production of LBW pairs via virtual photons
has been demonstrated in high-energy collider experiments
by utilizing the photons of a highly Lorentz-contracted
Coulomb field [4]. The LBW process is a fundamental

ingredient in high-energy astrophysics, playing a crucial
role in the production of pair plasma in γ-ray bursts [5–7] and
black hole activity [8,9]. Furthermore, the LBWprocess can
dominate the laser-drivenQEDplasmas, as demonstrated by
numerical simulations [10,11]. In recent years, several γγ
colliders have been proposed in the platform of laser-plasma
interactions to produce LBW pairs [12–20]. Although the
total LBW cross section σγγ has been calculated to increase
the luminosity of γγ colliders, it is important to consider the
effects of photon polarization and e� spin on the polarized
LBW process [2,4,21–25].
The multiphoton BW process can exhibit polarization-

induced asymmetry in total cross section and azimuthal
distributions of pairs with linearly-polarized (LP) photons,
while circularly-polarized (CP) photons can induce polar-
ized pair production via helicity transfer [26–28]. In
contrast, the polarized LBW process has unique polariza-
tion and angle distributions among produced pairs due to its
noncoherent nature [2,4,25]. When utilizing two LP pho-
tons, σγγ can be expressed in terms of mutual-parallel or
mutual-perpendicular polarization vectors, and the non-
polarized cross section can be obtained via a simple average
over the two LP cross sections [21,25]. The LBW process
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has been demonstrated in high-energy colliders by means
of the equivalent photon approximation of ultra-relativistic
heavy-ions, which presents the first measurement of the
unique cos 4φ modulation of the distinct differential cross
section with two LP photons, where φ is the angle between
the lepton pair transverse momentum and the individual
lepton transverse momentum [29,30]. Fundamentally, the
angular modulations, both in polar and azimuthal direc-
tions, originate from the total helicity of the Λγ ¼ 0;�2

two-photon system, which must be transferred to the orbital
angular momentum of the eþe− pair [2,4]. Therefore, the
LBW differential cross section can be extended to the
fundamental level of helicity amplitudes to more deeply
investigate the effects of photon polarization [31].
Moreover, to clarify the effects of arbitrary photon

polarization, the polarization states of photons and pairs
can be described by the corresponding density matrices,
leading to the completely polarized LBW cross section in
terms of Stokes parameters, which is applicable to perform
the Monte Carlo (MC) simulation incorporating the beam
effects [2,32]. The collision of quasienergetic CP γ-photon
beams can produce distinct energy-angle spectra. When the
colliding photons have the same right-hand or left-hand
helicities, the collision produces the quadrupole angular
spectrum imprinted by the longitudinal polarization.
Conversely, the opposite helicities lead to the dipole one
imprinted by the transverse polarization [2]. Although the
effects of independent linear polarization or circular polari-
zation have been elucidated, their coupling effects are still
elusive when the colliding photons are partially circular
polarization and linear polarization.
In this paper, we undertake an investigation of the fully

angle-dependence in the polarized LBW process using both
analytical cross-section and MC numerical simulation. By
defining a new spin base, the transverse and longitudinal
polarization of e� are decoupled from the differential cross
section, allowing for the analytical clarification of the effects
of photon linear polarization on the angle-distribution of
eþe− pair polarization. By utilizing the MC simulation,
we have quantitatively retrieved the azimuthal and polar
dependence of eþe− pair, revealing that the linear polari-
zation of photons induces an azimuthal-dependent pair yield
and pair polarization. This comprehensive understanding of
the polarized LBW process is highly beneficial for the
upcoming γγ collider and the associated research in high-
energy astrophysics.
The paper is structured as follows. In Sec. II, the

theoretical deduction of the completely polarized LBW
cross section is described, and the method of spin-resolved
MC sampling is established. The effects of arbitrary photon
polarization are analyzed theoretically and numerically in
Sec. III. The proposed ultrabrilliant polarized γ-photon
source that could be used to perform the polarized LBW
verification is discussed in Sec. IV. Finally, a brief con-
clusion of this paper is presented in Sec. V.

II. METHODS OF THEORY
AND NUMERICAL SIMULATION

The LBW process’s polarized scattering amplitude, with
arbitrary initial photon polarization and final positron
(electron) spins, can generally be described through the
photon and lepton density matrixes. Stokes parameters and
mean spin vectors can be utilized to describe the arbitrary
polarization states of the photon and e� in the cross section.
To establish a connection between theoretical predictions
and experimental procedures, a numerical simulation
method was developed using MC sampling, which permits
the consideration of beam effects stemming from the
energy spread and initial polarization distributions of
photon beams. The no-time-count method was employed
to implement the numerical simulation, converting the
macro beam-beam collision into the micro single scatter-
ing [33]. Our MC simulation strategy for binary collision is
described in detail in [2,32].

A. Calculation of completely spin-dependent
LBW cross section

In the calculation of the completely spin-dependent cross
section of the LBW process, we use the Lorentz invariant
density matrix to describe the arbitrary polarization. The
Mandelstam invariants in the LBW process are defined as

s ¼ ðk1 þ k2Þ2=m2
e ¼ ðpþ þ p−Þ2=m2

e; ð1aÞ

t ¼ ðk1 − pþÞ2=m2
e ¼ ðp− − k2Þ2=m2

e; ð1bÞ

u ¼ ðk1 − p−Þ2=m2
e ¼ ðpþ − k2Þ2=m2

e; ð1cÞ

where me is the mass of electron, k1;2 the 4-momenta of
γð1;2Þ and p� the 4-momenta of e�. The LBW cross section
is formulated in the center of mass (c.m.) frame as
(relativistic units with ℏ ¼ c ¼ 1 are used throughout)

dσγγ
dΩ

¼ r2em2
ejpej

16ε3
jϵμ1Mμνϵ

ν
2j2; ð2Þ

whereΩ is the solid angle, re the classical electron radius, ε
and pe the c.m. energy and c.m. momentum of electron,
respectively. Defining Mfi ¼ ϵμ1ϵ

ν
2Mμν, the scattering

amplitude jMfij2 is expressed as

jMfij2 ¼ jūðp−; s−Þϵμ1ðk1; λ1Þϵν2ðk2; λ2ÞQμνvðpþ; sþÞj2;
¼ ½ūϵμ1ϵ�ρ1 Qμνv�½v̄ϵν2ϵ�σ2 Q̄ρσu�;
¼ TrDirac½uūðϵμ1ϵ�ρ1 QμνÞvv̄ðϵν2ϵ�σ2 Q̄ρσÞ�; ð3Þ

where s� are the spin 4-vectors of e�, λ1;2 the photon
helicities, and Qμν the Lorentz tensor
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Qμν ¼ γμ
−pþ þ =k2 þm

t −m2
γν þ γν

−pþ þ =k1 þm
u −m2

γμ: ð4Þ

The scattering amplitude at mixed state is calculated by
changing the tensor to density matrix, i.e., uū → ρ−,
vv̄ → ρþ, ϵμ1ϵ

�ρ
1 → ρð1Þμρ, and ϵν2ϵ

�σ
2 → ρð2Þνσ .

By using of the orthogonal 4-momenta (see Ref. [34],
Sec. 87),

Q ¼ k1 þ k2 ¼ p− þ pþ; ð5aÞ

K ¼ k1 − k2; ð5bÞ

P⊥ ¼ P −
KP
K2

K; ð5cÞ

Nλ ¼ υλμνρQμKνPρ; ð5dÞ

with P ¼ pþ − p− and Levi-Civita tensor υλμνρ. It is
convenient to define an orthogonal basis

e1 ¼ −N=
ffiffiffiffiffiffiffiffiffi
−N2

p
; e2 ¼ P⊥=

ffiffiffiffiffiffiffiffiffiffi
−P2⊥

q
; ð6Þ

by which the density matrix of photon can be expanded by
the Stokes parameter ξ as

ρðγÞμν ¼ 1

2
ð1þ ξσÞll0eμl eνl0 ; l; l0 ¼ 1; 2: ð7Þ

The spin basis can be constructed from the orthogonal
vectors in Eq. (5)

8>>><
>>>:

e�0 ¼ p�=me;

e�1 ¼ N=
ffiffiffiffiffiffiffiffiffiffiffiffi
−jNj2

p
;

e�2 ¼ ðf1p� þ f2p∓Þ=me;

e�3 ¼ ðf3K þ f4P⊥Þ=me;

ð8Þ

where the coefficients f1, f2, f3, and f4 are determined by
the orthogonal relations between e�2 and e�3 , and the
normalization condition je�2 j2 ¼ je�3 j2 ¼ −1. With the spin
basis it has a� ¼ P

3
i¼1 ζ

�
i e

�
i with mean spin 3-vector ζ�,

and the density matrixes, ρ� ¼ 1=ð2meÞðp� ∓ meÞ×
½1 − γ5ð=s�Þ�, can be expanded as

ρ� ¼ 1

2

X3
i¼0

ζ�i ρ
�
i ; ð9Þ

where ζ0 ¼ 1, ρ�0 ¼ p� ∓ m and ρ�i ¼ −ρ�0 γ5e�i .
Substituting Eqs. (7) and (9) into Eq. (3) and performing
the calculation of Dirac trace [35], one obtains the differ-
ential cross section of the LBW process

d2σγγ
dtdφ

¼ r2em2
e

64ε4

�
Fþ

X3
i¼1

ðGþ
i ζ

þ
i þG−

i ζ
−
i Þ þ

X3
i;j¼1

Hi;jζ
þ
i ζ

−
j

�
;

ð10Þ

where the relation dΩ ¼ −dtdφ=2jpejjkj is used, and the
functions F, G�

i , and Hi;j are expressed by the normalized
Mandelstam invariants and photon Stokes parameters (see
Appendix B). With the spin summation of final eþ and e−

in Eq. (10), one obtains the spin-summarized differential
cross section dσ̄γγ=dtdφ [see Eq. (A2)].
Polarization vector of final e� in the scattering process

itself is (see Sec. 65 in [34])

ζðfÞþ;i ¼
Gþ

i

F
; ζðfÞ−;i ¼

G−
i

F
; i ¼ 1; 2; 3: ð11Þ

In the c.m. frame, ζ�1 is the transverse polarization
perpendicular to the scattering plane, ζ�3 is the transverse
polarization in the scattering plane, and ζ�2 is the longi-

tudinal polarization (see details in Sec. II B). Denoting γð1;2ÞR

as right-hand circular polarization and γð1;2ÞL as left-hand

circular polarization photon, For γð1ÞR γð2ÞL collision, the
corresponding helicity amplitudes can be obtained by
setting ζ�2 ¼ �1 in Eq. (10)

jMþ−�∓j2 ¼ F � G−
2 ∓ Gþ

2 −H22; ð12aÞ

jMþ−��j2 ¼ F �G−
2 �Gþ

2 þH22: ð12bÞ

The differential cross sections with the four helicity
channels jþ−�∓i and jþ−��i are denoted as dσþ−�∓
and dσþ−��, respectively. In the subscripts, the first to the
fourth position correspond to the positive (“jþi”) or
negative (“j−i”) helicity eigenstates of γð1Þ; γð2Þ; eþ and
e−, respectively. Additionally, the helicity scattering
amplitudes can be obtained directly by utilizing the helicity
states in the calculation of jMfij2 with spin 4-vectors

s� ¼ λ�ðjpjme
; E�
me

p
jpjÞ. This procedure is consistent with the

deduced ones from the arbitrarily polarized scattering
amplitude in Eq. (10).

The spin 3-vectors ζðfÞ� can be expressed in an arbitrary
frame by the definition of a set of 3-vector basis n� [36]

ζðfÞ� ¼
X3
i¼1

ζðfÞ�;in�;i; ð13Þ

n�;i ¼ e�i − p�=ðE� þmeÞe�i0; ð14Þ

with e�i0 being a time component of 4-vector e�i defined in
Eq. (8), and, E� and p� being the energies and momenta of
e� in an arbitrary frame. Thus, the mean helicities of eþe−
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pair are expressed as λ� ¼ ζðfÞ� p�=ð2jp�jÞ in an arbi-
trary frame.

B. Constructing polarized LBW process
with MC sampling

Firstly, a clarification of the coordinate system of the
LBW process in the c.m. frame is presented in Fig. 1. In
this frame, the polar and azimuthal directions of a pair
are defined with respect to the photon momentum k.
Specifically, the polar direction is given by the scattering
angle θs in the scattering plane, while the azimuthal angle φ
is determined by p⊥ in the azimuthal plane θ̂ − ϕ̂. The
scattering process is thus described in the coordinate
system (ô1; ô2; ô3).
Upon Lorentz boost along the c.m. frame velocity

βcm ¼ ðk1 þ k2Þ=ðω1 þ ω2Þ, the colliding photons are
transformed into the c.m. frame. Specifically, γð1Þ photon
has 4-momentum ðε; kÞ, while γð2Þ photon has 4-momentum
ðε;−kÞ with ε ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω1ω2ð1 − cos θiÞ=2
p

. Here, ω1 and ω2

(k1 and k2) denote the energies (wave vectors) of γð1Þ and γð2Þ
photons in the laboratory frame, respectively, and θi is the
angle between k1 and k2.
In the context of the LBW process, the initial polariza-

tion vector of a photon can be specified in the basis of its
momentum. In the c.m. frame, the polarization basis of γð2Þ

must first be transformed to that of γð1Þ, which involves
modifying the Stokes parameters of γð2Þ as follows:

ξð2Þ1 → −ξð2Þ1 ; ξð2Þ2 → −ξð2Þ2 ; ξð2Þ3 → ξð2Þ3 . Subsequently, the
4-vector basis in Eq. (6) only retains the vector components
and corresponds to ô1 and ô2, as depicted in Fig. 1, which
are given by

ô1 ¼
p⊥
jp⊥j

; ô1 ¼
k × p⊥
jk × p⊥j

: ð15Þ

To take into account the effects of linear polarization of
photons, the Stokes parameters ξð1Þ and ξð2Þ, which are
defined in the basis (θ̂; ϕ̂), must be transformed to the basis
ðoð1Þ; oð2ÞÞ with a counterclockwise rotation by an angle φ.
The resulting transformed Stokes parameters are given by
Eqs. (16) and (17), which read

ηð1Þ1 ¼ ξð1Þ1 cos 2φ − ξð1Þ3 sin 2φ; ð16aÞ

ηð1Þ3 ¼ ξð1Þ1 sin 2φþ ξð1Þ3 cos 2φ; ð16bÞ

ηð1Þ2 ¼ ξð1Þ2 ; ð16cÞ

and

ηð2Þ1 ¼ −ξð2Þ1 cos 2φ − ξð2Þ3 sin 2φ; ð17aÞ

ηð2Þ3 ¼ −ξð2Þ1 sin 2φþ ξð2Þ3 cos 2φ; ð17bÞ

ηð2Þ2 ¼ −ξð2Þ2 ; ð17cÞ

where φ represents the azimuthal angle of the electron in
the spherical basis (n̂k; θ̂; ϕ̂Þ. The transformed Stokes
parameters in Eqs. (16) and (17) can then be substituted
into Eq. (10) to account for the linear polarization effects of
photons.
In the LBW process, the c.m. momenta of the e�

particles are determined within the defined coordinate
system of Fig. 1 via the relations given in Eqs. (18), which
can be expressed as

n̂⊥ ¼ cosφθ̂þ sinφϕ̂; ð18aÞ

n̂e ¼ cos θsn̂k þ sin θsn̂⊥: ð18bÞ

Here, dσ̄1 and dσ̄2 are defined as integrals of dσ̄γγ=dtdφ
with respect to φ and t, respectively, and are used to
determine the scattering angle θs and the azimuthal angle φ.
Specifically, the values of θs and φ are obtained by solving
Eqs. (19), which can be written asZ j cos θsj

−j cos θsj
dσ̄1 ¼

σγγffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4Þ=4p jR1j; ð19aÞ

Z
φ

0

dσ̄2 ¼ σγγjR2j; ð19bÞ

where R1 and R2 are uniform random numbers between −1
and 1, and 0 and 1, respectively. The total cross section σγγ
is obtained by integrating dσ̄γγ=dtdφ over φ (between

0 < φ < 2π) and t (between m2
e − 2ω2 � 2ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

e

p
)

[see Eq. (A4)].
In the c.m. frame, the basis vectors of the spin 3-vector

defined in Eq. (13) correspond to the directions of the

FIG. 1. Coordinate systemof theLBWprocess in the c.m. frame.
pe and k are the momenta of electron and photon γð1Þ. ðn̂; θ̂; ϕ̂Þ
compose the spherical coordinates, and θ̂ and ϕ̂ are polar angle and
azimuth angles of k. (ô1; ô2; ô3) compose the spherical coordi-
nates. p⊥ is perpendicular to k and onto the plane of ô1 and ô2. pe is
the momentum of electron and onto the plane of ô1 and ô3.
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spherical coordinates ðϕ̂p; n̂p; θ̂pÞ of pe, as shown in Fig. 1.
As a result, in the c.m. frame, each single reaction produces

an e−eþ pair with longitudinal polarization ζðfÞ�;2 and

transverse polarization ζðfÞ�;1 and ζðfÞ�;3 along ϕ̂p and θ̂p,
respectively. We denote ζk and ζ⊥ as the longitudinal and
transverse polarizations, respectively, which can be
expressed as

ζk ≡ ζðfÞ�;2; ζ⊥ ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðζðfÞ�;1Þ2 þ ðζðfÞ�;3Þ2

q
: ð20Þ

Thus, the energy and angle-dependent polarization can be
obtained analytically using Eq. (20). Alternatively, ζk can
be calculated as the difference between the counting rates
for positive and negative helicities (summed over polari-
zation states of eþ), normalized to the total counting rate, as
given by

ζk ¼
P

ζþ½dσγγðζ−;2 ¼ 1Þ − dσγγðζ−;2 ¼ −1Þ�P
ζþ½dσγγðζ−;2 ¼ 1Þ þ dσγγðζ−;2 ¼ −1Þ� ; ð21Þ

and a similar expression can be derived for ζ⊥ based on the
counting rates.
The determination of the single-spin state can be

achieved using MC sampling based on the transition
probabilities given in Eq. (10). The statistical interpretation
of the mean polarization in Eq. (20) is that the distribution
of the mean polarization in the phase space can be obtained
from the averaged spin components observed by a detector.
The observed spin states of the eþe− pair are determined by
four transition probabilities

W↑↑ ¼
Z

dΩ½1=4þ ζðfÞþ ζðdÞþ þ ζðfÞ− ζðdÞ− þ ðζðdÞ− ÞTHζðdÞþ �;

ð22aÞ

W↑↓ ¼
Z

dΩ½1=4þ ζðfÞþ ζðdÞþ − ζðfÞ− ζðdÞ− − ðζðdÞ− ÞTHζðdÞþ �;

ð22bÞ

W↓↑ ¼
Z

dΩ½1=4 − ζðfÞþ ζðdÞþ þ ζðfÞ− ζðdÞ− − ðζðdÞ− ÞTHζðdÞþ �;

ð22cÞ

W↓↓ ¼
Z

dΩ½1=4 − ζðfÞþ ζðdÞþ − ζðfÞ− ζðdÞ− þ ðζðdÞ− ÞTHζðdÞþ �;

ð22dÞ

which consist of the spin-projecting terms (the second and
third terms in square bracket) and the correlation term (the
fourth term in square bracket) between ζðfÞ and the spin
axis ζðdÞ (a unit vector) of a detector. The observed spin

components ζðdÞ�;i ¼ ζðfÞ�; i=jζðfÞ � j (i ¼ 1, 2, 3) are
determined by each transition probability, with either a
parallel or antiparallel projection onto the spin axis. MC
sampling, using a uniform random number 0 < R3 < 1,
can be employed to determine the observed spin compo-
nents. The values of R3 determine the observed spin

components as follows: þζðdÞþ;i;þζðdÞ−;i if R3 ∈ ð0;W↑↑Þ;
−ζðdÞþ;i;−ζ

ðdÞ
−;i if R3 ∈ ðW↑↑;W↓↓ þW↑↑Þ; þζðdÞþ;i;−ζ

ðdÞ
−;i if

R3∈ðW↓↓þW↑↑;W↑↓þW↓↓þW↑↑Þ; and −ζðdÞþ;i;þζðdÞ−;i if

R3 ∈ ðW↑↓ þW↓↓ þW↑↑; 1Þ. Defining ζðdÞ� along the

directions of ζðfÞ� leads to the statistical total polarization
of the produced e� beams

Ptot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðζ̄ðdÞ�;1Þ2 þ ðζ̄ðdÞ�;2Þ2 þ ðζ̄ðdÞ�;3Þ2

q
; ð23Þ

where ζ̄ðdÞ�;i are the averaged components over the particle
number. If ζ�ðdÞ is defined as the parallel or perpendicular
directions of the e� momenta, one obtains the statistical
longitudinal (Pk) or transverse polarization (P⊥).

III. THEORETICAL AND NUMERICAL
ANALYSIS OF POLARIZATION EFFECTS

IN LBW PROCESS

A. Analytical calculation of pair polarization
from angle-dependent cross section

The dependence of the spin-summarized cross section
dσ̄γγ=dtdφ on energy and angle is resolved by different
configurations of photon polarization, as illustrated in
Fig. 2. The expression of dσ̄γγ=dtdφ, given by Eq. (A2),
reveals that dσ̄γγ=dtdφ is independent of φ for the CP

photons (ξð1Þ2 ξð2Þ2 ¼ �1). The distribution of dσ̄þþ=dtdφ
indicates that dominant reactions occur along the colliding

axis (cos θs ¼ �1) in the γð1ÞR γð2ÞR collision, when the energy
is far beyond the threshold [see Fig. 2(a)]. In contrast,
reactions are almost forbidden near the colliding axis in the

γð1ÞR γð2ÞL collision [see Fig. 2(b)]. The distinct energy-angle

dependence in γð1ÞR γð2ÞR and γð1ÞR γð2ÞL collisions can be
attributed to the angular momentum conservation of the
helicity transfer [see Fig. 3]. For the LP photons,
dσ̄γγ=dtdφ depends on φ due to the Stokes parameters
ξ1 and ξ3 [see Figs. 2(c)–2(e)]. At φ ¼ 0, the distribution of
dσ̄γγ=dtdφ along cos θs indicates that reactions are for-
bidden around the perpendicular direction of the colliding
axis. At φ ¼ π=4 and φ ¼ π=2, the distributions of

dσ̄γγ=dtdφ are similar to those of γð1ÞR γð2ÞR and γð1ÞR γð2ÞL
collisions, respectively, implying the superposition state
of linear polarization. The total cross section σγγ can be

decomposed into the LP one with parallel (ξð1Þ3 ξð2Þ3 ¼ 1) and

mutual-perpendicular (ξð1Þ3 ξð2Þ3 ¼ −1) polarization vectors,
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and CP one with the same (ξð1Þ2 ξð2Þ2 ¼ 1) and opposite

(ξð1Þ2 ξð2Þ2 ¼ −1) helicities, as shown in Fig. 2(f). The former
converges to the nonpolarized case at higher energy ε,
while the latter crosses the nonpolarized case at around
ε ¼ 2 MeV.
The polarization characteristics of LBW eþe− pairs are

determined by the distributed helicities originating from the
linear superpositions of four helicity channels with corre-
sponding weights of dσþ−�∓=dσ̄γγ and dσþ−��=dσ̄γγ , for

example, in γð1ÞR γð2ÞL collision. The asymmetric distributions
of dσþ−þ−=dtdφ and dσþ−−þ=dtdφ indicate the helicity
flip along cos θs, with λþ varying from −0.5 to 0.5 for
0 < θs < π (a reverse variation for λ−), as shown in
Fig. 3(a). Consequently, jþ−þ−i and jþ−−þi channels
contribute to the longitudinal polarization of eþe− pairs, as
shown in Fig. 3(c). Note that here dσþ−−þ=dtdφ is
symmetric about cos θs ¼ 0 with dσþ−þ−=dtdφ and thus
is not shown. On the other hand, the distributions of
dσþ−þþ=dt and dσþ−−−=dt are completely overlapping
and symmetric along cos θs, as shown in Fig. 3(b).
Therefore, jþ−þþi and jþ−−−i channels lead to the
equal-weight linear superposition between right-hand and
left-hand helicity states and contribute to the purely

transverse polarization, as shown in Fig. 3(d). Note that
the spin-correlated term in Eq. (10) has a non-negligible
contribution to the jþ−��i channels and thus to the

transverse polarization. In γð1ÞR γð2ÞL collision, the distributed
ζk only originates from jþ−þ−i and jþ−−þi channels,
while the distributed ζ⊥ originates from all four channels,
where jþ−��i channels contribute to the purely trans-
verse polarization, and the partial overlap between
jþ−þ−i and jþ−−þi channels leads to the nonequal
weights at the helicity states j�i and thus the partially
transverse polarization.
In the colliding scenario of a CP photon and a LP

photon, the polarization vector ζðfÞ in Eq. (11) is nonzero

due to the Stokes parameter ξð1Þ2 and φ dependent due to

the Stokes parameter ξð2Þ3 [see the expression of G�
i in

Eqs. (B2) and (B3)]. Figure 4 shows the distributed
polarization at different φ angles. As φ is rotated from

FIG. 2. (a) and (b) show distributions of dσ̄γγ=dtdφwith γð1ÞR γð2ÞR

and γð1ÞR γð2ÞL collisions, respectively. (c)–(e) show distributions of

dσ̄γγ=dtdφ with ξð1Þ3 ¼ ξð2Þ3 ¼ 1 corresponding to different azi-
muthal angles φ. (f) shows the total cross section σγγ of the LBW
process with nonpolarized (nonpol) photons and different photon
polarizations.

FIG. 3. In the scenario of γð1ÞR γð2ÞL collision: (a) and (b) show the
distributions of dσγγ=dtdφ with jþ−þ−i and jþ−þþi helicity
channels. (c)–(d) show distributions of longitudinal ζk and
transverse ζ⊥ polarization, calculated from Eq. (20).

FIG. 4. Distributions of the total polarization jζj, longitudinal
polarization ζk, and transverse polarization ζ⊥, calculated from

Eq. (20) with ξð1Þ2 ¼ 1 and ξð2Þ3 ¼ 1 for different azimuthal angle
φ: (a1)–(a3) φ ¼ 0, (b1)–(b3) φ ¼ π=4 and (c1)–(c3) φ ¼ π=2.
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0 to π=2, the distribution of jζj wriggles around cos θs ¼ 0
mainly due to the drastic variation of the distributed ζ⊥ [see
Figs. 4(a3), 4(b3), and 4(c3)]. In the distributed ζk and ζ⊥,
the contour line of ζk ¼ 0 indicates the helicity flip of the
pair, while the contour line of ζ⊥ ¼ 0 indicates the

direction reversal of the transverse spin component ζðfÞ�;3

due to the vanished ζðfÞ�;1. In the collision scenario with

ξð1Þ2 ξð2Þ1 ¼ 1, there are similar results to those shown in
Fig. 4, but with an azimuthal-angle difference of Δφ ¼ π=4
due to the fact that ξ1 describes the polarization vector
along the direction at an angle of π=4 in the basis e1, and the
distributed ζ⊥ results from both the transverse spin com-

ponents of ζðfÞ�;1 and ζðfÞ�;3.

B. Angle dependence of LBW pairs induced
by linear polarization of photon

from numerical simulation

To retrieve the azimuthal and polar dependence of
eþe− pairs independently, we perform a MC numerical
simulation. We initialize approximately 1011 photons into
a bi-Gaussian beam with uniform energy distribution
between 0.1 MeV–2 MeV. The ε − θs correlated spectra
of LBW pairs is induced only by circular polarization, as
previously shown in Ref. [2]. Here, we focus on the
clarification of φ-dependence. As indicated in Eqs. (16)
and (17), the azimuthal dependence of LBW cross sec-
tion is embodied in the linear polarization of the photon
through ξ1 and ξ3. The analytical calculation of dσ̄γγ with

ξð1Þ3 ξð2Þ3 ¼ 1 indicates that the produced eþe− pairs have an
explicit φ-dependence in the collision of LP photons [see
Figs. 2(c)–2(e)]. To visualize the azimuthal distribution of
the produced eþe− pairs, we implement a numerical
simulation for the collision of two γ-photon beams with
complete linear polarization. For the collision scenario of

ξð1Þ3 ξð2Þ3 ¼ 1, the variation of produced pairs along the
azimuthal angle presents an approximate cos 2φ-depend-
ence (with two flat-top peaks around φ ¼ π=2 and
φ ¼ 3π=2) [see Figs. 5(a) and 5(c)]. On the other hand,

for the collision scenario of ξð1Þ3 ξð2Þ3 ¼ −1, the variation
of produced pairs along the azimuthal angle presents a
cos 4φ-dependence [see Figs. 5(b) and 5(d)], which has
also been experimentally verified in the collision of high-
energy ions [4]. The distinct φ-dependence of the produced
pairs for the two collision scenarios can be explained by
the φ-dependent cross section [see Eq. (24)]. Specifically,

when ξð1Þ3 ¼ ξð2Þ3 ¼ 1, the cos ð2φÞ-associated terms are
nonvanishing, which dominates the φ-dependent variation.

However, when ξð1Þ3 ¼ 1 and ξð2Þ3 ¼ −1, the cos ð2φÞ-
associated terms are vanished, which leads to the only
cos ð4φÞ-dependent variation. The explicit mathematical
expression for this cross section is given as

dσ̄γγ
dφ

∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4Þs

p
½ðsþ 2Þξð1Þ3 ξð2Þ3 cosð4φÞ

− 4ðξð1Þ3 þ ξð2Þ3 Þ cosð2φÞ þ 2ξð1Þ3 ξð2Þ3 �
þ 2 tanh−1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4Þ=s

p
½−4ðs − 1Þξð1Þ3 ξð2Þ3 cosð4φÞ

þ 4ðs − 2Þðξð1Þ3 þ ξð2Þ3 Þ cosð2φÞ þ 4ξð1Þ3 ξð2Þ3 �: ð24Þ

In principle, the linear polarization state of a photon is
the superposition state of right-hand and left-hand circular
polarization states, which implies that polarized eþe− pairs
can be produced through the collision of a LP photon
and a CP photon. Considering the collision scenario with

ξð1Þ2 ¼ 1 and ξð2Þ3 ¼ 1, the total polarization Ptot of the
produced eþe− pairs presents both φ-dependence and
θs-dependence, as shown in Figs. 6(a) and 6(b). Pk is
slightly dependent on φ, and P⊥ presents prominent
cos ð2φÞ-dependence, which leads to the flat-top variation
of Ptot [see Fig. 6(c)]. The azimuthal dependence of pair
polarization is attributed to the analytical polarization

in Eq. (20) with ξð1Þ2 ¼ 1 and ξð2Þ3 ¼ 1. By substituting
Eqs. (16) and (17) into the concrete expressions of
Eq. (11), one can find that the spin vectors are cos ð2φÞ-
dependent in this collision scenario. From the analytical
results in Fig. 4, the various polarization distribution at
each azimuthal angle implies that when averaging over
φ ¼ 0–2π for the produced pairs, the resulting polarization
distribution is asymmetric in the ε − θs plane. The mono-
tonically increasing Pk with cos θs together with the slow-
varying P⊥ leads to the almost linearly increasing Ptot, as
shown in Fig. 6(d).

FIG. 5. (a) and (b) show the distributions of produced number
density Npair of LBW pairs for collision scenarios with relatively

parallel (ξð1Þ3 ξð2Þ3 ¼ 1) and perpendicular (ξð1Þ3 ξð2Þ3 ¼ −1) direc-
tions of transverse polarization vectors of photons, respectively.
(c) and (d) show statistical variations of produced pair number
with azimuthal angle φ for two collision scenarios corresponding
to (a) and (b), respectively.
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IV. DISCUSSION

Nonpolarized γ-photon beams with ultrahigh peak bril-
liance exceeding 1020 photons s−1 mm−2 mrad−2 0.1%BW
can be generated experimentally via nonlinear Thomson
scattering with monotonically decreasing spectra [37,38]
and inverse Compton scattering quasimonochromatic spec-
tra [39,40]. Although the required brilliance for producing
LBW pairs into μA-order current in a single shot is
approached by such high brilliance [2], the interaction of
γ-photons with experimental equipment results in signifi-
cant background noise signals through more efficient
Bethe-Heitler and triplet pair productions [13,16], which
consequently reduces the signal-to-noise ratio. In principle,
the signal-to-noise ratio in detecting the BW process can
be enhanced by designing high-density γ-photon sources
while ensuring the interactions in a vacuum environment.
However, the production of background noise is inevitable
and increases with the density of γ-photons. Hence,
verifying the BW process through increasing intensity
signature remains challenging in γγ colliders.
Recently, several proposals have been put forward to

generate LP or CP γ-photon beams with brilliances of
around 1021 photons s−1mm−2 mrad−2 0.1%BW through
nonlinear Compton scattering [41–44]. Laser-irradiated
ultrathin planar aluminum targets can produce γ photons
with an average linear polarization of 70% [41]. Electrons
colliding with lasers can generate multi-GeV CP (LP) γ
photons with a polarization of about 90% [42,43].
Additionally, a weakly nonlinear Compton scattering
scheme that combines laser-plasma Wakefield acceleration
and plasma mirror techniques can produce CP γ-photon
beams with a polarization of about 61% [44]. Thus, there is
potential to use a polarized γγ collider to verify the LBW
process by detecting the spin polarization of e� produced

by collisions of CP photons [45,46] or by detecting the
azimuthal angle-dependent pair yield produced by colli-
sions of LP photons [4,19]. Hence, the qualitatively
polarization-associated signatures are likely to be more
distinguishable when compared to the single intensity
signature of e� pairs. Overall, the use of ultrabrilliant
and polarized γ-photon sources presents new prospects for
detecting the polarization of LBW pairs.

V. CONCLUSION

In summary, we investigate the fully angle-resolved
LBW process using the completely polarized cross section
and MC numerical simulation. The analytical longitudinal
and transverse polarization are decoupled by the newly-
defined spin base of e�, which allows for the analytical
clarification of the pair polarization mechanism through the
differential cross section with different helicity channels.
The fully spin-resolved MC method is utilized to

simulate the polarized eþe− pair productions in the realistic
γ-photon beam-beam collision, wherein the cos 2φ and
cos 4φ-modulated pair yield is verified for the relatively
parallel and perpendicular polarization vectors of two
colliding LP photons, respectively. When colliding with
the CP photons, the linear polarization of photon also
induces the cos 2φ-modulated and asymmetrically cos θs-
dependent polarization of eþe− pairs.
The environmentof real photon-photoncollisions provides

an opportunity to test basic physics and elucidate associated
high-energy astrophysics. Therefore, further research is
needed to explore the polarization effects in photon-photon
collisions and their implications for our understanding of
fundamental physics and astrophysical processes.
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APPENDIX A: THE EXPRESSIONS
OF THE TOTAL CROSS SECTION

AND SPIN-SUMMARIZED DIFFERENTIAL
CROSS SECTION

The coefficients f1, f2, f3, and f4 in Eq. (8) are

f1 ¼
−x − yþ 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðxþ y − 4Þðxþ yÞp ; ðA1aÞ

f2 ¼
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðxþ y − 4Þðxþ yÞp ; ðA1bÞ

FIG. 6. MC simulation for collision scenario with a LP photon
beam and a CP photon beam: (a) and (b) show distributions of
statistical polarization Ptot in ε − φ plane and ε − θs plane,
respectively. (c) and (d) show statistical variations of total
polarization Ptot of LBW pairs, with longitudinal component
Pk and transverse component P⊥, with azimuthal angle φ and
cos θs, respectively.
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f3 ¼ −
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p ðxþ yÞ ; ðA1cÞ

f4 ¼
y − x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p : ðA1dÞ

with the normalized variants x ¼ 1 − t and y ¼ 1 − u.

The expressions of the spin-summarized differential
cross section is

d2σ̄γγ
dtdφ

¼ r2em2
e

64ε4
ðF0 þ F1Þ ðA2Þ

where

F0 ¼
4ðx3yþ 4x2y − 4x2 þ xy3 þ 4xy2 − 8xy − 4y2Þ

x2y2
; ðA3aÞ

F1 ¼
4

x2y2
½2ð−xyþ xþ yÞ2 cosð4φÞðξð1Þ1 ξð2Þ1 − ξð1Þ3 ξð2Þ3 Þ − 2ξð1Þ1 ξð2Þ1 x2 − 4ξð1Þ1 ξð2Þ1 xy − 2ξð1Þ1 ξð2Þ1 y2 − 2ξð1Þ1 ξð2Þ3 x2 sinð4φÞ

− 2ξð1Þ1 ξð2Þ3 x2y2 sinð4φÞ þ 4ξð1Þ1 ξð2Þ3 x2y sinð4φÞ þ 4ξð1Þ1 ξð2Þ3 xy2 sinð4φÞ − 4ξð1Þ1 ξð2Þ3 xy sinð4φÞ − 2ξð1Þ1 ξð2Þ3 y2 sinð4φÞ
þ 4ξð1Þ1 x2 sinð2φÞ − 4ξð1Þ1 x2y sinð2φÞ − 4ξð1Þ1 xy2 sinð2φÞ þ 8ξð1Þ1 xy sinð2φÞ þ 4ξð1Þ1 y2 sinð2φÞ − 2ξð2Þ1 ξð1Þ3 x2 sinð4φÞ
− 2ξð2Þ1 ξð1Þ3 x2y2 sinð4φÞ þ 4ξð2Þ1 ξð1Þ3 x2y sinð4φÞ þ 4ξð2Þ1 ξð1Þ3 xy2 sinð4φÞ − 4ξð2Þ1 ξð1Þ3 xy sinð4φÞ − 2ξð2Þ1 ξð1Þ3 y2 sinð4φÞ
þ 4ξð2Þ1 x2 sinð2φÞ − 4ξð2Þ1 x2y sinð2φÞ − 4ξð2Þ1 xy2 sinð2φÞ þ 8ξð2Þ1 xy sinð2φÞ þ 4ξð2Þ1 y2 sinð2φÞ þ ξð1Þ2 ξð2Þ2 x3y

− 2ξð1Þ2 ξð2Þ2 x3 − 2ξð1Þ2 ξð2Þ2 x2yþ ξð1Þ2 ξð2Þ2 xy3 − 2ξð1Þ2 ξð2Þ2 xy2 − 2ξð1Þ2 ξð2Þ2 y3

− 4ðξð2Þ3 þ ξð1Þ3 Þðx2ðy − 1Þ þ xðy − 2Þy − y2Þ cosð2φÞ − 2ξð1Þ3 ξð2Þ3 x2 − 4ξð1Þ3 ξð2Þ3 xy − 2ξð1Þ3 ξð2Þ3 y2�: ðA3bÞ

The expression of total cross section σγγ is

σγγ ¼
r2em4

e

64ε4
F̃; ðA4Þ

where F̃ is the integration of F with s ¼ 4ε2=m2
e:

F̃ ¼ 16π

ffiffiffiffiffiffiffiffiffiffi
s − 4

s

r
ð−s − 4þ 2ξð1Þ1 ξð2Þ1 þ 3sξð1Þ2 ξð2Þ2 − 2ξð1Þ3 ξð2Þ3 Þ

þ 16π

s
tanh−1

ffiffiffiffiffiffiffiffiffiffi
s − 4

s

r
ð2s2 þ 8s − 16þ 8ξð1Þ1 ξð2Þ1 − 2s2ξð1Þ2 ξð2Þ2 − 8ξð1Þ3 ξð2Þ3 Þ: ðA5Þ

APPENDIX B: THE EXPRESSIONS OF THE COEFFICIENTS IN EQ. (10)

The final-state-spin irrelevant term of Eq. (10) is

F ¼ −
8ðxð−yÞ þ 2xþ 2yÞ

xy
ξð1Þ1 ξð2Þ1 −

4ðxð−yÞ þ 2xþ 2yÞðx2 þ y2Þ
x2y2

ξð1Þ2 ξð2Þ2

−
8ðx2y2 − 2x2yþ 2x2 − 2xy2 þ 4xyþ 2y2Þ

x2y2
ξð1Þ3 ξð2Þ3 þ 16ðxþ yÞðxð−yÞ þ xþ yÞ

x2y2
ðξð1Þ3 þ ξð2Þ3 Þ ðB1Þ

The coefficients of electron spin ζ−;i in Eq. (10) are

G−
1 ¼ −

8ðxþ yÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2y − x2 þ xy2 − 2xy − y2

p
x2y2

ðξð1Þ1 ξð2Þ2 x − ξð2Þ1 ξð1Þ2 yÞ; ðB2aÞ
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G−
2 ¼ 4ðxþ yÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2xy − 4xþ y2 − 4y

p
x2y2ðxþ y − 4Þ

× ðξð1Þ2 x2yþ 4ξð1Þ2 ξð2Þ3 x − 4ξð1Þ2 ξð2Þ3 xyþ 4ξð1Þ2 ξð2Þ3 y − 4ξð1Þ2 x − 4ξð2Þ2 ξð1Þ3 x − ξð1Þ2 xy2 þ 2ξð1Þ2 xyþ 4ξð2Þ2 ξð1Þ3 xyþ 2ξð1Þ2 y2

− 4ξð1Þ2 y − 2ξð2Þ2 x2 þ ξð2Þ2 x2yþ 4ξð2Þ2 x − ξð2Þ2 xy2 − 2ξð2Þ2 xyþ 4ξð2Þ2 y − 4ξð1Þ3 ξð2Þ2 yÞ; ðB2bÞ

G−
3 ¼ −

1

x2y2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p

× 8½ξð1Þ2 ξð2Þ3 x3y2 − 3ξð1Þ2 ξð2Þ3 x3yþ 2ξð1Þ2 ξð2Þ3 x3 þ 2ξð1Þ2 ξð2Þ3 x2y3 − 7ξð1Þ2 ξð2Þ3 x2y2 þ 6ξð1Þ2 ξð2Þ3 x2yþ ξð1Þ2 ξð2Þ3 xy4

− 5ξð1Þ2 ξð2Þ3 xy3 þ 6ξð1Þ2 ξð2Þ3 xy2 − ξð1Þ2 ξð2Þ3 y4 þ ξð2Þ2 ð−ξð1Þ3 Þx4 þ ξð2Þ2 ξð1Þ3 x4y − 2ξð1Þ2 x3 − 2ξð1Þ2 x3y2 þ 4ξð1Þ2 x3y − 2ξð1Þ2 x2y3

þ 8ξð1Þ2 x2y2 − 6ξð1Þ2 x2yþ 4ξð1Þ2 xy3 − 6ξð1Þ2 xy2 − 2ξð1Þ2 y3 þ 2ξð1Þ2 ξð2Þ3 y3 þ 2ξð2Þ2 ξð1Þ3 x3 − 2ξð2Þ2 x3y2 þ 2ξð2Þ2 ξð1Þ3 x3y2

þ 4ξð2Þ2 x3y − 5ξð2Þ2 ξð1Þ3 x3yþ ξð2Þ2 ξð1Þ3 x2y3 − 7ξð2Þ2 ξð1Þ3 x2y2 þ 6ξð2Þ2 ξð1Þ3 x2y − 3ξð2Þ2 ξð1Þ3 xy3 þ 6ξð2Þ2 ξð1Þ3 xy2 þ 2ξð2Þ2 ξð1Þ3 y3

− 2ξð2Þ2 x3 − 2ξð2Þ2 x2y3 þ 8ξð2Þ2 x2y2 − 6ξð2Þ2 x2yþ 4ξð2Þ2 xy3 − 6ξð2Þ2 xy2 − 2ξð2Þ2 y3� ðB2cÞ

The coefficients of positron spin ζþ;i in Eq. (10) are

Gþ
1 ¼ −

8ðxþ yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðxþ yÞðxð−yÞ þ xþ yÞp

x2y2
ðξð2Þ1 ξð1Þ2 x − ξð1Þ1 ξð2Þ2 yÞ; ðB3aÞ

Gþ
2 ¼ −

4ðxþ yÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2xy − 4xþ y2 − 4y

p
x2y2ðxþ y − 4Þ

× ð−2ξð1Þ2 x2 þ ξð1Þ2 x2y − 4ξð1Þ2 ξð2Þ3 xþ 4ξð1Þ2 xþ 4ξð2Þ2 ξð1Þ3 x − ξð1Þ2 xy2 þ 4ξð1Þ2 ξð2Þ3 xy − 2ξð1Þ2 xy − 4ξð2Þ2 ξð1Þ3 xy − 4ξð1Þ2 ξð2Þ3 y

þ 4ξð1Þ2 yþ 4ξð2Þ2 ξð1Þ3 yþ ξð2Þ2 x2y − 4ξð2Þ2 x − ξð2Þ2 xy2 þ 2ξð2Þ2 xyþ 2ξð2Þ2 y2 − 4ξð2Þ2 yÞ; ðB3bÞ

Gþ
3 ¼ −

1

x2y2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p 8ðxþ yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p

× ðξð2Þ3 ξð1Þ2 x2 − 2ξð1Þ3 ξð2Þ2 xþ 2ξð2Þ2 x − 2ξð2Þ3 ξð1Þ2 xþ 2ξð1Þ2 x − 2ξð2Þ2 xyþ ξð1Þ3 ξð2Þ2 xyþ ξð2Þ3 ξð1Þ2 xy − 2ξð1Þ2 xyþ ξð1Þ3 ξð2Þ2 y2

− 2ξð1Þ3 ξð2Þ2 yþ 2ξð2Þ2 y − 2ξð2Þ3 ξð1Þ2 yþ 2ξð1Þ2 yÞ: ðB3cÞ

The coefficients of spin-correlated term ζ−;iζþ;j in Eq. (10) are

H11 ¼
1

x2y2
4ð−ξð1Þ1 ξð2Þ1 x3yþ 2ξð1Þ1 ξð2Þ1 x3 − 2ξð1Þ1 ξð2Þ1 x2y2 þ 3ξð1Þ1 ξð2Þ1 x2y − ξð1Þ1 ξð2Þ1 xy3 þ 2ξð1Þ1 ξð2Þ1 xy2 þ 2ξð1Þ1 ξð2Þ1 y3

þ 3ξð1Þ2 ξð2Þ2 x2yþ 4ξð1Þ2 ξð2Þ2 xy2 þ ξð1Þ3 ξð2Þ3 x3y − 2ξð1Þ3 ξð2Þ3 x2y2 þ 5ξð1Þ3 ξð2Þ3 x2y − 4ξð1Þ3 ξð2Þ3 x2 þ ξð1Þ3 ξð2Þ3 xy3 þ 4ξð1Þ3 ξð2Þ3 xy2

− 8ξð1Þ3 ξð2Þ3 xy − 4ξð1Þ3 ξð2Þ3 y2 þ 4ξð2Þ3 x2 þ 4ξð1Þ3 x2 − 4ξð2Þ3 x2y − 4ξð1Þ3 x2y − 4ξð2Þ3 xy2 − 4ξð1Þ3 xy2 þ 8ξð2Þ3 xyþ 8ξð1Þ3 xy

þ 4ξð2Þ3 y2 þ 4ξð1Þ3 y2 − 2x2y2 þ 4x2y − 4x2 þ 4xy2 − 8xy − 4y2Þ; ðB4aÞ

H12 ¼ −
4ðxþ yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ðxþ yÞðxð−yÞ þ xþ yÞp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2xy − 4xþ y2 − 4y

p
x2y2

ðξð2Þ1 þ ξð1Þ1 Þ; ðB4bÞ

H13 ¼
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p ðxþ yÞ2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðxþ yÞðxð−yÞ þ xþ yÞp

x2y2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p ðξð2Þ1 ξð1Þ3 − ξð1Þ1 ξð2Þ3 Þ; ðB4cÞ
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H21 ¼
2ðxþ yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ðxþ yÞðxð−yÞ þ xþ yÞp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2xy − 4xþ y2 − 4y

p
x2y2

ðξð2Þ1 þ ξð1Þ1 Þ; ðB5aÞ

H22 ¼ −
1

x2y2ðxþ y − 4Þ
× 4ðξð1Þ2 ξð2Þ2 x4yþ 4ξð1Þ1 ξð2Þ1 x3 − 4ξð1Þ2 ξð2Þ2 x3 − 4ξð2Þ3 x3 − 4ξð1Þ3 x3 − 2ξð1Þ3 ξð2Þ3 x3y2 þ 2ξð1Þ1 ξð2Þ1 x3y2 þ ξð1Þ2 ξð2Þ2 x3y2

þ 4ξð2Þ3 x3yþ 4ξð1Þ3 ξð2Þ3 x3y − 4ξð1Þ1 ξð2Þ1 x3yþ 4ξð1Þ3 x3y − 16ξð1Þ3 ξð2Þ3 x2 þ 16ξð2Þ3 x2 þ 16ξð1Þ3 x2 − 2ξð1Þ3 ξð2Þ3 x2y3

þ 2ξð1Þ1 ξð2Þ1 x2y3 þ ξð1Þ2 ξð2Þ2 x2y3 − 8ξð1Þ2 ξð2Þ2 x2y2 þ 8ξð2Þ3 x2y2 þ 8ξð1Þ3 x2y2 þ 4ξð1Þ2 ξð2Þ2 x2yþ 16ξð1Þ3 ξð2Þ3 x2y

− 4ξð1Þ1 ξð2Þ1 x2y − 28ξð2Þ3 x2y − 28ξð1Þ3 x2yþ ξð1Þ2 ξð2Þ2 xy4 − 4ξð1Þ1 ξð2Þ1 xy3 þ 4ξð2Þ3 xy3 þ 4ξð1Þ3 ξð2Þ3 xy3 þ 4ξð1Þ3 xy3

− 4ξð1Þ1 ξð2Þ1 xy2 − 28ξð2Þ3 xy2 − 28ξð1Þ3 xy2 þ 4ξð1Þ2 ξð2Þ2 xy2 þ 16ξð1Þ3 ξð2Þ3 xy2 þ 32ξð2Þ3 xy − 32ξð1Þ3 ξð2Þ3 xyþ 32ξð1Þ3 xy

− 4ξð1Þ2 ξð2Þ2 y3 − 4ξð2Þ3 y3 − 4ξð1Þ3 y3 þ 4ξð1Þ1 ξð2Þ1 y3 − 16ξð1Þ3 ξð2Þ3 y2 þ 16ξð2Þ3 y2 þ 16ξð1Þ3 y2 þ x4y − 2x4 þ x3y2

− 8x3yþ 8x3 þ x2y3 − 20x2y2 þ 40x2y − 16x2 þ xy4 − 8xy3 þ 40xy2 − 32xy − 2y4 þ 8y3 − 16y2Þ; ðB5bÞ

H23 ¼
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2xy − 4xþ y2 − 4y

p
x2y2ðxþ y − 4Þ3=2

× ðξð2Þ3 x3 þ ξð1Þ3 x3 − 4ξð1Þ1 ξð2Þ1 x2 þ 4ξð1Þ2 ξð2Þ2 x2 þ 4ξð1Þ3 ξð2Þ3 x2 − 8ξð1Þ3 x2 þ 4ξð1Þ1 ξð2Þ1 x2y − 4ξð1Þ2 ξð2Þ2 x2y − 4ξð1Þ3 ξð2Þ3 x2y

− ξð2Þ3 x2yþ 3ξð1Þ3 x2y − 4ξð1Þ1 ξð2Þ1 xy2 − 4ξð2Þ3 xy2 þ 4ξð1Þ2 ξð2Þ2 xy2 þ 4ξð1Þ3 ξð2Þ3 xy2 þ 2ξð1Þ3 xy2 þ 8ξð2Þ3 xy − 8ξð1Þ3 xy

− 2ξð2Þ3 y3 − 4ξð1Þ2 ξð2Þ2 y2 − 4ξð1Þ3 ξð2Þ3 y2 þ 4ξð1Þ1 ξð2Þ1 y2 þ 8ξð2Þ3 y2 − 4x2yþ 4x2 þ 4xy2 − 4y2Þ; ðB5cÞ

H31 ¼ −
2ðxþ yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ðxþ yÞðxð−yÞ þ xþ yÞp
x2y2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ y − 4

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy − x − y

p

× ð2ξð1Þ3 ξð2Þ1 x2 − 2ξð2Þ3 ξð1Þ1 x2 − 8ξð1Þ3 ξð2Þ1 xþ 8ξð2Þ3 ξð1Þ1 x − ξð2Þ3 ξð1Þ1 xy2 þ 4ξð1Þ3 ξð2Þ1 xy − 4ξð2Þ3 ξð1Þ1 xyþ 2ξð1Þ3 ξð2Þ1 y2

− ξð2Þ3 ξð1Þ1 y2 − 8ξð1Þ3 ξð2Þ1 yþ 8ξð2Þ3 ξð1Þ1 yÞ; ðB6aÞ

H32¼−
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xy−x−y

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þ2xy−4xþy2−4y

p
x2y2ðxþy−4Þ3=2

× ðξð2Þ3 x3þξð1Þ3 x3−4ξð1Þ1 ξð2Þ1 x2þ4ξð1Þ2 ξð2Þ2 x2þ4ξð1Þ3 ξð2Þ3 x2−8ξð2Þ3 x2þ4ξð1Þ1 ξð2Þ1 x2yþ3ξð2Þ3 x2y

−4ξð1Þ2 ξð2Þ2 x2y−4ξð1Þ3 ξð2Þ3 x2y−ξð1Þ3 x2y−4ξð1Þ1 ξð2Þ1 xy2−4ξð1Þ3 xy2þ4ξð1Þ2 ξð2Þ2 xy2þ2ξð2Þ3 xy2þ4ξð1Þ3 ξð2Þ3 xy2

−8ξð2Þ3 xyþ8ξð1Þ3 xy−2ξð1Þ3 y3−4ξð1Þ2 ξð2Þ2 y2−4ξð1Þ3 ξð2Þ3 y2þ4ξð1Þ1 ξð2Þ1 y2þ8ξð1Þ3 y2−4x2yþ4x2þ4xy2−4y2Þ; ðB6bÞ
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H33 ¼ −
1

x2y2ðxþ y − 4Þ
× 4ð−2ξð1Þ3 ξð2Þ3 x4 þ ξð1Þ3 ξð2Þ3 x4y − ξð1Þ1 ξð2Þ1 x4yþ 4ξð1Þ1 ξð2Þ1 x3 − 4ξð1Þ2 ξð2Þ2 x3 þ 8ξð1Þ3 ξð2Þ3 x3 − 4ξð2Þ3 x3 − 4ξð1Þ3 x3

− ξð1Þ1 ξð2Þ1 x3y2 − 2ξð1Þ2 ξð2Þ2 x3y2 þ ξð1Þ3 ξð2Þ3 x3y2 þ 4ξð1Þ2 ξð2Þ2 x3yþ 4ξð2Þ3 x3y − 8ξð1Þ3 ξð2Þ3 x3yþ 4ξð1Þ3 x3y − 16ξð1Þ3 ξð2Þ3 x2

þ 16ξð2Þ3 x2 þ 16ξð1Þ3 x2 − ξð1Þ1 ξð2Þ1 x2y3 − 2ξð1Þ2 ξð2Þ2 x2y3 þ ξð1Þ3 ξð2Þ3 x2y3 − 20ξð1Þ3 ξð2Þ3 x2y2 þ 8ξð1Þ1 ξð2Þ1 x2y2 þ 8ξð2Þ3 x2y2

þ 8ξð1Þ3 x2y2 þ 4ξð1Þ2 ξð2Þ2 x2yþ 40ξð1Þ3 ξð2Þ3 x2y − 4ξð1Þ1 ξð2Þ1 x2y − 28ξð2Þ3 x2y − 28ξð1Þ3 x2y − ξð1Þ1 ξð2Þ1 xy4 þ ξð1Þ3 ξð2Þ3 xy4

− 8ξð1Þ3 ξð2Þ3 xy3 þ 4ξð1Þ2 ξð2Þ2 xy3 þ 4ξð2Þ3 xy3 þ 4ξð1Þ3 xy3 − 4ξð1Þ1 ξð2Þ1 xy2 − 28ξð2Þ3 xy2 − 28ξð1Þ3 xy2 þ 4ξð1Þ2 ξð2Þ2 xy2

þ 40ξð1Þ3 ξð2Þ3 xy2 þ 32ξð2Þ3 xy − 32ξð1Þ3 ξð2Þ3 xyþ 32ξð1Þ3 xy − 2ξð1Þ3 ξð2Þ3 y4 − 4ξð1Þ2 ξð2Þ2 y3 − 4ξð2Þ3 y3 − 4ξð1Þ3 y3 þ 4ξð1Þ1 ξð2Þ1 y3

þ 8ξð1Þ3 ξð2Þ3 y3 − 16ξð1Þ3 ξð2Þ3 y2 þ 16ξð2Þ3 y2 þ 16ξð1Þ3 y2 − 2x3y2 þ 4x3y − 2x2y3 þ 16x2y − 16x2 þ 4xy3 þ 16xy2

− 32xy − 16y2Þ: ðB6cÞ

[1] G. Breit and J. A. Wheeler, Collision of two light quanta,
Phys. Rev. 46, 1087 (1934).

[2] Q. Zhao, L. Tang, F. Wan, B.-C. Liu, R.-Y. Liu, R.-Z. Yang,
J.-Q. Yu, X.-G. Ren, Z.-F. Xu, Y.-T. Zhao, Y.-S. Huang, and
J.-X. Li, Signatures of linear Breit-Wheeler pair production
in polarized Γγ collisions, Phys. Rev. D 105, L071902
(2022).

[3] D. L. Burke et al., Positron Production in Multiphoton
Light-by-Light Scattering, Phys. Rev. Lett. 79, 1626
(1997).

[4] J. Adam, L. Adamczyk, J. Adams, J. Adkins, G. Agakishiev,
M.M. Aggarwal, Z. Ahammed, I. Alekseev, D. Anderson,
A. Aparin et al. (STAR Collaboration), Measurement of
eþe− momentum and angular distributions from linearly
polarized photon collisions, Phys. Rev. Lett. 127, 052302
(2021).

[5] P. Kumar and B. Zhang, The physics of gamma-ray bursts
relativistic jets, Phys. Rep. 561, 1 (2015).

[6] A. Kostenko and C. Thompson, QED phenomena in an
ultrastrong magnetic field. I. Electron–photon scattering,
pair creation, and annihilation, Astrophys. J. 869, 44 (2018).

[7] C. Lundman, A. M. Beloborodov, and I. Vurm, Radiation-
mediated shocks in gamma-ray bursts: Pair creation,
Astrophys. J. 858, 7 (2018).

[8] K. Hirotani and H. Y. Pu, Energetic gamma radiation
from rapidly rotating black holes, Astrophys. J. 818, 50
(2016).

[9] K. Akiyama, A. Alberdi, W. Alef, K. Asada, R. Azulay,
A. K. Baczko, D. Ball, M. Baloković, J. Barrett, D. Bintley
et al., First M87 Event Horizon Telescope results. V.
Physical origin of the asymmetric ring, Astrophys. J. Lett.
875, L5 (2019).

[10] Y. He, T. G. Blackburn, T. Toncian, and A. V. Arefiev,
Dominance of γ − γ electron-positron pair creation in a
plasma driven by high-intensity lasers, Commun. Phys. 4,
139 (2021).

[11] Y. He, I. L. Yeh, T. G. Blackburn, and A. Arefiev, A single-
laser scheme for observation of linear Breit-Wheeler
electron-positron pair creation, New J. Phys. 23, 115005
(2021).

[12] O. J. Pike, F. Mackenroth, E. G. Hill, and S. J. Rose, A
photon–photon collider in a vacuum hohlraum, Nat. Pho-
tonics 8, 434 (2014).

[13] X. Ribeyre, E. d’Humieres, O. Jansen, S. Jequier, V. T.
Tikhonchuk, and M. Lobet, Pair creation in collision of
γ-ray beams produced with high-intensity lasers, Phys.
Rev. E 93, 013201 (2016).

[14] I. Drebot, D. Micieli, E. Milotti, V. Petrillo, E. Tassi, and
L. Serafini, Matter from light-light scattering via Breit-
Wheeler events produced by two interacting Compton
sources, Phys. Rev. Accel. Beams 20, 043402 (2017).

[15] O. Jansen, T. Wang, D. J. Stark, E. d’Humières, T. Toncian,
and A. V. Arefiev, Leveraging extreme laser-driven mag-
netic fields for gamma-ray generation and pair production,
Plasma Phys. Control. Fusion 60, 054006 (2018).

[16] J. Q. Yu, H. Y. Lu, T. Takahashi, R. H. Hu, Z. Gong, W. J.
Ma, Y. S. Huang, C. E. Chen, and X. Q. Yan, Creation of
Electron-Positron Pairs in Photon-Photon Collisions Driven
by 10-PW Laser Pulses, Phys. Rev. Lett. 122, 014802
(2019).

[17] T. Wang, X. Ribeyre, Z. Gong, O. Jansen, E. d’Humières, D.
Stutman, T. Toncian, and A. Arefiev, Power Scaling for
Collimated γ-Ray Beams Generated by Structured Laser-
Irradiated Targets and its Application to Two-Photon Pair
Production, Phys. Rev. Appl. 13, 054024 (2020).

[18] A. Golub, S. Villalba-Chávez, H. Ruhl, and C. Müller,
Linear Breit-Wheeler pair production by high-energy
bremsstrahlung photons colliding with an intense X-ray
laser pulse, Phys. Rev. D 103, 016009 (2021).

[19] B. Kettle, D. Hollatz, E. Gerstmayr, G. M. Samarin, A.
Alejo, S. Astbury, C. D. Baird, S. Bohlen, M. Campbell, C.
Colgan et al., A laser-plasma platform for photon-photon

ZHAO, WU, ABABEKRI, LI, TANG, and LI PHYS. REV. D 107, 096013 (2023)

096013-12

https://doi.org/10.1103/PhysRev.46.1087
https://doi.org/10.1103/PhysRevD.105.L071902
https://doi.org/10.1103/PhysRevD.105.L071902
https://doi.org/10.1103/PhysRevLett.79.1626
https://doi.org/10.1103/PhysRevLett.79.1626
https://doi.org/10.1103/PhysRevLett.127.052302
https://doi.org/10.1103/PhysRevLett.127.052302
https://doi.org/10.1016/j.physrep.2014.09.008
https://doi.org/10.3847/1538-4357/aae0ef
https://doi.org/10.3847/1538-4357/aab9b3
https://doi.org/10.3847/0004-637X/818/1/50
https://doi.org/10.3847/0004-637X/818/1/50
https://doi.org/10.3847/2041-8213/ab0f43
https://doi.org/10.3847/2041-8213/ab0f43
https://doi.org/10.1038/s42005-021-00636-x
https://doi.org/10.1038/s42005-021-00636-x
https://doi.org/10.1088/1367-2630/ac3049
https://doi.org/10.1088/1367-2630/ac3049
https://doi.org/10.1038/nphoton.2014.95
https://doi.org/10.1038/nphoton.2014.95
https://doi.org/10.1103/PhysRevE.93.013201
https://doi.org/10.1103/PhysRevE.93.013201
https://doi.org/10.1103/PhysRevAccelBeams.20.043402
https://doi.org/10.1088/1361-6587/aab222
https://doi.org/10.1103/PhysRevLett.122.014802
https://doi.org/10.1103/PhysRevLett.122.014802
https://doi.org/10.1103/PhysRevApplied.13.054024
https://doi.org/10.1103/PhysRevD.103.016009


physics: The two photon Breit-Wheeler process, New J.
Phys. 23, 115006 (2021).

[20] L. Esnault, E. d’Humières, A. Arefiev, and X. Ribeyre,
Electron-positron pair production in the collision of real
photon beams with wide energy distributions, Plasma Phys.
Control. Fusion 63, 125015 (2021).

[21] V. Budnev, I. Ginzburg, G. Meledin, and V. Serbo, The two-
photon particle production mechanism. Physical problems.
Applications. Equivalent photon approximation, Phys. Rep.
15, 181 (1975).

[22] I. F. Ginzburg, G. L. Kotkin, S. L. Panfil, V. G. Serbo, and
V. I. Telnov, Colliding-γe and γγ beams based on single-pass
eþe− accelerators .2. Polarization effects, monochromatiza-
tion improvement, Nucl. Instrum. Methods Phys. Res.,
Sect. A 219, 5 (1984).

[23] D. Y. Ivanov, G. L. Kotkin, and V. G. Serbo, Complete
description of polarization effects in eþe− pair production
by a photon in the field of a strong laser wave, Eur. Phys.
J. C 40 (2005).

[24] S. Bakmaev, E. A. Kuraev, E. Bartoš, and M. Galinskii,
QED processes in peripheral kinematics at polarized
photon–photon and photon–electron colliders, Eur. Phys.
J. C 52, 75 (2007).

[25] L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin,
Exclusive LHC physics with heavy ions: SuperChic 3,
Eur. Phys. J. C 79, 39 (2019).

[26] A. I. Titov and B. Kämpfer, Non-linear Breit–Wheeler
process with linearly polarized beams, Eur. Phys. J. D
74, 218 (2020).

[27] T. Sun, Q. Zhao, K. Xue, Z.-W. Lu, L.-L. Ji, F. Wan, Y.
Wang, Y. I. Salamin, and J.-X. Li, Production of polarized
particle beams via ultraintense laser pulses, Rev. Mod.
Plasma Phys. 6, 38 (2022).

[28] A. Fedotov, A. Ilderton, F. Karbstein, B. King, D. Seipt, H.
Taya, and G. Torgrimsson, Advances in QED with intense
background fields, Phys. Rep. 1010, 1 (2023).

[29] C. Li, J. Zhou, and Y.-j. Zhou, Probing the linear polari-
zation of photons in ultraperipheral heavy ion collisions,
Phys. Lett. B 795, 576 (2019).

[30] C. Li, J. Zhou, and Y.-j. Zhou, Impact parameter depend-
ence of the azimuthal asymmetry in lepton pair produc-
tion in heavy ion collisions, Phys. Rev. D 101, 034015
(2020).

[31] J. D. Brandenburg, J. Seger, Z. Xu, and W. Zha, Report on
progress in physics: Observation of the Breit-Wheeler
process and vacuum birefringence in heavy-ion collisions,
arXiv:2208.14943.

[32] Z.-W. Lu, Q. Zhao, F. Wan, B.-C. Liu, Y.-S. Huang, Z.-F.
Xu, and J.-X. Li, Generation of arbitrarily polarized muon
pairs via polarized e−eþ collision, Phys. Rev. D 105,
113002 (2022).

[33] F. Del Gaudio, T. Grismayer, R. A. Fonseca, and L. O. Silva,
Compton scattering in particle-in-cell codes, J. Plasma Phys.
86, 905860516 (2020).

[34] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii, Quan-
tum Electrodynamics (Butterworth-Heinemann, London,
1982), Vol. 4.

[35] V. Shtabovenko, R. Mertig, and F. Orellana, FeynCalc 9.3:
New features and improvements, Comput. Phys. Commun.
256, 107478 (2020).

[36] S. I. Kotkin, G. L. Polityko, and V. G. Serbo, Polarization of
final electrons in the Compton effect, Nucl. Instrum.
Methods Phys. Res., Sect. A 405, 30 (1998).

[37] G. Sarri, D. J. Corvan, W. Schumaker, J. M. Cole, A. Di
Piazza, H. Ahmed, C. Harvey, C. H. Keitel, K. Krushelnick,
S. P. D. Mangles, Z. Najmudin, D. Symes, A. G. R. Thomas,
M. Yeung, Z. Zhao, and M. Zepf, Ultrahigh Brilliance
Multi-MeV γ-Ray Beams from Nonlinear Relativistic
Thomson Scattering, Phys. Rev. Lett. 113, 224801 (2014).

[38] W. Yan, C. Fruhling, G. Golovin, D. Haden, J. Luo, P.
Zhang, B. Zhao, J. Zhang, C. Liu, M. Chen, S. Chen, S.
Banerjee, and D. Umstadter, High-order multiphoton Thom-
son scattering, Nat. Photonics 11, 514 (2017).

[39] F. Albert, S. G. Anderson, D. J. Gibson, C. A. Hagmann,
M. S. Johnson, M. Messerly, V. Semenov, M. Y. Shverdin,
B. Rusnak, A. M. Tremaine, F. V. Hartemann, C. W. Siders,
D. P. McNabb, and C. P. J. Barty, Characterization and
applications of a tunable, laser-based, MeV-class
Compton-scattering γ-ray source, Phys. Rev. ST Accel.
Beams 13, 070704 (2010).

[40] C. Yu, R. Qi, W. Wang, J. Liu, W. Li, C. Wang, Z. Zhang, J.
Liu, Z. Qin, M. Fang et al., Ultrahigh brilliance quasi-
monochromatic MeV γ-rays based on self-synchronized all-
optical Compton scattering, Sci. Rep. 6, 29518 (2016).

[41] K. Xue, Z.-K. Dou, F. Wan, T.-P. Yu, W.-M. Wang, J.-R.
Ren, Q. Zhao, Y.-T. Zhao, Z.-F. Xu, and J.-X. Li, Generation
of highly-polarized high-energy brilliant γ-rays via laser-
plasma interaction, Matter Radiat. Extremes 5, 054402.

[42] Y. F. Li, R. Shaisultanov, Y. Y. Chen, F. Wan, K. Z.
Hatsagortsyan, C. H. Keitel, and J. X. Li, Polarized Ultra-
short Brilliant Multi-GeV γ Rays via Single-Shot Laser-
Electron Interaction, Phys. Rev. Lett. 124, 014801 (2020).

[43] S.Tang,B.King, andH.Hu,Highly polarised gammaphotons
from electron-laser collisions, Phys. Lett. B 809, 135701.

[44] Y. Wang, M. Ababekri, F. Wan, Q. Zhao, C. Lv, X.-G. Ren,
Z.-F. Xu, Y.-T. Zhao, and J.-X. Li, Brilliant circularly
polarized γ-ray sources via single-shot laser plasma inter-
action, Opt. Lett. 47, 3355 (2022).

[45] D. Abbott, P. Adderley, A. Adeyemi, P. Aguilera, M. Ali, H.
Areti, M. Baylac, J. Benesch, G. Bosson, B. Cade et al.,
Production of Highly Polarized Positrons using Polarized
Electrons at MeV Energies, Phys. Rev. Lett. 116, 214801
(2016).

[46] J. M. Grames, C. K. Sinclair, M. Poelker, X. Roca-Maza,
M. L. Stutzman, R. Suleiman, M. A. Mamun, M. McHugh,
D. Moser, J. Hansknecht, B. Moffit, and T. J. Gay, High
precision 5 MeV Mott polarimeter, Phys. Rev. C 102,
015501 (2020).

ANGLE-DEPENDENT PAIR PRODUCTION IN THE POLARIZED … PHYS. REV. D 107, 096013 (2023)

096013-13

https://doi.org/10.1088/1367-2630/ac3048
https://doi.org/10.1088/1367-2630/ac3048
https://doi.org/10.1088/1361-6587/ac2e3e
https://doi.org/10.1088/1361-6587/ac2e3e
https://doi.org/10.1016/0370-1573(75)90009-5
https://doi.org/10.1016/0370-1573(75)90009-5
https://doi.org/10.1016/0167-5087(84)90128-5
https://doi.org/10.1016/0167-5087(84)90128-5
https://doi.org/10.1140/epjc/s2005-02125-1
https://doi.org/10.1140/epjc/s2005-02125-1
https://doi.org/10.1140/epjc/s10052-007-0351-2
https://doi.org/10.1140/epjc/s10052-007-0351-2
https://doi.org/10.1140/epjc/s10052-018-6530-5
https://doi.org/10.1140/epjd/e2020-10327-9
https://doi.org/10.1140/epjd/e2020-10327-9
https://doi.org/10.1007/s41614-022-00099-9
https://doi.org/10.1007/s41614-022-00099-9
https://doi.org/10.1016/j.physrep.2023.01.003
https://doi.org/10.1016/j.physletb.2019.07.005
https://doi.org/10.1103/PhysRevD.101.034015
https://doi.org/10.1103/PhysRevD.101.034015
https://arXiv.org/abs/2208.14943
https://doi.org/10.1103/PhysRevD.105.113002
https://doi.org/10.1103/PhysRevD.105.113002
https://doi.org/10.1017/S002237782000118X
https://doi.org/10.1017/S002237782000118X
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/S0168-9002(97)01112-1
https://doi.org/10.1016/S0168-9002(97)01112-1
https://doi.org/10.1103/PhysRevLett.113.224801
https://doi.org/10.1038/nphoton.2017.100
https://doi.org/10.1103/PhysRevSTAB.13.070704
https://doi.org/10.1103/PhysRevSTAB.13.070704
https://doi.org/10.1038/srep29518
https://doi.org/10.1063/5.0007734
https://doi.org/10.1103/PhysRevLett.124.014801
https://doi.org/10.1016/j.physletb.2020.135701
https://doi.org/10.1364/OL.462612
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevC.102.015501
https://doi.org/10.1103/PhysRevC.102.015501

