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A theoretical description of photon-pair production in polarized positron-electron annihilation is
presented. Complete one-loop electroweak radiative corrections are calculated taking into account the exact
dependence on the electron mass. Analytical results are derived with the help of the SANC system. The
relevant contributions to the cross section are calculated analytically using the helicity amplitude approach.
The cases of unpolarized and longitudinally polarized fermions in the initial state are investigated.
Calculations are realized in the Monte Carlo integrator MCSANCee and generator ReneSANCe which
allow one the implementation of any experimental cuts used in the analysis of e e~ annihilation data of

both low and high energies.
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I. INTRODUCTION

The comprehensive long-term program of next gener-
ation ete™ colliders proposes a large potential improve-
ment in ultraprecise measurements of electroweak (EW)
parameters and the creation of modern tools for adequate
luminosity estimates. Future e e~ colliders such as FCC-
ee [1], ILC[2], CEPC [3,4], and CLIC [5] will have a total
luminosity 2-3 orders of magnitude larger than the Large
Electron—Positron Collider (LEP) total luminosity and the
possibility of using polarizing beams that could provide an
additional probe of the accuracy test of the Standard Model
as well as in the search for new physics. The determination
of the luminosity at lepton colliders is a necessary task, since
the normalization of measured cross sections is an observ-
able quantity of immediate phenomenological interest. At
future colliders, the relative uncertainty of the integral
luminosity measurement on the order of 1073 — 107 seems
feasible in terms of existing technologies [6].

In practice, this problem is solved by choosing three
specific reference processes which generate large statistics,
are as free as possible from systematic ambiguities, and are

“bondarenko@jinr.ru
"Also at Institute for Nuclear Problems, Belarusian State
University, Minsk 220006, Belarus.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2023,/107(7)/073003(10)

073003-1

predicted by a theory with suitable accuracy, e.g., small
and large angle Bhabha scattering, lepton-pair production
in ete™ collisions, and large angle e e~ annihilation to
photon pairs.

The main result of this work is the calculation of the
complete one-loop EW radiative corrections (RCs) taking
into account the exact dependence of the e™ e~ annihilation
to photon pair on the electron mass

et(pr) + e (paxa) = r(ps.x3)
+7(Pasxa)(H+r(ps, xs), (1)

and arbitrary longitudinal polarization of initial particles.
Here p; are the 4-momenta and y; are the helicities of the
corresponding particles. We calculate all analytical expres-
sions for the EW form factors and helicity amplitudes in the
SANC system from the Lagrangian and do not use any
external packages.

The photon-pair production plays a central role in the
determination of the luminosity for the following reasons:
events have two collinear photons at large angles providing
a clean signature; the theoretical accuracy for the Bhabha
process and the s-channel is limited by an uncertainty in the
hadronic contribution A%’ (s) to the vacuum polarization
I'IW, but in the case of the process under consideration the
hadronic contribution to the vacuum polarization enters
only at the two-loop level and the theoretical accuracy of
Aaladr(s) is approximately of an order of 1076 [7].

Process ete™ — yy was first investigated in the classical
papers [8,9], and later in [10]. It has also been studied at the
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one-loop level in connection with experiments at future
ete~ colliders; this was done for the first time in [11].
Monte Catrlo tools for photon-pair production are generators
MCGPJ [12] and BabaYaga@NLO [7,13-15]. The recent
version of the MC BabaYaga@NLO contains one-loop
calculations and also provides an enhancement of leading
logarithmic (LL) QED contributions due to multiphoton
emission and the impact of photonic and fermion-loop
corrections at next-to-next-to-leading order [7].

In the present paper, the calculations in the framework
of SANC are carried out at the one-loop level within the
OMS (on mass shell) renormalization scheme in R; and in
the unitary gauge as a cross-check. Loop integrals are
expressed in terms of the standard scalar Passarino-Veltman
functions [16]. To parametrize the ultraviolet divergences,
dimensional regularization was used. Numerical results
were obtained by the MC generator ReneSANCe [17] and
integrator MCSANCee. To date, theoretical uncertainties by
SANC have been investigated for the complete one-loop and
leading higher-order EW corrections and took into account
polarization in the initial and final states for the following
processes: Bhabha scattering [18], e*e™ annihilation to
ZH and Zy [19], s-channel [20], Mgller scattering [21],
and polarized pe scattering [22].

This paper consists of four sections. We describe the
methodology of calculations of polarized cross sections at
the complete one-loop EW level in the massive basis within
the helicity approach in Sec. II. The evaluation of theo-
retical uncertainties for unpolarized FCCee, CEPC, polar-
ized ILC, CLIC future experiments, and the results of a
comprehensive comparison of the independent MC codes
for cross-checking are presented in Sec. IIl. A summary is
drawn in Sec. IV.

II. COMPLETE ONE-LOOP CROSS SECTION

The cross section of the process of the longitudinally
polarized positron e and electron e~ beams with the
polarization degrees P} and P,, respectively, can be
written as follows:

1
o(Ppr Pe) = ZZ(I 0P )(L+ 2P )0y, (2)

X1:X2

where y () = —1(+1) correspond to the particle i with the
left (right) helicity.

The complete one-loop cross section of the process can
be split into four parts

oy = 6B9M 4 oV (2) + 630 (A, @) + (@), (3)

Here, 68°™ is the Born cross section, ¢¥1™ is the contribution

of virtual (loop) corrections, ¢*f("d) js the soft (hard)
photon emission contribution (the hard photon energy
E, > @). The auxiliary parameters A (“photon mass”)

and @ are canceled after summation. The cancellation is
controlled numerically by calculating the cross section at
several values of the A and @ parameters. Note that in
calculations of one-loop RCs we can separate QED and
pure weak interaction effects.

We apply the helicity amplitude approach to all four
components of the one-loop cross sections.

The Born cross section of the e + e~ — y + y process
has the following form:

1 1
Bom — g2 S A
Oy = 70 4p /1 d cos 013 M sl "Oeuss  (4)
e —

X3:X4

where 8, = /1 —4m2/s, 9,5 is the angle between the p,
and p5 in the c.m. system, @ is equal to 0 in the region of
phase space excluded by kinematic cuts and is equal to 1
otherwise.

The contribution of virtual corrections is

. 1 1
oVt — zg? / dcos 0
X1X2 4 ﬂe )%{:4 . 13
x 2Re(H} 5 o srs) Ocuts- (5)

The soft photon contribution is factorized in front of the
Born cross section and given in Eq. (14).

The cross section for the hard photon bremsstrahlung is
given by the expression

3 $=2+/5& 1 2r
. a
onard = 1922575, / (s—s')ds'/d00593/d¢3
0 —1 0
1 2
x/dcosﬁs/d¢5|Hl);1af{‘i|2®cuts, (6)
Z 0

where 5" = (p3 + pa)*,

HE P = R (7)

X3X4Xs

Here, 95 is the angle between p; and p5 in the laboratory
frame, J5 is the angle between 3-momenta p; and ps in the
rest frame of the (p3 p4) compound, and ¢5 is the azimuthal
angle of the p; in the rest frame of (p3p,) compound.

A. The Born and virtual contributions

To describe the contribution of the virtual loop correc-
tions, we decompose the matrix element into polarization-
independent form factors and structures that depend only
on external particles and contain complete polarization
information. Of course, such a decomposition is not
necessary at the Born (tree) level, where the form factors
by the SANC convention are equal to 1 or 0.
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The first step is the calculation of the covariant amplitude
(CA) and form factors (F;). In the system SANC we
calculate the CA of the annihilation to vacuum, i.e.,
2f2b — 0, and then turn over to the selected channel.
Then the helicity amplitudes (HAs) will be constructed.

1. Covariant amplitude for the Born and virtual parts

The covariant one-loop amplitude corresponds to the
result of the straightforward standard calculation of all
diagrams contributing to a given process at the tree (Born)
and one-loop levels. The CA is represented in a certain
basis made of strings of Dirac matrices and/or external
momenta (structures) contracted with polarization vectors
of bosons &(p;). The CA can be written in an explicit form
using scalar form factors F,. All masses, kinematic
invariants and coupling constants, and other parameter
dependencies are included into these form factors, but

|

tensor structures with Lorenz indices made from strings of
Dirac matrices are given by the basis.

Using the multichannel approach, we have found a
complete massive basis and covariant amplitude. The
covariant amplitude for the processes we are interested
in can be obtained from Eq. (8) by exploiting crossing
symmetry. We found 40 structures for the CA. By applying
algebraic transformations, we simplified the number of
structures down to 24. Using photon transversality, we
obtained six ratios for vector and five for axial form factors
F;. The final answer for the basis is eight structures for the
tensor and four structures for the pseudotensor. In accor-
dance with this, the next-to-leading order (NLO) EW RCs
to the process 2f2y — 0 can be parametrized in terms of 14
scalar form factors and the corresponding basic matrix
elements, eight vector and four axial ones.

For the covariant amplitude we have

A=5(py)|Stry) (v, F" (s, 1, u) —|—ZStr”,7—"”f(s tu —l—ZStr lysFi(s, 1, u)} u(pa)eb(p3)en(pa),

J=

with the structures

Strﬁ‘y1 =

= |
Strj? = 1K2<—f +11°>

Strl? = —i (Kz(k%rﬁ,, - 5

: |1 .
Stlﬁf =1 |: + 2K2k T;3w + (_KZ + lme)

2

Strl’ =

+2 ﬂy+ﬁ4

v.6 _ _ 0 ; 1
Stry,” = -1, — ;lmer

s (2
Stry;| = 3 <E T+ 1,148),

2
m; —1
Strid = T, — k, <1,5,,, + 62 T;'ﬁ),

iKy +m, )5, + 2i

ﬁ:;TﬂIJ

1
ww §(m§ - t)r — 2k, { zmeKz

1 1
mg —u (T]w _Tlgw _E(p/3 _ﬁ4)‘[;148>:|’

4) = k[ y +2im, (7, —I—skrlo)])
+im skr}lg],

(m +t) Ty

(3m£2, - t) 1'10:|
2 mee

a . 4 .2m, .
Sty = —i (Kzfgv + ;ktKZT?w - (kz - ITM)TZD + (ks + lmeﬂ3)rzv)’

2
Stk = iK, (—’L’ —1—110),

a 1
Str”;/3 — 2 l“/ le(k Tﬂy y)9
u 1
Stryb4 = 2 /w + ZKZk (2k T;w + Tﬂl/)
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where ©(p,), u(p,), and m, are the bispinors and the mass
of the external fermions, respectively, &) (p;) and &)(py)
denote the photon polarization vector; the vector and axial
gauge boson-to-fermion couplings are denoted by »; and
a;, respectively, 7"/ and F¢ stand for the scalar form
factors and

Ky == (3= Va + 1= 11).

N[ =

The Born matrix element can also be decomposed in basis
of structures. Such a decomposition is pretty simple with
our choice of normalization: F!' =1 and F"/ = 0|,
Fol = 0[iz1-

To obtain a compact form of the amplitude structures, we
choose ten auxiliary strings

T, = 1' P3P+ Par' Pl

t = sly* (kup = k(P = Ph)) = (kP = ki(P{ = P3))],

T = (me Ko = it) [ (P + keph) +7#(p5 + ko4,

T, =04 T =DiPy Tw = Piph+ PPk

=7 T =1 T =Y T =6
|

Ygit—+ = _HYE—+(A = 1), \‘;’ii‘l‘— = —HfE_Jr (A = _1)’

ziE_»'__ - \Liit_+ (A = —1),

. 8
it =- ﬁc*c‘ sm, cos 913 F "3 4+ /Ao | M,
* 8 213214
v—iiii = ’Hfi__(A =1), Y&ii = ’Hfﬁﬁ__(A =-1),

2_g
where k; = m“g ,

invariants).

In Eq. (8), we keep the fermion mass in order to
maintain photon transversality without mass approxima-
tion. Moreover, in the mass-containing denominators of
Str,'j'y1 , the mass cannot be neglected because these denom-
inators correspond to the propagators of fermions that emit
external photons and thus lead to mass singularities.

The basic matrix elements, Str,’w, are chosen to be
explicitly transversal in the photonic 4-momentum. That
is, for all of them the following relations hold:

with [ =1,

u (usual Mandelstam

Strju(p3), =0 and Sty (ps), = 0. 9)

We have checked that the form factors F*/ and F¢' are
free of gauge parameters and ultraviolet singularities; all
calculations are made in the R; gauge. The analytical
expressions of the form factors are too cumbersome to be
presented in this paper.

2. Helicity amplitudes for the Born and virtual parts

Using C, P, and Bose symmetries, we write down four
sets of HAs. The presence of the electron masses gives
additional terms proportional to the factor m,, which can be
considered significant in calculations at low energy,

fv,l +thv,3 _4}*1},4) _ 2]:1:.6 +‘7:1;.8 —Ame(}"“’3 +‘7:a.4):| }’

(10)

. 1
vit__ = Esin1913{s<]-"”*2 —%(1 +c0s%893) F 3 + Acos 93 {]—"“" +2(f”'3 + ]—'“"‘)})

1 1
— /e [s cos 3 (Z}—M - 5.7:”'4 +%]—"”'6> —-A (.7-'“'1 —Fe2 4 % [(1 + cos?83) Fa3 + 2c0521913.7-'“‘4]>} }

Yﬂ—+ = Zi$+—(A =-1),

virt __ qyvirt — - +
Mo =HY, (A=1c" > —=c"),

(11)

M =H, (A=—1cm = =),

. 1 1 4
.= gsin 1913sc_{s [E cFU 4+ A (— Faol 4 Fad 4 .7:“’4)]
s

_\/g< 4

213214

4 I
Frl 4 Frd - 2Fd 4 SR Fré 4 g <§ = Fa3 — cos slgfae“) ) }

(12)

073003-4



ONE-LOOP RADIATIVE CORRECTIONS TO PHOTON-PAIR ...

PHYS. REV. D 107, 073003 (2023)

virt virt — virt — virt - + —

H “HE L (V=1), Ty =-RT (o V=-1),
irt i irt - —
Yoo =H", (7o V=-1),

L= —\/?E {s [V (_8me Frl— 2C+F"’6>

213214

8
+ cos 93 <me [—}"”*2 —(4-c*
s

cT)FE 4+ 4]-“”’4] —4F"3 4 2]?”»8)]

8 8
Aee [me < Fol p —Fv2 — (4 - 3c+c_).7:”’3 + 4c0521913.7-"”*4>
213214 s

where ¢ = 1 & c0s 93, /e = 5Pe, 213 = (M2 — u), and
21 = (mg —1).

—4(1 + ) FUS = 2ctFrO — 4FT 4 2?“-8} } (13)
[
2 11
NeZo p=Me ki, gL 1FPe
2z s Vs 2

Only form factor F*! contains infrared divergent
Passarino-Veltman functions regularized by the auxiliary
parameter A.

While all form factors are proportional to a, the same

expressions can be used to obtain Born H}Z‘j};{m just by

symbolic substitution F*! to unity and all other form
factors to zero.

B. Real photon emission corrections

The real corrections consist of soft and hard radiative
contributions. To estimate the bremsstrahlung, an new
procedure SANC system was created, based on a formalism
first described in [20]. The soft bremsstrahlung has Born-
like kinematics, while the phase space of hard radiation has
an extra particle, photon.

1. Soft photon bremsstrahlung

The soft photon contribution contains infrared divergen-
ces and has to compensate the corresponding divergences
of one-loop virtual QED corrections. It is factorized in front
of the Born cross section. It depends on the auxiliary
parameter which separates the kinematic domains of the
soft and hard photon emission in a given reference frame.
The polarization dependence is contained in o™,

The explicit form is

2 2@

{2[/3@ — klnx?] ln7

—Inx + k[In?x + Li, (1 — l/xz)]}, (14)

where

2. Hard photon bremsstrahlung

Spin effects of hard photon bremsstrahlung for photon-
pair production using the method of helicity amplitudes
were investigated in [23,24]. In the presented results, we
used our universal massive module for hard photon
bremsstrahlung for /" /~yyy — 0 by appropriately unfolding
it in channel T/~ — yyy, where 0 stands for vacuum, and
all masses are not neglected.

The field strength bivector is an antisymmetric tensor
and can naturally be expressed as an element of the
Clifford algebra of Dirac matrices by contracting
with ylyl =y Ay,

Let us consider a photon with 4-momentum k> = 0 and
polarization vector e. The Maxwell bivector (contracted
with Dirac matrices) is

F=F./'y =§ny

The Maxwell equation becomes F = 0. It is also evident
that gauge transformation € — ¢ 4+ Ck leaves the bivector F
unaffected.

The axial gauge can be defined by the additional
condition &-¢g=0 with some (massive) vector g.
Solving it together with ¢ - k = 0, we obtain a polarization
vector in the axial gauge

=S <y =T,
PR T L) B
#(91) —#(92) = (0 (- 0" Tr = 4Tr.

Changing the vector g leads to gauge transformation.
The helicity amplitude for hard photon bremsstrahlung is
organized as a sum of three cyclically-symmetric terms
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Jhard — 2\/5(7—(3 +H* +H), We work in the chiral representation of gamma matrices
and exploit Weyl spinors. To decompose the Dirac spinors
H = 1| HY =1 (15) : :
5=3-4-5 5=4-3-5: into Weyl components, we use the following notation:

So it is enough to consider only the single term. The

Maxwell bivector for helicity states can be factorized b |u)
FY = uf°7%, and the corresponding term decays into v= < » > U= <| ] >
building blocks, ¥
Hglfz)(ﬂ(ds = R§1)(1 <1)R§212(2) F= ( F) ’ e (<l_) ’ [l_)|)
5 5
« _8)(5 B)(l)(z)(3)(4 + C)S(l)fs g)(s)(z)(})m
223224

For the massless particle with momentum p;, we have

S5 — Tr[pf, P, Fs] pi = 10)il, p;=[i]{i|. For the massive particle with
S 2215705 p? = m?, we use the projection on the light cone of some
15225 i i
B = 01 (<F3psFy> | — pr<F3F, >0 s auxiliary momentum. To evaluate the term H° of the
e ! 0477 amplitude, we find that one of the most economical choices
o VilUs is to use ps,
X1Xs 215 ’
g;sgs)(z)m)m - @5(<F3P{F4>1 _%<F3F4>0,4)u2’ (16) A‘ _ ﬁii)Sﬁi ]} _ |l]<l |l> _ pl|5} |l] _ ﬁl|5>
with the abbreviations u;=ut(p;), v;=(p;), F;= 2pi- ps [i[5] (il5)
F){’(Pj)s Zjj =2p;- pj, and <A>o,4 = Tr[A] + Tr[Ayslys,
where the rotation matrices ng(l) is defined below. The Dirac solutions in terms of spinors for k; are
i) w15 o om m :
:{ 5], u7=[<|5>. } a;:[m, [i—g][ﬂ, ai—:[ws, m].
i ) i
The explicit expressions of the amplitude components H are written as follows:
5 _ m, [0y ]us](3[4)? Bl p2|4]((21]3) [4lua] + [01]4](3|u2))
A 3] pa ) [543] (4lu) + (84 14) Bluea]) m (91 u) 4]3)
o _ m,[0s|us] (314) (31 p2|4]((vs]3) [4|uz] + [5|4)(3]u2))
| (3] pald) ([5513] 4lu) + (8514) Bluc)) m, (05} 413

S5 — |l __ap I RUD A
A5 (1]5]2[5] 1)@ls) | > ns 7 0 /5] ’
“ X1Xs

. (il5) L5
i) = (i) m; ) 3] = 0 mi 3]
N A N IR PP T
i 5li) 1) J 15171 I

From the momentum p; = {E;, pj‘z, pl.pi} with p? =m? there can be built two massless vectors k; =
{Ipil.—pf.—pi.—pi}and kp = p; — szkkl with k7. = k3, = 0. The corresponding spinors |i*) and |i") allow evaluating

the rotation matrix
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III. NUMERICAL RESULTS

In this section, we firstly present comparison of the result
obtained by means of the SANC system with the tree-level
results for Born and hard photon bremsstrahlung of the
CalcHEP [25] and WHIZARD [26-28] codes. Also, the
NLO QED RCs are compared with the BabaYaga
code [29] and weak corrections with those published in [7].

In the second part of the section, we show the predictions
for NLO EW RCs obtained by the SANC program.

If not specified separately, the following set of input
parameters is used:

a~1(0) = 137.035999084,
My, = 80.379 GeV,
Mz =91.1876 GeV, 'y =2.4952 GeV,

My =125.0 GeV, m, = 0.51099895 MeV,
m, = 0.1056583745 GeV, m, = 1.77686 GeV,

Ty = 2.0836 GeV.

my =0.083 GeV,  m, =0.215 GeV,
m, =47 GeV,  m, =0.062 GeV,
m,=15GeV,  m,=172.76 GeV.

The angular cut for at least two photons |cos d,| < 0.9
with 9, = 83,84, 95 are imposed. All three photons must
have c.m. energy greater than @.

In practical calculations we used I'yy =1, = 0.

A. Comparison with other codes

Firstly, we have compared the results for the Born
cross section for several c.m. energies (/s = 250,500,
1000 GeV) and the degree of initial beam polarization.
The agreement in five digits was found, so we omitted the
corresponding table.

Secondly, we have compared the results for the hard
photon bremsstrahlung cross section for the same c.m.
energies with the CalcHEP and WHIZARD codes. The
results are given within the @(0) EW scheme in Table I. For
the cross sections, an additional cut on the photon energy in
c.m. system E, > @ = 107*/s/2 is applied. At least two
photons lie in [cos &, < 0.9. The comparison demonstrates

TABLE L. The triple tuned comparison between the SANC (first
line), CalcHEP (second line), and WHIZARD (third line) results
for the hard bremsstrahlung contributions to unpolarized e* e~ —

yr(y) process.

Vs, GeV 250 500 1000

SANC 4.467(2) 1.177(1) 0.3095(1)
CalcHEP 4.465(1) 1.177(1) 0.3096(1)
WHIZARD 4.465(1) 1.180(1) 0.3097(1)

TABLE II. The tuned comparison of the Born and NLO QED
integrated cross sections produced by the SANC and BabaYaga
codes at low energies.

Vs, GeV 1 10
Born, nb
SANC 137.532(1) 1.3755(1)
BabaYaga 137.53 1.3753
NLO QED, nb
SANC 129.46(2) 1.2623(3)
BabaYaga 129.45 1.2620

very good (within four to five digits) agreement with the
above-mentioned codes.

We also compared the NLO QED calculations between
the SANC and BabaYaga codes. In Tables II and III, we
present a tuned comparison of the integrated cross sections
produced for two c.m. energy regions: low (/s = 1 and
10 GeV) and high (/s =91, 160, 240, and 365 GeV)
energies with original setups and cuts (for details, see
Refs. [7,29]).

Tables II and III show perfect agreement of the NLO
QED results (within the statistical errors) and we consider
these corrections are under control.

To compare the weak part of the NLO RCs, we have
produced energy and angular distributions of the relative
corrections

5= o.l—loop/GBom -1,%

which are presented in Fig. 1. In the upper panel, the
separate contributions for virtual Z and W boson contri-
butions and their sum are shown as a function of unpo-
larized beams. In the lower panel the angular distributions
for several c.m. energies are given.

The obtained RCs show very good qualitative agreement
with those given in Fig. 3 of [7].

B. Born, one-loop cross sections and relative corrections

In this part of the section, we give our results for the
Born, one-loop cross sections and relative corrections [30].
They were calculated with the parameters (III) and the

TABLE III. Tuned comparison of the Born and NLO QED
integrated cross sections produced by the SANC and BabaYaga
codes at high energies.

Vs, GeV 91 160 240 365
Born, pb
SANC 39.822(1) 12.884(1) 5.7252(1) 2.4758(2)
BabaYaga 39.821 12.881 5.7250 2.4752
NLO QED, pb
SANC 41.04(1)  13.289(3) 5.907(1)  2.556(1)
BabaYaga 41.043 13.291 5.9120 2.5581
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FIG. 1. Upper plot: the integrated relative contributions of Z
and W bosons to weak RCs. Lower plot: the differential relative
weak RCs for c.m. energies at FCCee.

following set of the electron (P,-) and positron (P,+) beam
polarization:

(P,.P,.)=(0,0), (08,03), (=0.8,0.3). (17)

1. Energy dependence

In Tables IV-VI, the results of the integrated Born
and one-loop cross sections in pb and the relative
corrections in percent are presented separably for NLO
QED and weak RC. The results are given for the c.m.

TABLE IV. Born cross section ¢ (pb), NLO QED and weak
relative correction § (%) for the c.m. energy /s = 250 GeV and
the set (17) of the polarization degree of the initial particles.

TABLE V. The same as in Table IV but for the c.m. energy
/s =500 GeV.

PP, 0,0 0.8, 0.3 —0.8, 0.3
oo pb 4.2617(1) 3.2388(1) 5.2845(1)
o%D ph 4.535(2) 3.4488(5) 5.619(1)
SQED_ g 6.42(4) 6.48(1) 6.32(2)
oVek | pb 4.2481(1) 3.2345(1) 5.2544(1)
sveik g —0.32(1) —0.13(1) -0.57(1)

P, P, 0,0 0.8,0.3 -0.8,0.3
6®o™ pb 1.06542(1) 0.80972(1) 1.32112(1)
%P pb 1.1365(2) 0.8641(1) 1.4085(3)
5D g, 6.67(2) 6.72(2) 6.62(2)
oV pb 1.04396(1) 0.81165(1) 1.25437(1)
sveak g —-2.01(1) 0.24(1) -5.05(1)
TABLE VI. The same as in Table IV but for the c.m. energy
/s = 1000 GeV.

P, P, 0,0 0.8,0.3 -0.8,0.3
6Bo™ pb 0.266353(1) 0.202429(1) 0.330279(1)
o %P pb 0.28474(5) 0.21661(4) 0.3531(1)
5D g 6.90(2) 7.00 (2) 6.90(4)
oV pb 0.252650(1) 0.197583(1) 0.301040(1)
svek g —5.14(1) —-2.39(1) -8.85(1)

energies /s = 250,500, 1000 GeV and for degrees (17)
of the initial particle polarization in the a(0) EW scheme.

As it is seen from the tables, the cross sections and the
weak RCs are sensitive to the degree of the initial beam
polarization while the QED RCs are rather flat. For c.m.
energy /s =250 GeV the weak RCs are negative and
relatively small compared to QED RCs (approximately 5-6
times). As for c.m. energy /s = 1000 GeV the weak RCs
become compatible with the QED RCs in the unpolarized
case (6.9% vs —5.1%) and even larger (6.9% vs —8.6%) for
polarization (P,-, P,+) = (—0.8,0.3) but with the opposite
sign. This means that the weak RCs dominates at high
energies and must be taken into account.

To demonstrate the interference of the QED and weak
RCs, we plotted the energy scan. Figure 2 shows the

10 200 400 600 800 1000
Vs [GeV]

FIG. 2. The unpolarized NLO QED, weak and NLO EW
relative correction § (%) for the c.m. energy range /s =
10-1000 GeV.
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FIG. 3. Angular distributions for A;g asymmetry over the
highest energy photon angle (9, ) at several c.m. energies.

unpolarized QED, weak and summary (EW = QED +
weak) relative correction 6 (%) for the c.m. energy range
/s = 10-1000 GeV. In the calculations, only angular cuts
for at least two photons were applied. As one can see from
the picture, the QED RCs dominate in the energy range up
to /s = 100 GeV. In the range /s = 100-200 GeV, the
weak contribution is positive and increase the NLO RCs.
Then the weak relative corrections become negative and
start to reduce the total RCs to approximately 2% at
\/s = 1000 GeV. One can see that, the weak corrections
change Ogy drastically for high energies (starting approx-
imately from /s = 200 GeV). It should also be stressed
that additional kinematical cuts such as, for example,
photon energy cut, reduce the magnitude of the QED
RCs and dominance of the weak RCs becomes stronger.

2. Left-right asymmetry

The left-right asymmetry is also calculated at c.m.
energies \/E = 250,500, 1000 GeV, and the angular dis-
tributions are shown in Fig. 3.

The A; is defined in the following form:

A = H O (18)

where o;r and op; are the cross sections for 100%
polarized electron-positron ej ey and ege; initial states.
As it is seen from the figure, the angular dependence of
the asymmetry is very weak at /s = 250 GeV but become
stronger at /s = 1000 GeV. This reaction does not have
any clearly seen resonance (in contrast with the s-channel
pair-lepton production, for example, where the Z boson
defines the peak of the cross section). The asymmetry does

not give any experimental information on the mixing angle
sin® @y, and just shows an order of parity violation.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we have considered the complete one-loop
electroweak corrections to the process of the polarized
electron-positron annihilation into a photon pair within the
SANC system framework. The helicity amplitudes were
used for the Born and virtual parts as well as for the real
photon emission (soft/hard bremssrahlung) taking into
account the masses of the initial particles.

The numerical results were evaluated within the SANC
system framework in the a(0) scheme for c.m. energies
from 10 GeV to about 1000 GeV which are relevant for the
existing and future ete™ colliders. We reached excellent
agreement at the tree level for the Born and hard photon
bremssrahlung between SANC, CalcHEP and WHIZARD.

At the one-loop level for unpolarized beams we have
compared the obtained results with external codes. Firstly,
we performed a tuned comparison of the NLO QED
corrections with the BabaYaga code and found very
good numerical agreement. Secondly, we obtained good
qualitative agreement of the weak radiative corrections with
the figures given in the world literature.

We have presented the electroweak radiative corrections
impacting the Born and complete one-loop cross sections
as well as relative corrections at c.m. energies \/E =250,
500, 1000 GeV. The results are given for unpolarized and
polarized cases and demonstrate the strong dependence of
the total/differential cross section and relative corrections on
the polarization effects.

We would like to emphasize that weak effects give large
negative—corrections and totally compensate the QED
radiative corrections at high energies and therefore must
be taken into account.

Analytical calculations for all parts of the cross section
were performed for the case of annihilation into vacuum in
the massive case 2f2y — 0. This lays the foundation for
calculating all cross channels.

Considering the e"e™ — yy process as one for lumin-
ometry propose, one needs to take into account high-order
effects, such as leading multi-photon QED logarithms and
leading two-loop corrections. This is the forthcoming part
of our work on this process.

ACKNOWLEDGMENTS

The research is supported by the Russian Science
Foundation (Project No. 22-12-00021).

073003-9



S. BONDARENKO et al.

PHYS. REV. D 107, 073003 (2023)

[1] A. Abada et al. (FCC Collaboration), Eur. Phys. J. C 79, 474
(2019).

[2] T. Behnke, J. E. Brau, B. Foster, J. Fuster, M. Harrison, J. M.
Paterson, M. Peskin, M. Stanitzki, N. Walker, and H.
Yamamoto, arXiv:1306.6327.

[3] CEPC Study Group, arXiv:1809.00285.

[4] M. Dong et al. (CEPC Study Group), arXiv:1811.10545.

[5] M. Aicheler, P. Burrows, M. Draper, T. Garvey, P. Lebrun,
K. Peach, N. Phinney, H. Schmickler, D. Schulte, and N.
Toge, A Multi-TeV linear collider based on CLIC technol-
ogy: CLIC conceptual design report, CERN Yellow Re-
ports: Monographs, CERN, Geneva, 2012.

[6] I. Smiljani¢, I. Bozovi¢-Jelisavéi¢, G. Kacarevi¢, N.
Vukasinovi¢, T. Agatonovi¢-Jovin, G. Milutinovic-
Dumbelovi¢, J. Stevanovié, and M. Radulovi¢ (CEPC
Collaboration), Integrated luminosity measurement at
CEPC, in Proceedings of the International Workshop on
Future Linear Colliders (2021), p. 5, arXiv:2105.06245.

[71 C.M. Carloni Calame, M. Chiesa, G. Montagna, O.
Nicrosini, and F. Piccinini, Phys. Lett. B 798, 134976 (2019).

[8] L. M. Brown and R. P. Feynman, Phys. Rev. 85,231 (1952).

[9] 1. Harris and L. M. Brown, Phys. Rev. 105, 1656 (1957).

[10] F. A.Berends and R. Gastmans, Nucl. Phys. B61,414 (1973).

[11] M. Bohm and T. Sack, Z. Phys. C 33, 157 (1986).

[12] S. Eidelman, G. Fedotovich, E. Kuraev, and A. Sibidanov,
Eur. Phys. J. C 71, 1597 (2011).

[13] C.M. Carloni Calame, H. Czyz, J. Gluza, M. Gunia, G.
Montagna, O. Nicrosini, F. Piccinini, T. Riemann, and M.
Worek, Nucl. Phys. B, Proc. Suppl. 225-227, 293 (2012).

[14] G. Balossini, C. Bignamini, C. M. Carloni Calame, G.
Montagna, O. Nicrosini, and F. Piccinini, Phys. Lett. B
663, 209 (2008).

[15] C. M. Carloni Calame, EPJ Web Conf. 142, 01006 (2017).

[16] G. Passarino and M. J. G. Veltman, Nucl. Phys. B160, 151
(1979).

[17] R. Sadykov and V. Yermolchyk, Comput. Phys. Commun.
256, 107445 (2020).

[18] D. Bardin, Y. Dydyshka, L. Kalinovskaya, L. Rumyantsev,
A. Arbuzov, R. Sadykov, and S. Bondarenko, Phys. Rev. D
98, 013001 (2018).

[19] S. Bondarenko, Y. Dydyshka, L. Kalinovskaya, L.
Rumyantsev, R. Sadykov, and V. Yermolchyk, Phys. Rev.
D 100, 073002 (2019).

[20] S. Bondarenko, Y. Dydyshka, L. Kalinovskaya, R. Sadykov,
and V. Yermolchyk, Phys. Rev. D 102, 033004 (2020).

[21] S. G. Bondarenko, L. V. Kalinovskaya, L. A. Rumyantsev,
and V. L. Yermolchyk, arXiv:2203.10538.

[22] A.B. Arbuzov, S. G. Bondarenko, L. V. Kalinovskaya, L. A.
Rumyantsev, and V.L. Yermolchyk, Phys. Rev. D 105,
033009 (2022).

[23] S. Dittmaier, Phys. Rev. D 59, 016007 (1998).

[24] T. V. Shishkina and V.V. Makarenko, arXiv:hep-ph/
02124009.

[25] A. Belyaev, N.D. Christensen, and A. Pukhov, Comput.
Phys. Commun. 184, 1729 (2013).

[26] M. Moretti, T. Ohl, J. Reuter, arXiv:hep-ph/0102195.

[27] W. Kilian, T. Ohl, and J. Reuter, Eur. Phys. J. C 71, 1742
(2011).

[28] W. Kilian, S. Brass, T. Ohl, J. Reuter, V. Rothe, P.
Stienemeier, and M. Utsch, New developments in WHI-
ZARD version 2.6, in Proceedings of the International
Workshop on Future Linear Collider (LCWS2017) Stras-
bourg, France, 2017 (2018), arXiv:1801.08034.

[29] C.M. Carloni Calame, G. Montagna, O. Nicrosini, and
F. Piccinini, EPJ Web Conf. 218, 07004 (2019).

[30] We investigate the energy range 250-1000 GeV, because
the ILC collider was originally proposed to run at a cms
energy /s = 500 GeV [31], and recent scenarios with /s =
250 GeV and /s = 1 TeV [32,33] were also considered.

[31] P. Bambade et al., arXiv:1903.01629.

[32] K. Fujii et al., arXiv:1710.07621.

[33] A.F. Zarnecki (CLICdp Collaboration, ILD Concept
Group), Proc. Sci. CORFU2019 (2020) 037 [arXiv:2004
.14628].

073003-10


https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.1140/epjc/s10052-019-6904-3
https://arXiv.org/abs/1306.6327
https://arXiv.org/abs/1809.00285
https://arXiv.org/abs/1811.10545
https://arXiv.org/abs/2105.06245
https://doi.org/10.1016/j.physletb.2019.134976
https://doi.org/10.1103/PhysRev.85.231
https://doi.org/10.1103/PhysRev.105.1656
https://doi.org/10.1016/0550-3213(73)90372-6
https://doi.org/10.1007/BF01410463
https://doi.org/10.1140/epjc/s10052-011-1597-2
https://doi.org/10.1016/j.nuclphysbps.2012.02.061
https://doi.org/10.1016/j.physletb.2008.04.007
https://doi.org/10.1016/j.physletb.2008.04.007
https://doi.org/10.1051/epjconf/201714201006
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/j.cpc.2020.107445
https://doi.org/10.1016/j.cpc.2020.107445
https://doi.org/10.1103/PhysRevD.98.013001
https://doi.org/10.1103/PhysRevD.98.013001
https://doi.org/10.1103/PhysRevD.100.073002
https://doi.org/10.1103/PhysRevD.100.073002
https://doi.org/10.1103/PhysRevD.102.033004
https://arXiv.org/abs/2203.10538
https://doi.org/10.1103/PhysRevD.105.033009
https://doi.org/10.1103/PhysRevD.105.033009
https://doi.org/10.1103/PhysRevD.59.016007
https://arXiv.org/abs/hep-ph/0212409
https://arXiv.org/abs/hep-ph/0212409
https://doi.org/10.1016/j.cpc.2013.01.014
https://doi.org/10.1016/j.cpc.2013.01.014
https://arXiv.org/abs/hep-ph/0102195
https://doi.org/10.1140/epjc/s10052-011-1742-y
https://doi.org/10.1140/epjc/s10052-011-1742-y
https://arXiv.org/abs/1801.08034
https://doi.org/10.1051/epjconf/201921807004
https://arXiv.org/abs/1903.01629
https://arXiv.org/abs/1710.07621
https://doi.org/10.22323/1.376.0037
https://arXiv.org/abs/2004.14628
https://arXiv.org/abs/2004.14628

