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Abstract: We present the NLO electroweak radiative corrections to the e*e~y production in yy collision, which is

an ideal channel for calibrating the beam luminosity of a Photon Linear Collider. We analyze the dependence of the

total cross section on the beam colliding energy, and then investigate the kinematic distributions of final particles at

various initial photon beam polarizations at EW NLO accuracy. The numerical results indicate that the EW relative

corrections to the total cross section are non-negligible and become increasingly significant as the increase of the

beam colliding energy, even can exceed —10% in the J = 2 yy collision at V3= 1 TeV. Such EW corrections are very

important and should be taken into consideration in precision theoretical and experimental studies at high-energy yy

colliders.
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I. INTRODUCTION

There is a general consensus that the next large high-
energy project after the Large Hadron Collider would be
a linear collider. As a potential extension to the positron-
electron (e*e™) collision mode, the photon-photon (yy)
collision [1, 2] at the International Linear Collider (ILC),
i.e., the Photon Linear Collider (PLC), can help us to bet-
ter understand the electroweak symmetry breaking and
search for new physics beyond the standard model
(BSM), such as supersymmetry, quantum gravity, extra
dimensions, etc. Although the photon beam luminosity of
PLC [3-5] can reach only approximately 80% of the elec-
tron beam luminosity at the ILC, the production rate of
any charged particle pair in the yy collision is typically
about one order of magnitude higher than that in the e*e™
collision. Therefore, the PLC provides a promising plat-
form to test the standard model and search for BSM phys-
ics at the terascale [6-8].

According to the "ILC Higgs White Paper" [2], the
incoming photons at the high-energy PLC are produced
via the backward Compton scattering (BCS) of the laser
light off the linear electron beams [9, 10], which benefit
from the monochromatic characteristic (concentrated at
high energies in a narrow energy spread) and adjustable

polarization mode. The yy collision is known to have two
polarization configurations: J =0 and J =2, where J de-
notes the total helicity of the two incoming photons. As is
well known, yy — I*]~ is the most promising channel for
calibrating the photon beam luminosity of PLC [1, 4, 9,
11], and the precision predictions for the light fermion-
antifermion pair production via yy scattering up to the
electroweak (EW) next-to-leading order (NLO) were giv-
en in [12, 13]. However, such a reaction is incapable of
determining the luminosity of J =0 polarized incoming
photon beams, because the production rate of this chan-
nel is suppressed by a factor of m?/§ in the J = 0 polariz-
ation configuration [14]. On the other hand, as the J =0
polarization mode is preferred by Higgs physics due to
the unique channel yy — H® — X (H is any neutral scal-
ar/pseudoscalar particle) in searching for BSM signals
[15], the related high precision studies at yy colliders are
indispensable correspondingly. The yy — W*W~ process
is also proposed for measuring the photon luminosity of
PLC [11], but it can only work for the circumstance with
colliding energy exceeding the threshold of #W-boson pair,
and its cross section has to be measured precisely at first
because such reaction could be accompanied by some
BSM effects. Although the cross section for the
vy — I*I7I*I” process is large and insensitive to the beam
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polarization, it is, unfortunately, rather small at large scat-
tering angle where the lepton momenta can be measured
precisely [3, 16].

Compared to the yy — I*l~ process, the lepton pair
production in association with an extra photon via yy scat-
tering is suppressed by an additional fine structure con-
stant, but free from the helicity suppression due to the ra-
diated spin-1 photon in the final state. Consequently, the
vy — "7y process can be adopted to measure the photon
luminosity of the J =0 yy collision mode, and the preci-
sion theoretical predictions for yy — "y are necessary.
Since the incoming photon beams at the PLC are only
partially polarized, the ratio of the cross section for the
[*I"y production via the J=0 py scattering to that via
J =2 yy scattering should be sufficiently high to calibrate
the J =0 yy collision precisely. The dependences of the
cross section for yy — I*I7y on the helicity and colliding
energy of the two incoming photons, as well as the kin-
ematic cuts on the final state, have already been analyzed
at the lowest order [17, 18]. Careful and detailed studies
show that the yy — I*I"y process is a unique channel in
measuring the photon luminosity together with the
vy — I~ process. In addition, the e*e” — [t~ and
ete” — I*I"y processes also garner attention for determ-
ining the luminosity of the positron-electron collision
mode at the ILC, and the related investigations at the EW
NLO accuracy have been accomplished in [19, 20].

In this study, we calculate the complete NLO EW ra-
diative corrections to the ¢*e~y production in yy collision,
and provide the integrated cross sections and some kin-
ematic distributions of final particles for both J=0 and
J =2 polarization configurations. In Sec. II, we describe
in detail the analytical calculation strategy, and then
present the numerical results and discussion for the integ-
rated and differential cross sections in both inclusive and
exclusive event selection schemes in Sec. IIl. Finally, a
short summary is provided in Sec. IV.

C: dé'i’gzh'hz/h(q)l, G2 P1, P2, @3) = d

A, . _ ga
P dop 5" Ghs G2 Py P @3) = A

CP

Bose :

It should be noted that C and # are simply the Born-level
symmetries for the yy—ete™y process, because
vy —ete"y is a pure QED scattering process at the
lowest order, and the weak interaction is only involved in
the high-order radiative corrections. From Eq. (4), we ob-
tain

+
Ny +N_

1) The degree of polarization of a photon beam is defined as P =

II. OUTLINE OF CALCULATIONS

A. LO calculation
We consider the process

Ya,(q0) +va,(q2) = ej (p) +e;, (p2)+ya(q3), (D)

where 1;=+ and ¢;=(¢? =G, §) (i=1,2,3) are the
helicities and four-momenta of the incoming and outgo-
PP +m2, B))
(j=1,2) are the helicities and four-momenta of the two
final-state fermions (positron and electron). Then, the
total helicity of the two incoming photons is given by
J =111 — 12|. We denote the differential cross section in
the center-of-mass (c.m.) frame of the initial-state yy sys-
tem as dothhA(g,, g B1, Pa. @3). If the two incoming
photon beams are partially polarized, the differential
cross section for the unpolarized e*e”y production (i.e.,
the polarizations of the final-state e*, e~ and y are not
measured) in yy collision is given by [21]

ing photons, while i; =+ and p; = (p(]? =

do(P1, P2 41, 425 Pi» P2y §3)
1 ~ P S T S
=1 Z (1+ 4P (1 + P2 de (G, §2; 1. Py G3), (2)

Ai=%

where P, and P, represent the Idegrees of polarization of
the two incoming photon beams ", respectively, and

' (qy, g pr, Pas 33)

A A0y hyA .
= Z dg 3(q‘h 52’ ﬁl?ﬁz’ 6‘3)
Azohy =%

)

The tree-level Feynman diagrams for yy — e*e™y are
depicted in Fig. 1. By using C, #, CP, and Bose symmet-
ries [ 18], we obtain

A Ahahy A
(G, s Py Prs §3)
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(=41, —=G2; =P1, —P2, —43)
(=1, —G2; —Prr =1, —33)
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CP + Bose :
do=(q1, G2; 1, P2, 3) = A6 (=G, —G1; = P2, —P1> —43)

d6*=(q1, @2 P, P2. G3) = A6+ (G2, —G1s = P2, —P1. —43)
(5)

, where N, and N_ are the numbers of right- and left-handed photons, respectively.
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Fig. 1. Leading order Feynman diagrams for yy — e*e7y.

This clearly demonstrates that the differential distribu-
tions, as well as the integrated cross section for y_y_ col-
lisions, can be obtained directly from the corresponding
ones for y.y, collisions. Therefore, in the following dis-
cussion, we only consider the y,y,—efe”y and
v+y- — e*e"y channels for /=0 and J =2 polarization
configurations of the yy system, respectively. Moreover,
we can conclude that the final-state electron and positron
in the J=2 collision mode should have identical kin-
ematic behaviors from Eq. (5), while there is no such co-
incidental feature in the J = 0 collision mode.

The leading order (LO) differential cross section for
Y2.(q)+v4,(q2) = € (p1) +e;, (p2) +7a,(q3) canbe  ex-
pressed as L

A Ay A
do—Lb- o ](571, 6)29 ﬁla ﬁZ& 4_)3)

1

N S 3 o
7% MEERY (G, G i, B, @) dO3(Br, Pa. ), (6)

where §=(q1+¢2)?, Mi‘gzh'hﬂ"(éfl, G2 P1, P2, @3) is the
LO helicity amplitude that can be acquired by applying
the Weyl-van-der-Waerden spinor technique [14, 22, 23],
and d®;(p1, P, ¢3) represents the e* e~y final-state phase-
space element, which is given by

dDs(p1, pa, 33) =)' 6 (p1+ pa+ a3 —q1 - q)
&Ep EPp Pgs
(2n)32pY (27)*2p9 (27m)*24)

(7

In the limit of m,—0, M'$"" =0, if hy=h or
A1 = A, = =23. All the non-vanishing LO helicity amp-
litudes can be obtained from M; ™" by using C, ¥, and
Bose symmetries in Eq. (4), and the crossing symmetry
between the initial and final photons [18]. By adopting
the helicity amplitude method [22], we obtain

- N
IMEGT (@1, @2 1 Py )|
—460 (p1-P)(P2- q2)*
(p1-q)(P1-93)(P2-91)(P2-q3)

®)

B. NLO EW corrections

We employ the modified FeynArts-3.7+FormCalc-
7.3+LoopTools-2.8 packages [24-26] to generate Feyn-
man diagrams, simplify Feynman amplitudes, and per-
form loop and phase-space integrations. The one-loop
EW virtual correction to yy — e*e”y includes 960 Feyn-
man diagrams, which can be categorized into self-energy
(36), triangle (438), box (414), pentagon (42) and coun-
terterm (30) diagrams. Some representative box and
pentagon Feynman diagrams for yy — e*e”y are depic-
ted in Fig. 2. It can be seen that the loop diagram in Fig. 2(2)
may induce Z resonance in the vicinity of M., =my,
where M,., is the invariant mass of the final-state e*e™
system due to the possible on-shell Z propagator. To
avoid the numerical divergence in loop calculation, we
replace the Z propagator 1/(p*-m3) by 1/(p*—m3-
imzI'z), where the contribution from the imaginary part is
beyond the EW NLO and can therefore be ignored. We
adopt the dimensional regularization (DR) scheme [27] to
regularize the ultraviolet (UV) divergences. In the DR
scheme, the dimensions of spinor and space-time mani-
folds are all extended to D =4-2¢. The 5-point loop in-
tegrals are decomposed into 4-point loop integrals by ad-
opting the Denner-Dittmaier method [28], and all the N-
point (N < 4) tensor integrals are reduced to scalar integ-
rals recursively by adopting the Passarino-Veltman re-
duction algorithm [29]. In the calculation of 4-point scal-
ar integrals, numerical instability would occur at some
phase-space regions with small Gram determinants. Gen-
erally, this problem can be solved by adopting the quad-
ruple precision arithmetic proposed in [30].

The renormalized electric charge is defined by
e® = (1+6Z,)e, where P is the bare electric charge and
6Z, 1s the corresponding renormalization constant. We
adopt the @(0) scheme to renormalize the electric charge,
in which the fine structure constant is set to its Thomson
limit a(0) and the electric charge renormalization con-
stant 62°© is given by [31]

1 1
6700 = _ 50714 = 5 tan By o7z,

AA AZ
oy W s D) o
2 pZ:() w m >

1
2 dp

2
V4

where 6y is the weak mixing angle and Y% represents
the transverse part of the unrenormalized self-energy of
the a — b transition. For the field and mass renormaliza-
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(5)

Fig. 2. Representative box and pentagon Feynman diagrams for yy — e*e™y.

tion, we employ the on-mass-shell scheme. The defini-
tions and expressions of the relevant renormalization con-
stants in the on-mass-shell scheme can be found in [31].
After performing the renormalization procedure, all the
UV singularities are canceled, and thus, the virtual cor-
rection is UV finite.

The virtual photon in loops can induce soft and quasi-
collinear infrared (IR) divergences. We introduce an in-
finitesimal fictitious photon mass to regularize IR diver-
gences. According to the Kinoshita-Lee-Nauenberg
(KLN) theorem [32, 33], we should consider the contri-
bution from the real photon emission process yy —
e*e"yy to obtain IR-safe observables at the EW NLO.
The IR divergences of the virtual correction can be can-
celed exactly by those of the real photon emission correc-
tion. We extract the IR singularities from the real emis-
sion correction by employing the dipole substraction (DS)
method [34-37] and combine them with the virtual cor-
rection. In the DS method, a parameter a € (0, 1] is intro-
duced to control the subtraction region [38, 39] ,but the
total cross section is independent of a. We also employ
the two cutoff phase space slicing (TCPSS) method [40]
to deal with the real photon emission process for compar-
ison, and find that the integrated cross sections obtained
by using the DS and TCPSS methods agree well with
each other within the calculation errors.

C. ee—yy—etey atthe PLC

Among all the methods of e — y conversion, the best
one is BCS of laser light on high energy electrons. The
photons after BCS have an energy close to that of the ini-
tial electrons and follow their directions with some small
angular spread. Given that the photon beams at the PLC
are generated via BCS mechanism, yy — e¢*e™y can be re-
garded as the subprocess of ee — yy — e*e™y. The pro-
duction cross section for the parent process
ee > yy - ete”y can be obtained by folding the cross
section for yy — e*e™y with the photon luminosity, i.e.,

(7)

o(ee = yy —etey;s)

"X max dLyy R . . )
= dz——@)6(yy 2 e e y;§=279), (10)
gy 42

where /s and V3§ are the c.m. colliding energies of ee
and yy systems, respectively. The photon Iuminosity is
given by

dL o g
(=22 f ey @0, (1)

dz [ X

where ¢,,.(x) denotes the photon structure function, and x
is the fraction of the energy of the incident electron car-
ried by the back-scattered photon. As is well known, the
degree of polarization of the back-scattered photon P, is
also a function of the energy fraction x. Both ¢,,. and P,
depend on the degrees of polarization of the incident elec-
tron and laser light. In the numerical treatment, the struc-
ture function ¢,,.(x), the polarization degree function
P,(x), and the maximum energy fraction xp. of the
back-scattered photon are all obtained from CompAZ [5],
whose parametrization is based on a realistic TESLA pro-
totype [41].

Finally, the NLO EW corrected cross section for
ee = yy — ete 7y is given by

oo =010 (1 +0Ew) ,

SEw :M’ (12)
J0LO

where the NLO EW relative correction dgw can be de-
composed into QED and genuine weak relative correc-
tions, i.e., dgw =dgep +0w. The same definitions also
hold for yy — e*e~y by substituting o with 4. In the fol-
lowing discussion on the yy — e*e™y channel, the super-
script """ in 6~ will be omitted only for convenience.
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III. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide the total cross sections and
kinematic distributions of final particles for yy — e*te™y
up to the EW NLO for both /=0 and J =2 photon beam
polarization configurations. Some kinematic cuts are im-
posed on the final state to exclude inevitable infrared di-
vergences and fulfil the experimental requirement in the
luminosity measurement.

A. Event selection criteria

At the EW NLO, both yy - e*e™y and yy — ete yy
channels are involved in the production of e*e™y at the
PLC. When generating e*e™y event samples and calculat-
ing cross sections at the LO, the following set of kinemat-
ic and geometric acceptance requirements are applied on
the final-state electron, positron and photon as event se-
lection cuts:

energies :
scattering angles :
opening angles :

E.,E, > 10 GeV
0.+, 6, € [10°,170°] (13)
Oy, Opre- > 10°

where 0; (i = e*, y) denotes the scattering angle of the fi-
nal-state particle i with respect to the incoming "+"-polar-
ized photon beam direction, and 6;; (ij = e*y, e*e™) rep-
resents the opening angle between i and j in the c.m.
frame of the initial-state yy system. This set of kinematic
cuts can also guarantee the IR safety at the LO, and all
the final-state particles are well separated.

For the yy — e*e”yy channel, the two tracks of the
yy- or ye*-pair will be recombined as a quasi-particle if
they are sufficiently collinear (6,, or 6,-, < 10°), and the
final state is regarded as an e*e”y event; otherwise, it is
categorized as an e*e”yy event. In this study, we adopt
both inclusive and exclusive event selection schemes in
the numerical calculations. In the inclusive event selec-
tion scheme (denoted by scheme-I), only the baseline
event selection cuts in Eq. (13) are applied on the e*e™y
and e*e”yy events. It should be noted that only one of the
two final-state photons needs to satisfy the kinematic
constraints in Eq. (13) for an e¢*e"yy event. Hence, the
events with two energetic and well separated photons are
accepted in the inclusive event selection scheme. In con-
trast, an eTe”yy event will be rejected in the exclusive
event selection scheme (denoted by scheme-II) if both fi-
nal-state photons can pass the kinematic cuts in Eq. (13).

B. Input parameters

The SM input parameters used in this paper are taken
as [42]

m, = 0.5109989461 MeV  m, = 105.6583745 MeV
m; =1776.86 MeV my, =62 MeV
me =1.5 GeV m; = 172.76 GeV

my = 83 GeV

mp = 4.7 GeV

mz =91.1876 GeV

a(0) = 1/137.035999084

mg =215 MeV
my = 80.379 GeV

I'z =2.4952 GeV (14)

where the masses of light quarks can reproduce the had-
ronic contribution to the photon vacuum polarization
[43], and «(0) is the fine structure constant in the Thom-
son limit.

Normally, there exists mass-singular terms
log(m?/,uz) in both the electric charge renormalization
constant and the photon wave-function renormalization
constant. If the number of external photons equals that of
the EW couplings in the tree-level amplitude, the full
NLO EW correction is free of these unpleasant large log-
arithms because of the exact cancellation between the
logarithms in the vertex counterterm and in the photon
wave-function counterterm. Therefore, it is reasonable to
adopt the @(0) scheme for all the EW couplings involved
in the yy — e*e™y process.

C. Integrated cross sections

In order to verify the correctness of our numerical cal-
culations for the integrated cross section, we perform the
following checks:

e We calculate the LO cross section for yy — ete™y
in J =0 collision at V5 =500 GeV by employing our de-
veloped FeynArts-3.7+FormCalc-7.3+LoopTools-2.8 and
MadGraph5-2.3.3 [44] packages, respectively, and obtain

oLo [pb] =
0.042817(5) (FeynArts + FormCalc + LoopTools)
0.04279(1)  (MadGraph)

(15)
These two results agree well with each other.

e We numerically verify the independence of the full
NLO EW corrected cross section on the fictitious photon
mass m,, in the range of 107 <m, /GeV < 1.

e We calculate the NLO EW corrected cross section
for yy —e*e"y in J=0 collision at V3§ =250,500,
1000 GeV in scheme-I by adopting the DS (with a =0.1)
and TCPSS (with §;=46,=0.001) methods separately,
and find that the numerical results (shown in Table 1)
are coincident with each other within the calculation errors.

In further numerical calculations, we adopt only the
DS method with @ =0.1, and fix the fictitious photon
mass as m, = 1072 GeV. For brevity, the NLO EW correc-
ted cross sections and the corresponding EW and pure
QED relative corrections in the inclusive and exclusive
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Table 1. NLO EW corrected cross sections for yy — ete™y
in J=0 collision at V§=250,500,1000GeV in the inclusive
event selection scheme obtained by using the DS and TCPSS
methods separately.

V5/GeV 250 500 1000
o DS 0.15534(4)  0.04261(2)  0.01090(1)
O ~/Pb
nLo/P TCPSS  0.15525(9)  0.04260(3)  0.01092(2)

event selection schemes are denoted by agig, 6%{3) and
6gég,respectively. Since the colliding energy depend-
ence of the NLO EW corrected integrated cross section
and differential distributions in scheme-I are almost the
same as the LO predictions, we only depict the integrated
and differential cross sections in scheme-II in the follow-
ing discussion.

In Figs. 3 (a) and (b), we present the integrated cross

sections oo, o-;IIIL)O (in upper panels) and the correspond-

ing EW relative corrections 6;51;3) (in lower panels) as
functions of the yy c.m. colliding energy for the e*e™y
production in J =0 and J =2 yy collisions, respectively.
As illustrated in this figure, the LO and NLO EW correc-
ted cross sections for yy — ete”y in both /=0 and J =2
yy collision modes decrease quickly as V3 increases from
120 GeV to 1 TeV. The EW relative correction is sensit-
ive to the yy colliding energy. In the inclusive event selec-
tion scheme, it increases in the low colliding energy re-
gion, reaches its maximum at V3§~ 300 and 160 GeV for
the /=0 and J=2 collision modes, respectively, and
then decreases gradually as increase of V5. In the exclus-
ive event selection scheme, the EW relative correction is
negative in the plotted V3 region. It decreases monoton-
ically from —2.30% to —9.20% and from —2.36% to

—10.65% for J =0 and J =2, respectively, as V§ varies
—10 (a) J=0
= ===NLO-II
= 01t
=
o
0 -—,\
§ .5:“‘--"‘\--___ ]
%) R P
——EW-l =---<EW-Il " ~~-<___
10 " " " "
200 400 600 800 1000
V5 [GeV]

Fig. 3.

from 120 GeV to 1 TeV.

To analyze the constituents of the NLO EW correc-
tion more clearly, we depict the dependence of the pure
QED and genuine weak relative corrections in both in-
clusive and exclusive event selection schemes on the yy
colliding energy for the e*e™y production in J =0 and
J =2 yy collisions in Figs. 4 (a) and (b) separatelyl’. In
the exclusive event selection scheme, both QED and
genuine weak relative corrections strongly depend on the
yy colliding energy, and the full NLO EW correction is
dominated by the QED correction. As V3§ increases from
120 GeV to 1 TeV, the pure QED relative correction de-
creases consistently from —2.23% to —5.87% for the J =0
collision mode, and from —2.40% to —6.89% for the J =2
collision mode. Compared to the QED relative correction,
the weak relative correction is not a monotonically de-
creasing function of V3. It can be seen from Fig. 4(b) that
there is a small peak at V&= 2my ~160 GeV in the col-
liding energy distribution of the weak relative correction
to the e*e™y production via J =2 yy collision, which cor-
responds to the W-pair resonance induced by the triangle
loop in Fig. 2 (1). For both the J =0 and J =2 collision
modes, the weak relative correction is small (|6w| < 0.5%
) when V3§ <300GeV, while it becomes relatively re-
markable in the high energy region due to the Sudakov
logarithms induced by the virtual exchange of soft or col-
linear massive weak gauge bosons [45, 46]. At
Vi =1TeV, (6w, 6o = (=3.33%, —9.20%) and (=3.76%,
—10.65%) for J =0 and J =2, respectively. It clearly in-
dicates that the full EW relative correction to e*e”y pro-
duction in the exclusive event selection scheme can reach
and even exceed —10% at a TeV PLC. In the inclusive
event selection scheme, the QED relative correction con-

tributed by e*e”yy events, i.e., 5851) —68213, is sizable, es-

pecially in the high energy region. It increases gradually

—LO (b) J=2
- == =NLO-II

= 1

)

b

— 5l

) TTeeelll

A0F  _EW.a  ----EW-II <=
200 400 600 800 1000

V5 [GeV]

(color online) LO, NLO EW corrected integrated cross sections in scheme-1I and the EW relative corrections in both scheme-I

and -11 as functions of V3 for the ¢*e~y production in (a) J =0 and (b) J =2 yy collisions.

1) The weak relative correction in the exclusive scheme is the same as that in the inclusive scheme.
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S [%%]

260 460 660 860 1000
V'3 [GeV]
Fig. 4.

'(b) J=2 1

S [%]

200 400 600 800 1000

V3 [GeV]

(color online) QED and weak relative corrections in both inclusive and exclusive event selection schemes as functions of the

yy colliding energy for the e¢*e™y production in (a) J =0 and (b) J =2 yy collisions.

from 1.88% to 6.26% and from 1.09% to 3.49% for J =0
and J =2, respectively, as V§ increases from 120 GeV to
1 TeV.

D. Kinematic distributions

The LO, NLO EW corrected energy distributions of
the final-state positron in scheme-II and the correspond-
ing EW relative corrections in both scheme-I and -II for
the e*e”y production in J=0 and J=2 collisions at
V§=500GeV PLC are presented in Figs. 5(a) and (b),
respectively. As V5§ increases, the LO and NLO EW cor-
rected E,. distributions for J=0 yy collision mode de-
crease gradually, reach their minima at V5~ 160 GeV,
and then increase rapidly to their maxima at E,. ~
V52— Ey min = 240 GeV, which corresponds to the min-
imum-energy photon emitted from positron, while the E,.
distributions for J =2 collision mode increases monoton-
ically before reaching their maxima at V3§~ 240 GeV.
The LO, NLO EW corrected scattering angle distribu-
tions of the final-state positron and the corresponding EW
relative corrections are depicted in Figs. 5(c) and (d). For
the J =0 collision mode, both dog/dcos6,. and dagig /
dcosf,. are symmetric with respect to cos6,- =0". The
corresponding EW relative correction increases from
-1.3% to —0.3% as cosé,- varies from 0 to cos10° =
0.985 in the inclusive event selection scheme, while it is
steady at around —5.5% for |cos6,-| < 0.9 in the exclusive
event selection scheme. For the J =2 collision mode, al-
though the LO cos,. distribution is also symmetric with
respect to cosf,- =0, the NLO EW correction breaks this
forward-backward symmetry. In the exclusive event se-
lection scheme, the EW relative correction is negative
and notable (|6g&| > 5%), and can reach about —10% at
cosf, ~0.5. The lineshape of the EW relative correction

0]

in the inclusive event selection scheme is the same as the
exclusive event selection scheme. The QED relative cor-
rection contributed by e*e"yy events is steady at around
2.8%.

The LO, NLO EW corrected energy and scattering
angle distributions of the final-state electron, as well as
the corresponding EW relative corrections for the e*e™y
production in J =0 and J =2 collisions at 500 GeV PLC
are plotted in Figs. 6(a)—(d). As expected, all the kin-
ematic distributions of the final-state electron are the
same as the corresponding ones of the final-state positron
for both y,y, - ete™y (J=0)and y,y_- s etey (J=2)
channels at the LO, due to the charge symmetry.
However, it should be noted that the charge conjugation
is only a Born-level symmetry operation for the e*e™y
production at the PLC since yy — e*e™y is a pure QED
process at the lowest order, and the charge symmetry will
be broken at the EW NLO by weak correction. Con-
sequently, the EW relative corrections to the kinematic
distributions of electron differ from the corresponding
ones of the positron for the e*e™y production in the J =0
yy collision, as illustrated in the lower panels of Figs. 5(a,
¢) and Figs. 6(a, c). As stated in Sec. II.A, the kinematic
behaviors of the final-state electron should be the same as
positron for J =2 yy collision mode due to the CP + Bose
symmetry. It can be concluded from Eq. (5) that

do do do do

= d =
dE,  dEe g,k an dcosf,  dcosOe lg. _rg._
(16)

at both LO and EW NLO. By comparing Figs. 6(b, d)
with Figs. 5(b, d), it can be seen that the numerical res-
ults for E.. and cosf,. distributions of the y,y_ — ete™y

1) The forward-backward symmetry of do; ,/d cos6,+ can be read off from the lower panel of Fig. 5(c).
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(color online) LO, NLO EW corrected differential distributions of the final-state positron and the corresponding EW relative

corrections for the e*e~y production at V3 =500 GeV PLC. (a), (b), (c) and (d) are for the energy and scattering angle distributions in

J =0 and J =2 collision modes, respectively.

production channel satisfy Eq. (16) exactly. The consist-
ency of our numerical results with the CP + Bose sym-
metry for the e*e”y production in J =2 yy collision also
verifies the correctness of our calculations.

For an e*e™yy event collected in the inclusive event
selection scheme, the two photons are called leading and
sub-leading photons, respectively, according to their en-
ergies in decreasing order (The photon of an e*e”y event
can also be named as a leading photon). In the upper pan-
els of Figs. 7(a)-(d), we depict the energy and scattering
angle distributions of the leading photon for e*e”y pro-
duction in J =0 and J =2 yy collisions at V3§ =500 GeV
PLC, at both LO and EW NLO. The corresponding EW
relative corrections are provided in the lower panels. As
illustrated in Figs. 7(a) and (b), the LO and NLO EW cor-
rected energy distributions of the leading photon in
scheme-1II increase consistently as V3§ increases from 10
to 240 GeV for the J = 0 polarization configuration of the
incoming photon beams, while decrease gradually as V3§
increases in the most plotted E, region for J =2 yy colli-
sion mode. The peak structure at V& ~240GeV in the

EW relative corrections in both inclusive and exclusive
event selection schemes can be attributed to the Z reson-
ance effect induced by the loop diagram in Fig. 2(2). At
the Z resonance, M,..- = mz, and thus E, = (§ - m%)/ 2V5)
~240 GeV, which corresponds to a photon recoiling
against an on-shell Z boson. From Figs. 7(c) and (d), it
can be seen that both the LO cosé, distribution and the
NLO EW correction are symmetric with respect to
cosf), =0, and the differential distribution increases rap-
idly as the increase of |cos 07|. It implies that the leading
photon prefers to be produced along the incoming photon
beam directions. In the exclusive event selection scheme,
the EW relative correction is negative and sizable. It can
exceed —6% for J=0 and —7% for J =2, respectively,
when the final-state leading photon is produced centrally
(|cos8,| < 0.5).

The LO, NLO EW corrected invariant mass and open-
ing angle distributions of the final-state ye* system (or
more strictly speaking, the final-state leading photon and
positron) and the corresponding EW relative corrections
for e*e”y production via y,y, and y,y_ collisions at
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V5§ =500 GeV PLC are presented in Figs. 8(a)-(b) separ-
ately. For J =0 (i.e., y,y,) collision mode, the invariant
mass distribution of the ye™ system increases sharply in
the low M,, region, reaches its maximum at
V5 ~70GeV, and then decreases gradually as M, in-
creases to about 260 GeV. Subsequently, the invariant
mass distribution increases rapidly as M, increases. The
EW relative correction in the exclusive event selection
scheme is steady at around —5% in most of the M,,. re-
gion. For J =2 (i.e., y,y-) collision mode, there are two
sharp  peaks located at M, ~20GeV  and
M, ~ 100 GeV in the ye* invariant mass distribution. As
we know, the invariant mass of the final-state ye* system

is given by
My ~ MUY = \§+m2—2E, V3, (17)

where M(y];f) ) is the lowest-order approximation of M,,..
From Eq. (17), it can be seen that M, ~20GeV and
M, ~100GeV are equivalent to E,. ~250GeV and
E. ~ 240 GeV, respectively. It is evident that these two
peaks in the ye* invariant mass distribution can be attrib-

10F r y
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Q
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‘v 1k
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5 et
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— 25}
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= 0t
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(color online) Same as Fig. 5, but for the final-state electron.

uted to the highest-energy electron (E, ~ V§/2) and a
minimum-energy photon emitted from an electron (E,- ~
V5/2 — E, min), respectively. Moreover, it can be deduced
from the upper plots of Figs. 8(c) and (d) that the angular
distributions of the final-state positron and leading photon
are highly correlated. The positron and leading photon
prefer to be produced back-to-back in the J =0 py colli-
sion, while tend to be produced in the same direction or
back-to-back in the J=2 yy collision. It is worth men-
tioning that the EW relative correction in the exclusive
event selection scheme is relatively stable in the entire
6.+ region, especially for the J =2 collision mode.

The differential cross sections with respect to the in-
variant mass and opening angle of the final-state ye™ sys-
tem, as well as the corresponding EW relative correc-
tions, are also provided in Figs. 9(a)-(d) for comparison.
As expected, the invariant mass and opening angle distri-
butions of the final-state ye™ system are exactly the same
as the corresponding ones of ye* system at the LO due to
the charge conservation in the electromagnetic interac-
tion. For the y,y, — e*e”y (i.e., J =0) production chan-
nel, the EW relative corrections to M,,- and cosf,. dis-
tributions significantly differ from the EW relative cor-
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rections to M.+ and cosf,.- distributions, as illustrated in
the lower panels of Figs. 8(a, ¢) and Figs. 9(a, c), due to
the charge symmetry violation in the weak interaction. In
contrast, the EW relative corrections to the kinematic dis-
tributions of ye™ and ye™ systems are exactly the same
for the y,y_ —»e*e™y (i.e., J =2) production channel, as
illustrated in the lower panels of Figs. 8(b, d) and Figs.
9(b, d), because of the CP + Bose symmetry. The numer-
ical consistency between the kinematic distributions of
the final-state ye~ and ye* systems in the y,y_ collision
reconfirms the conclusion declared in Sec. I1.A.

E. Parent process ee - yy — ete 7y
Now, we turn to the discussion of the parent process
ee > yy > etey. The differential cross section for
ee — yy — e*e”y with respect to a kinematic variable ¢
can be expressed as

do®

do 3 do®
dac ’

d_{_d_g-i_ (18)

where do?/d and do®/d/ represent the contributions
from J=0 and J=2 yy collision modes, respectively.
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(color online) Same as Fig. 5, but for the final-state leading photon.

Considering that the two back-scattered photon beams are
partially polarized, do® /dz and do® /d¢ are calculated by

Ximax ZdZ Ximax dx

do® 5
ARy f2 5D Sy Py

L=(=1)3 4,

doit
i (§=2),

x[1+12,)|[1+ 2, /x|

(J=0,2)
(19)

When discussing the angular distributions of final
particles in the c.m. frame of the initial ee system, the ref-
erence direction can be chosen as either of the two elec-
tron beam directions due to the forward-backward sym-
metry.

In Figs. 10 (a) and (b), we depict the LO, NLO EW
corrected integrated cross sections from the J=0 and
J=2 yy collisions in the exclusive event selection
scheme, as well as the corresponding EW relative correc-
tions in both inclusive and exclusive event selection
schemes as functions of the ee c.m. colliding energy for
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(color online) LO, NLO EW corrected invariant mass and opening angle distributions of the final-state ye* system and the

corresponding EW relative corrections for the e*e~y production in J =0 and J =2 yy collisions at V5 = 500 GeV PLC.

ee > yy —> ete”y. The integrated contributions from
J =0 and J =2 yy collisions increase at first, reach their
maxima at /s ~ 140 and 200 GeV, respectively, and then
decrease rapidly as +/s increases. In the exclusive event
selection scheme, the EW relative correction to the integ-
rated cross section from the J=0 yy collisionis relat-
ively stable as +/s € [400, 1000] GeV, varying in the range
of [-3.2%, —2.7%]. Compared to J =0, the EW relative
correction to the integrated cross section from J=2 py
collision is more sensitive to the ee c.m. colliding energy.
It decreases approximately linearly from about —2.5% to
about —3.8% as +/s increases from 400 GeV to 1TeV.
Similar to the discussion on yy — e*e™y, we also separ-
ately provide weak and QED relative corrections to the
parent process ee — yy —e*e”y for both J=0 and J =2
polarization configurations of the Compton back-
scattered photons. As illustrated in Figs. 11(a) and (b),
the weak relative correction is small (|6w| < 0.5%) and
the full NLO EW correction is dominated by the negat-
ive QED correction for both polarization modes of the
back-scattered photons in the entire plotted +/s region
(120 GeV < +/s < 1000 GeV). In the exclusive event selec-

tion scheme, the QED relative correction reaches its max-
imum of about —1.9% at +/s ~ 150 GeV and is roughly
steady at —2.9% as +/s € [500, 1000] GeV for the J=0
polarization of the back-scattered photons, while it de-
creases gradually from its maximum of approximately
—1.9% to approximately —3.4% as +/s increases from
180 GeV to 1 TeV for the J =2 yy polarization mode. As
is well known, the maximum energy fraction of the back-
scattered photon is given by [5]

4E,E,

_ 20
4E.E +m§ ( )

Xmax =

where E, represents the electron beam energy and E, de-
notes the energy of the laser photon. In this study, we
take Ep=1.17eV (i.e., the laser wave length
A=1.06 um). At +/s =120 GeV, the maximum c.m. col-
liding energy of the back-scattered photon beams is only
approximately 60 GeV, thus the NLO QED contribution
of the e*e™yy events is too tiny to be ignored due to the
small phase space of the e*e~yy four-body final state. As
/s increases, the QED relative correction contributed by
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(color online) LO, NLO EW corrected integrated cross sections from (a) J =0 and (b) J =2 yy collisions in scheme-II and the

corresponding EW relative corrections in both scheme-I and -II as functions of +/s for ee — yy — e*e™y.

e*e yy events (i.e., 685]) —égED) becomes more and more
notable and compensates the negative EW correction
from e*e™y events. While +/s€[600,1000] GeV, the
QED relative correction in the inclusive event selection
scheme is steady at around —1.1% and —1.8% for J=0

and J =2, respectively. Finally, in Table 2 and Table 3,

we present in detail the production cross sections and the
corresponding NLO relative corrections for ee — yy —
etey at /s =250, 500, and 1000 GeV, which corres-
pond to the three stages of the ILC [2]. For more details
on the kinematic distributions of final products of ee —
vy — eTe”y, refer to the Appendix section of this article.
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Table 2. LO, NLO EW corrected cross sections and the corresponding NLO relative corrections for ee — yy — e*e™y via J =0 colli-
sion of Compton back-scattered photons at +/s =250, 500 and 1000 GeV.

V5/GeV TLo/fb TR0/ TR0/ Sty /(%) S/ (%) Sk (%) S (%) Sw /(%)
250 131.93 130.46 128.80 -1.11 -2.37 -1.05 —2.31 —-0.06
500 44.729 44.260 43.452 -1.05 —2.85 -1.01 —2.81 -0.04
1000 11.195 11.041 10.838 -1.38 -3.19 -1.14 -2.95 -0.24

Table 3. Same as Table 2, but for J =2 collision mode of back-scattered photons.

Vs5/GeV oLo/fb oo/ oo/t Sy /(%) Sw/ (%) Sen/ (%) Sopp/ (%) Sw /(%)
250 880.36 867.61 862.51 -1.45 —2.03 —1.48 —2.06 +0.03
500 326.15 320.84 317.01 -1.63 —2.80 -1.63 —2.80 +0.00
1000 67.879 66.366 65.319 -2.23 -3.77 -1.86 -3.40 —0.37

IV. SUMMARY

vy = "7y as well as yy — ["]” is an ideal channel
for calibrating the beam luminosity of the Photon Linear
Collider, especially for the J = 0 polarization of the incid-
ent photon beams. In this paper, we present the full O(«e)
EW corrected integrated cross sections and some kin-
ematic distributions of final products for the e*e”y pro-
duction in yy collision. The production rate of e*e™y in
J =2 yy collision is significantly larger than that in /=0
collision mode. In the exclusive event selection scheme,
the NLO EW correction is dominated by the QED contri-
bution; the full EW relative correction is sensitive to the
yy c.m. colliding energy and can exceed —10% at a TeV
PLC for both J =0 and J =2 polarization configurations
of photon beams. The kinematic behaviors of the final
products in J=0 py collision are quite different from
those in the J = 2 collision. At V3 =500 GeV, the EW re-
lative correction is about —7% ~ —5% in most of the final-

state phase space and can even reach around —10% in
some specific phase-space regions. We can conclude that
the NLO EW correction exerts important impact on both
integrated and differential cross sections, and thus is sig-
nificant in the precise determination of incoming photon
beam luminosity at PLC.

APPENDIX

In Figs. A1-AS, we present the LO, NLO EW correc-
ted kinematic distributions of the final-state positron,
electron and leading photon as well as the corresponding
EW corrected corrections for ee — yy — e*e™y via J=0
and J =2 collisions of Compton back-scattered photons
at /s =500 GeV separately. As expected, the kinematic
distributions of ¢~ and ye~ system are the same as the
corresponding ones of e* and ye* system at both LO and
EW NLO within the calculation errors for the J =2 polar-
ization configuration of back-scattered photons.
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