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Signatures of linear Breit-Wheeler pair production in polarized yy collisions

Qian Zhao ,1 Liang Tang ,2 Feng Wan ,1 Bo-Chao Liu,1 Ruo-Yu Liu,3 Rui-Zhi Yang,4 Jin-Qing Yu,s’*
Xue-Guang Ren,' Zhong-Feng Xu,'! Yong-Tao Zhao," Yong-Sheng Huang 7" and Jian-Xing Li'*

1Ministry of Education Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed
Matter, Shaanxi Province Key Laboratory of Quantum Information and Quantum Optoelectronic Devices,
School of Physics, Xi’an Jiaotong University, Xi’an 710049, China
2College of Physics and Hebei Key Laboratory of Photophysics Research and Application,
Hebei Normal University, Shijiazhuang 050024, China
3School of Astronomy and Space Science, Nanjing University, 210023 Nanjing, Jiangsu, China

‘cAS Key Labrotory for Research in Galaxies and Cosmology, Department of Astronomy,

School of Physical Sciences, University of Science and Technology of China, Hefei, Anhui 230026, China
>School of Physics and Electronics, Hunan University, Changsha 410082, China
®School of Science, Shenzhen Campus of Sun Yat-sen University, Shenzhen 518107, China
" Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

® (Received 27 November 2021; accepted 7 April 2022; published 26 April 2022)

The polarization characteristics of the linear Breit-Wheeler (LBW) pair-production process in polarized
yy colliders have been investigated via our developed spin-resolved binary collision simulation method.
We find that the polarization of y-photons modifies the kinematics of scattering particles and induces the
correlated energy-angle shift of LBW pairs, and the latter’s polarization characteristic depends on the
helicity configures of scattering particles. We confirm that the polarized yy collider with an asymmetric
setup can be performed with currently achievable laser-driven high-density x rays and high-brilliance
y-photon beams to produce abundant polarized LBW pairs, fulfilling the detection power of polarimetries.
Our method and results on the polarized LBW process have plenty of significant applications in strong-
field physics, high-energy physics and astrophysics, such as calibrating and monitoring the polarized yy
collider and challenging the current understanding of astrophysical objects through enhancing the opacity

of y-photons to exacerbate the inconsistency between some observations and standard models.
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Quantum electrodynamics (QED) predicts the interac-
tion between two real photons, which leads to the linear
Breit-Wheeler (LBW) electron-positron (e*) pair produc-
tion [1] and photon-photon elastic scattering [2]. Although
both the processes are observed in the collision of two
virtual photons by means of the equivalent photon approxi-
mation of ultrarelativistic heavy-ion beams [3,4], the
validation via real photon-photon collisions has never been
realized due to the lack of high-brilliance y-photon beams.
One of the most important physical projects in the planned
yy collider is to search for higher-order photon-photon
scattering, which is solid evidence of the vacuum polari-
zation and is of interest as a search for new physics [5-8].
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Because the cross section of the lowest-order LBW process
is several orders of magnitude larger than that of the
photon-photon scattering [9], it produces useful signatures
for diagnostics, feedback, and luminosity optimization in a
yy collider [10,11]. Therefore, it is necessary to investigate
the comprehensive physics of the LBW process, especially
with polarized photons and energy distribution. Moreover,
despite the significance in validating basic QED theory, the
LBW process is one of the most elemental ingredients
of pair plasma production in high-energy astrophysical
environment [12], such as y-ray bursts [13], black hole
accretion [14,15], and active galactic nuclei [16].

Thanks to the developments of y-photon sources
driven by the electron beams of laser wakefield acceleration
[17], high-brilliance y-photon beams with MeV energy
can be produced experimentally through bremsstrahlung
[18,19], nonlinear Thomson scattering [20,21], and inverse
Compton scattering [22-24], which open the way to
investigate the real photon-photon interaction. Recently,
numerous theoretical proposals on the yy collider were put
forward to validate the LBW process [9,25-33]. Among
those proposals, the yy collider is designed either with
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FIG. 1. Scenario of the LBW pair production in a colliding
setup of polarized y-photon beams in x-z plane in the laboratory
frame. The pair spectra are presented in the plane of polar angle 6
and kinematic energy E;. The lower sketches show the helicity
transfer of the LBW process in the center of mass frame, and A, is
the total helicity of two-photon system in the direction of photon
momentum 71,. The scattered pair carries the mean total helicity
A, in the direction of electron momentum #,, |+) represent the
positive and negative helicity states, corresponding to the right-

hand and left-hand spirals, respectively, and y;;/) 2(2)

hand circular polarization (RCP) or left-hand circular polarization
(LCP) photon in beam (1) and beam (2), respectively.

denote right-

GeV-energy photons from bremsstrahlung inside a high-Z
target and keV-energy partner photon from laser-target
radiation or x-ray free electron laser [25,31,33], or with two
same MeV y-photon sources from a laser-driven synchro-
tron or nonlinear Compton scattering [9,26-28,30].
Moreover, the dominated LBW process is studied in
laser-driven plasmas [34,35], and the quasiparticle-hole
pair production in gapped graphene monolayers can be
analogous to the LBW process [36]. However, the above
proposals mainly focus attention on the large pair yield, but
generally ignore the inherent spin effects of scattering
particles. The polarization transfer (i.e., helicity transfer)
between initial photons and final e* pairs is associated with
their spin angular momentum. Based on the production of
high-brilliance photons with highly-circular polarization
[37-42], the LBW process can be investigated in a
polarized yy collider. The fundamental physics of helicity
in the LBW process has been analyzed qualitatively from
the perspective of angular momentum conservation [43].
The latest experiment confirms that the linearly-polarized
photons can induce the azimuthal-angle distribution of the
LBW pairs [4], since the linear polarization is related to the
azimuthal angle of pair momenta. In addition, the impact of
energy distribution of y-photon beam on the LBW pair
yield is analyzed in a semianalytical model [32]. However,
considering realistic polarization and energy distribution
into laser-driven y-photon beams, the spin-associated
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FIG. 2. (a) 6., vs the c.m. energy & for different collision
schemes. The black-solid, red-dashed, and blue-dash-dotted
lines in (a) and (b) indicate the cases of employing non-
polarized, ygyy(f) and yg)yg) y-photons, respectively. (b) Py =
Gy/0wor VS 6. The thin and thick lines correspond to ¢ = 1.4
and 4, respectively. (c) Average kinetic energy E; vs average
polar angle @ of positrons. (d) E, and divergence angle
0,.,s (root-mean-square deviation) of positrons beamed into
0 < @ < x/6 vs average circular polarization Pp of the initial
y-photon beam. The results in (c) and (d) are simulated with
colliding y-photon beams with an exponential energy distribu-
tion at an average energy 2 MeV and a divergence angle 0.1 rad
in the laboratory frame.

momentum and polarization characteristics of the LBW
process have not been uncovered and are still great
challenges.

In this paper, we investigate the complete polarization
effects in the LBW process by virtue of our newly
developed spin-resolved Monte Carlo (MC) simulation
method, which is applicable for general binary collisions
of leptons and photons (see the interaction scenario in
Fig. 1). We find that the circular polarization of y-photons
can modify the kinematics of scattering particles and
induces a correlated energy-angle shift of the LBW pairs
[see Fig. 1 (top) and more details in Fig. 2], and the
polarization characteristic of the LBW pairs depends on
the helicity configures of scattering particles [see Fig. 1
(bottom) and more details in Fig. 3]. Our method confirms
that the polarized yy collider with an asymmetric setup can
be performed with currently achievable laser facilities (see
Table I), and the considered polarization effects may have
significant applications in high-energy astrophysics.

Let us first summarize our simulation method for
calculating the production and polarization of the LBW
pairs. Employing the standard treatment of particle density
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FIG. 3. (a)and (b): Distributions of [¢* | of produced positrons
for the yg)yg) and yg)yf) collisions, respectively. (c) and
(d): Variations of P, Py, and Pr of positrons with respect
to Pcp of the y-photon beam, extracted from positrons within
0 <60 < /6 for the 7'y collision and 7/3 < @ < 27/3 for
the y?yf) collision, respectively. Here employed y-photon
beams both have an uniform energy distribution between

0.1 MeV-2 MeV.

matrixes in the scattering amplitude of incoherent binary
collisions [43-48], the polarized LBW cross section in
center of mass (c.m.) frame is obtained as

d 3 3
o= [F + D (G +Gign) + 2;1 Hi,,-c?c;} . (1)

i=1

where 6, = r2m2|p,|/16€, Qis the solid angle, p, the c.m.
momentum of electron, & the c.m. energy of photon,
electron and positron (they are equal in the c.m. frame),
m, and r, the electron mass and classical radius, respec-
tively, ¢ the spin components of electron (“~”) and
positron (“+47), and the factors F, Gf, and H,; include
the photon Stokes parameters &; [44] and are given in [49].
Summing over i and integrating over €, one obtains

rmir [§—4

(-5 -4+26el? + 358 el

Otot —

4e* Ky
16 §—4
- 25@”5@) + 2 tanh~! /%(2&2 + 85— 16
) N N
+ 8¢l - 2 el) - 8elel?), (2)

TABLE L. Average current / and polarization (Pol.) of produced
positrons (electrons) extracted from the polar angle range of A6.
The symmetric setup includes photons number N,, brilliance
B, (photons s~ mm™ mrad=% 0.1% BW), and cross angle of col-
liding y-photon beams. And the asymmetric setup considers a
RCP y-photon beam with 80% polarization colliding with a x-ray
beam with uniform density ny. Employed y-photon beam in the
symmetric (asymmetric) setup has a ~80 fs duration and an
exponential energy distribution with an average energy of 2
(100) MeV.

Beam parameters Collisions I [mA] Pol. A6 [rad]
Symmetric Setup: yS;)J/g) 4.231 P 0+n/6
N,: 1x 10" Phots.

B,: 1.5x 105 7;”722) 3.952 Pr /2 + /6

Cross-angle: 5°

Asymmetric Setup:
N,: 1 x 107 Phots.
B,: 2.2 x 10%

ny: 9.3 x10% cm™3

y(0.8) 1052 PL(0.348), 0+0.02

X ray P7(0.151)

where § = 4¢?/m2. Relativistic units with ¢ = 2 =1 are
used throughout.

In our considered collision scenario, a y-photon beam is
initialized with a specific energy distribution and diver-
gence angle in laboratory frame. During the beam-beam
collision, the colliding region is meshed into solid cells at
every time step, and the probable colliding photons inside a
cell are sampled by the Thomson cross section and paired
by no-time-count method [50], as illustrated in Fig. 1 (top).
By the Lorentz boost along the c.m. frame velocity S,
[51-53], every set of paired photons with § >4 are
permitted for the single BW process in Eq. (1) by using
the acceptance-rejection method. For each BW event,
the c.m. momentum p, is determined in the defined
momentum configure (see Fig. 1 in [49]) where the
scattering angle 6, is defined as the angle between p,
and k. Here 6, is calculated by solving 64/ =
R, € (-1,1), where R, is an uniform random number

and 69 = /3(5—4)/4 fl‘czzf;[‘ dé. Moreover, the energy
and momenta of e* in the laboratory frame are obtained by
the inverse Lorentz boost acting on ¢ and p,.

The mean spin polarization vectors of electron and
positron ¢* are determined by the defined three-vector
basis [45,49] and their components can be analytically
calculated via {*; = G /F [44]. With the determined p,,
the mean helicities of a pair are expressed as A, =
¥ ¢*p./2|p.|, and the corresponding helicity configure
is illustrated in Fig. 1 (bottom). In our MC method, the
projections of ¢* onto the defined spin states D* (unit
vectors) of a detector are calculated with transition prob-
abilities, and the latter determine the sign of components

D = ¢+,/|¢F|. Consequently, the total beam polarization
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is calculated by Py, = \/ (DE)2 4 (D) + (D¥)? with the

averaged components D over the particle number [54].
Aligning D* to the parallel or perpendicular direction of the
momenta can further obtain the longitudinal polarization
P, or transverse polarization P; for e* beams. (More
details of our simulation method are clarified in the
Supplemental Material [49].)

Impact of the y-photon polarization on the energy and
polar angle distributions of the LBW pairs is shown in
Fig. 2. 6,y of the yg)yg) case increases about 33% at the
peak energy and narrows the spectrum, compared with that
of the nonpolarized case [see Fig. 2(a)], while the linear
polarization only modifies the amplitude because it has no
impact on 6, [49]. A definite shaped Py(6,) implies that the
produced electron (positron) is scattered into a certain
range of df, with a corresponding probability of dP, [see

Fig. 2(b)]. The reactions within 8, < /6 in the yg)yl(dz)
collision near the threshold energy are almost forbidden

due to the approximate zero probabilities. By contrast, the

dominated reactions occur within 6, < z/6 in the yg) y}ez)

collision at the energy far beyond the threshold. Therefore,
the distinct energy-angle spectra can be produced by the
quasimonoenergetic beams in two collision schemes,
and the yg)yf) (ﬁﬁﬁ?) collision with a Gaussian energy
spectrum, an average energy of 0.6 (1.8) MeV and a 30%
energy spread produces the dipole (quadrupole) angular
spectrum, which distributes perpendicular to (parallel with)
the z-axis, as shown in Fig. 1 (top). The distinct energy-
correlated 0, in these two interaction schemes causes the

energy-angle correlation of the pairs, whereby the yg)y(Lz)

collision results in the larger kinetic energy E, than that of

the yg)yg collision [see Fig. 2(c)]. As the initial circular
(1))

polarization (Pcp) of y-photons increases, in the yy’y;
collision the average kinetic energy E) and the divergence

angle 0,,,, of positrons both increase as well, while in the

yg)y? collision the tendency is inverse [see Fig. 2(d)].

Thus, ,,, is positively correlated to Ej. The influence
of the energy and divergence-angle fluctuations of the
y-photon beams on 6,,,, and E, is estimated, and the results
indicate that the polarization-induced signatures of the
energy-angle shift can be resolved as the fluctuations
of the divergence angle and the average energy are less
than 50% and 5%, respectively (see [49]). Note that the
correlated polar angle and energy distributions of the LBW
pairs can be resolved precisely in experiments by the single
particle detector [33].

Particularly, the spin-polarization of the LBW pairs is
derived from the circular polarization of parent y-photons.
For the y%wy%z) collision, the partial polarization is pro-
duced near the threshold energy of the pair production [see

Fig. 3(a)], while for the yg)yf) collision, the partial

polarization is produced around 6, = z/2 [see Fig. 3(b)].
It is nontrivial to reveal the variation of the positron
polarization with respect to the y-photon polarization.

For the y%”yg) collision, P; dominates the polarization

and increases linearly, and P [attributed to the do,_, o
channel; see Fig. 4(e)] is less than 0.2 as P.p varies [see
Fig. 3(c)], since the produced pairs possess sole negative

helicities [see Fig. 4(a)]. While, for the 7 '7\?) collision Py
dominates the polarization [see Fig. 3(d)], since the
produced pairs possess the mixed helicity states [55]
around 6, = z/2 and the magnitude of Py is affected by
the extracted polar angle range [see Fig. 4(b)]. Thus, one

could observe the signatures of polarization in the LBW

()

process either via detecting P; in the y, 'y’ collision

around the colliding axis or via detecting Py in the ﬁ;%‘ﬁ

collision around the perpendicular direction of the collid-
ing axis.

The physical mechanism of the helicity transfer in the
LBW process is analyzed in Fig. 4. The polarization is

derived from the mean helicity distribution, and the yg)y?
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FIG. 4. (a)and (b): Distributions of the positron helicity 4, with

respect to @, and ¢ in the c.m. frame for the yﬁe”yg) and yS;)y(Lz)

collisions, respectively. Employed parameters are the same with
those in Fig. 3. (c)—(e) [(f)—(h)]; Differential cross sections for
different helicity channels for the yg)yg) (yg)yf)) collision. Here
the subscripts from the first to the fourth in sequence denote
positive (“+7) or negative (“~") helicity eigenstates of y(!), y(@),
e, and ", and d& indicates the spin-summarized cross section
and is calculated via ooF in Eq. (1).
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collision leads to the energy-dependent negative helicities,
while the yg)y(Lz) collision leads to the angle-dependent
alternating helicities (vary between —0.5 and 0.5) [see
Figs. 4(a) and (b)]. The positron helicity originates from the
superposition of various helicity eigenstates with different
weights determined by the differential cross section. There
are only three nonvanished helicity channels do, __,

do.,, , and do,, , for the yﬁj)y@ collision [see

Figs. 4(d) and 4(e)]. Here, do, . ;- dominate the reaction
near the threshold energy, produce the positrons at the
helicity states |+) or |—) with the same weights, and
consequently, cancel each other (i.e., P; vanishes and Py
maximizes). Thus, only the channel of do, . __ contributes
to the state |—), i.e., do,__ solely induces P;. These
helicity channels finally result in the mean helicity dis-

tribution in Fig. 4(a) and the corresponding positron

polarization in Fig. 3(a). Similarly, in the yg)yf) collision,

there are four helicity channels do_, , and do_, - (note
that here do, _, is symmetric about #; = z/2 with
do,_._ and thus is not shown) [see Figs. 4(g) and (h)].
do,_, only contribute to Py and do_.- mainly to P,
[see Figs. 4(b) and 3(b)].

For the experimental feasibility, the symmetric and
asymmetric setups are considered to design the polarized
yy collider, as shown in Table I. The symmetric setup
reveals the polarization-associated signatures in both of
momentum and spin (see Figs. 2 and 3), and the required
minimal brilliance of the y-photon beam is rather high in
order to produce a resolvable mA current for the polarim-
etry. In the asymmetric setup, the RCP y-photon beam
injects into a nonpolarized x-ray bath with an uniform
energy distribution between 1 keV-3 keV and an isotropic
angular distribution, produce a strongly collimated positron
(electron) beam with moderate P; and P;. Because the
asymmetric setup utilizes the dense x-ray bath generated by
laser-heated hohlraum [25] or laser-irradiated target [33], it
can significantly reduce the required minimal brilliance of
the y-photon beam as the density of x-rays reaches above
10%° cm™3. The experimentally feasible y-photon sources
with brilliance ~10?> can be generated through the
Compton scattering [22,56], and the polarized one is also
available by the bremsstrahlung radiation with a photon
number of ~108 [25,40]. Furthermore, the stabilities of the
pair yield and polarization in the asymmetric setup are
estimated by varying the divergence angle and polarization
of the y-photon beam, the results (see [49]) indicate that
both the variations of the initial polarization and divergence
angle have slight influence on the current of produced
electrons (positrons), and the longitudinal polarization can

reach the maximum 50% as the divergence and polarization
of y-photon beam increase. In terms of the polarization
detection, the e® polarimetry technology has achieved a
high precision <1%, e.g., Compton transmission polarim-
etry [38—40] and Mott polarimetry [57-59], which are both
applicable at the energy of 0.1 MeV-10 MeV and can
response the current as low as <100 pA [57,58].

Furthermore, we underline that the LBW process is also
widely involved in high-energy astrophysical phenonema.
The measured y-ray spectra of those intense compact
astrophysical objects (such as GRBs, blazars, pulsar, and
etc) are supposed to be attenuated at the high-energy end by
the low-energy radiation therein via this process [60-65].
Both the low-energy radiation and the y-ray radiation,
which generally arise from the synchrotron radiation and
the inverse Compton scattering respectively, can be polar-
ized in the presence of magnetic field. Taking into account
the polarized LBW process would enhance the opacity of
y-photons of those sources and consequently exacerbate the
inconsistency between some observations and standard
models, which may challenge the current understanding
on the astrophysical objects.

In conclusion, we develop a fully spin-resolved simu-
lation method for general binary collisions to investigate
the complete polarization effects of the LBW process in
polarized yy collision. Qualitative signatures of polarized
LBW process are imprinted on momentum and spin of
produced pairs. Our results of polarized LBW processes
are effective in calibrating and monitor the upcoming
polarized yy collider, and pave the way for proceeding
the elusive photon-photon scattering. Moreover, the
polarization-induced fluctuations of the e® density in
high-energy astrophysical objects possibly associate with
certain of significant observations, which calls for the
further investigation.
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