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One-loop electroweak radiative corrections to lepton pair production
in polarized electron-positron collisions
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This paper presents high-precision theoretical predictions for s-channel ete™ — [7I" scattering. The
calculations are performed using the SANC system. They take into account complete one-loop electroweak
radiative corrections as well as the longitudinal polarization of the initial beams. The reaction observables
are obtained using the helicity amplitude method with taking into account the initial- and final-state fermion
masses. Numerical results are given for the center-of-mass energy range /s = 250-1000 GeV with

various degrees of polarization.
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I. INTRODUCTION

Planned experiments (with/without polarization of
the initial beams) in high energy physics for electron-
positron annihilation have been proposed with the capabil-
ity of precise measurements at the International Linear
Collider (ILC) [1-7], the e"e™ Future Circular Collider
(FCC-ee) [8-12], the Compact Linear Collider (CLIC)
[13-15], and the Circular Electron Positron Collider
(CEPC) [16].

The high precision of experiments at future e e~ colliders
demands nontrivial requirements for theory, which are
reviewed in [17]. The first calculation of corrections to
the eTe™ — u~pu™ process was carried out by Passarino and
Veltman [18]. Most of the theoretical works on lepton pair
production (LPP) before the large electron-positron (LEP)
collider era concerned the next-to-leading order electroweak
(EW) radiative corrections (RCs) (see, e.g., [19-24]).

The above-mentioned calculations were an evolution of
basic codes incorporated in the standard LEP tools such as
TOPAZO [25-27], zFITTER [28], and ALIBABA [29,30]. A
comprehensive review of the underlying theory and meth-
ods which have been used to create these codes can be
found in the monograph [31].
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Polarized electron/positron beams are important to
achieve relative uncertainty of measurements of the total
cross section and left-right asymmetry with an accuracy of
a few permille. In the LEP era, results were presented for
theoretical support of the polarized e™ e~ annihilation; see
[24,32-37]. However, the mentioned investigations did not
create a tool at the same level accuracy for polarized beams.

The only exception are calculations of the KKMC event
generator project [38—40], which provide differential and
total cross sections for arbitrary polarizations of the initial
eTe” beams and final-state fermions. The precision for
unpolarized case is at the two to four permille level. The
KKMC program includes the first order electroweak
corrections in the spin amplitudes using technique of form
factors in front of the invariant amplitudes in the matrix
element [39]. The spin amplitudes are defined and used not
only for a single hard photon but for an arbitrary number of
hard photons using technique of Kleiss-Stirling [41], which
employs Weyl spinor technique with arbitrary fermion spin
quantization axis [38,39].

There are three main ete™ processes to be used for
the purpose of high-precision luminometry at flavor facto-
ries and future colliders: Bhabha, LPP ete~ — [~[*, and
photon pair production eTe™ — yy [42].

In a series of papers [43,44] and this paper, we recall
the above-mentioned three processes taking into account
the one-loop EW RC and longitudinally polarized e* e~
initial beams.

At the moment, the most advanced and widely used
generators with one-loop RCs for estimation of luminosity
by LPP process are BABAYAGA [45-48] and KkMC [39,49].

For the unpolarized case, we have already presented a
comprehensive comparison of the ete~ — ff process with
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the results of zZFITTER for all light fermion production
channels in [50]. In this work, we give a brief description,
focusing on the high energy region, of the calculation of
EW RCs for the lepton (muon) pair production including
the contributions of the longitudinal polarization of the
initial states.

In the future e"e~ collider program, the optimized
accelerator parameters are the center-of-mass (c.m.) energy
of 250 GeV, and higher and longitudinal electron +80%
and positron 0, +30% degree of polarization. Moreover, it
proposes a balance between polarization and c.m. energy
sets for optimal physics diversity.

In this study, the relevant contributions to the cross
section are calculated analytically using the helicity ampli-
tudes approach, which allows one to evaluate the contri-
bution of any polarization of the initial and final fermions,
and then obtain a numerical result. The helicity amplitudes
were used not only for the Born-like parts but also for the
hard photon bremsstrahlung contribution taking into
account the initial and final masses of the radiated particles.
In this paper. we, to be specific, consider only longitudi-
nally polarized initial beams for experimental conditions of
future colliders [7,15,51]. The angular and energy depend-
ence is also considered.

In a special case of the LPP e*e™ — 777 reaction, the ¢
lepton decays can be used to determine their polarization
[52], which gives extra information on the Zzz vertex. The
influence of the polarization of the initial beams to the
asymmetries and the final lepton polarization is given
in [53].

There are many papers devoted to the study of the
eTe™ = putu~ channel at the one-loop level with polarized
effects in the initial state; see, e.g., [33,34] and references
therein. It is highly nontrivial to perform a tuned compari-
son of the numerical results, since the authors not always
present a complete list of input parameters.

We have performed high-precision tests at the tree level
using the electron-positron branch of the MCSANC integra-
tor [54,55] and the generator RENESANCE [56] with the
results of alternative codes. The polarized Born and hard
photon bremsstrahlung contributions were compared with
the corresponding values obtained with the help of the
CalcHEP [57] and WHIZARD packages [58—61]. The sum
of virtual and soft photon bremsstrahlung contributions
in the unpolarized case is compared with the AITALC-1.4
code [62].

Numerical estimations are presented for the total and
differential cross sections in the scattering angle cos 9; and
for relative corrections. Also, the left-right asymmetry A;
is given.

Considering the eTe™ — [7IT process as one for the
purpose of luminometry, one needs to take into account
high-order effects, such as leading multiphoton QED
logarithms, EW, and mixed QCD-EW multiloop correc-
tions. These corrections will be implemented in the future.

The paper is organized as follows. Section II is devoted
to the expressions for the covariant amplitude (CA) and
helicity amplitude (HA) for the Born, virtual, and hard
photon bremsstrahlung contributions. The approach for
estimating polarization effects is also given. Section III
contains numerical results for the total and differential cross
sections as well as for relative corrections and Ay
asymmetry. The comparison with other computer codes
is also given. Finally, in Sec. IV, we present conclusions
and outlook for further work on LPP process within the
SANC framework.

II. DIFFERENTIAL CROSS SECTION

The cross section of the generic process eTe™ — ... of
the longitudinally polarized e and e~ beams with the
polarization degrees P,+ and P, can be expressed as
follows:

1
O-(Pe,’*vPe’):ZZ(l +)(1Pe+><1 +12P ) Oy <1)
X1X2

where 1) = -1 (41) corresponds to the particle i with the
left (right) helicity.

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

O.one-loop — O.Born + O.Vil‘t(/’{) + O.soft(ﬂ’ (1)) + O.hard(w>’ (2)

where ¢B°™ is the Born cross section, ¢¥i™ is the contri-

bution of virtual (loop) corrections, 6*°"d) js the soft
(hard) photon emission contribution (the hard photon
energy E, > ). Auxiliary parameters 4 (“photon mass”)
and w are canceled after summation.
We apply the helicity approach to all the contributions.
The virtual (Born) cross section of the eTe™ — [7[T
process

e (pr) +e(pai2) = 17 (p3xs) + 1 (pays)  (3)

can be written as follows:

Mg&)m) = za2 ﬂl |HV1rt (Born) |2 (4)
d cos 9, a1 ’
where
irt(B rt(B
[H P 2 = > [Hyen . (5)

X3X4

m, is the final lepton mass and f; = 4/ 1 —@, 9, is the
angle between the final lepton /= and initial electron e~.

The soft photon bremsstrahlung terms [initial-state
radiation (ISR), interference (IFI), final-state radiation
(FSR)] are factorized to the Born cross section as follows:
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O.soft,ISR — _

2
Bom & 2 4o
— 1+L,)In[—
sofn(*)
1 n?
L,|1+=<L -
+ e< +2 €>+3}’
4 2
GSOftIFL GBomf Qte{z In d, ln< @ )
T
o (1% o (2 | (-
st d; d
2m2 2m2
+ 2J—ln<1— ’)}ln(l— ’)
|: ! pld, ﬂ;rdt
2t d;
2Wip( 14— ) —2Liy( -
’ ‘2< +ﬂ?df) 12( sf)
(mj + 1) = pid,
a 1 2mj 4w
i[5 (5)
2m\ [1 2p
1= 2421
+J,+( p ){ZJ + n( ﬂl)Jl
+2L12(ﬂ’)+ ]}
1

where L, = In(m2/s),
d; = ml I.I=t, u.
The cross section for the hard photon bremsstrahlung

Gsoft,FSR — _UBO

l_liﬂl’ Ji= ln(ﬂl)/ﬂl)

=1"(p3.x3) + 17 (Paxa)
+ }’(PS’)(S) (6)

et (pr.y) + e (paixa)

is given by the expression

hard
da)(])(z S ﬂ hard |2 (7)

ds'd cos 04depsd cos 95 3271 2B, T

where s' = (p3 + p4)?, B} = /1 —4m?/s’, and

h d hard
HI?)rm Z ’H)(‘:Jrfz)(z)(zx)(s <8)

X3 X4X5

Here 05 is the angle between 3-momenta of the photon
and positron, 8, is the angle between 3-momenta of the
antimuon y* and photon in the rest frame of (/7/") com-
pound, and ¢, is the azimuthal angle of the u™ in the rest
frame of (/7/7) compound.

A. Covariant amplitude for the Born
and virtual parts

The covariant one-loop amplitude corresponds to the
result of the straightforward standard calculation by means
of the SANC programs and procedures of all diagrams

contributing to a given process at the tree (Born) and one-
loop levels. It is represented in a certain basis made of
strings of Dirac matrices and/or external momenta (struc-
tures) contracted with polarization vectors of gauge bosons,
if any. The amplitude also contains kinematic factors and
coupling constants and is parametrized by a certain number
of form factors (FFs), which we denote by F, in general
with an index labeling the corresponding structure. The
number of FFs is equal to the number of structures.

For processes with nonzero tree-level amplitudes, the
FFs have the form

F =1+kF, (9)

where “1” is due to the Born level and the term F with the
factor k = ¢g?/16x% is due to the one-loop level. After
squaring the amplitude, we neglect terms proportional
to k2.

Neglecting the masses of the initial particles, the covar-
iant one-loop amplitude of the e™e™ — [~IT process can be
parametrized by six FFs. If the initial-state masses were not
ignored, we would have ten structures with ten scalar form
factors and ten independent helicity amplitudes.

We work in the so-called LQOD basis, which naturally
arises if the final-state fermion masses are not ignored. Six
form factors ;. o1.1.0.00.Lp.00(S,t u) correspond to six
Dirac structures. They are labeled according to their
structures. A common expression for this CA in terms
of F;; was presented in [50]. We recall it here to introduce
the notation; A, is also described by a QQ structure; it is
separated out for convenience,

2 Qte

A, (s) = ie* =—=StrgoF,.

QXZLES) [ (

Az(s) = StrLLJTLL +6,;StrpoF o)

+ 56(153)SIVQLJ,TQL + 51S”‘QQ‘FQQ)
+ 17 (1St pFrp + 8,5tropF o). (10)

We use the following notation for the structures:

Strie =vu(1+7s) ® 7,(1+7s),
Stror = 7y @ vu(1 +7s),

Strig =7,(1+75) ® 7y

Stroo = ¥u @ Yy

Strpp =v,(14+vs) ® (=imD,,),
Strop = v, ® (—im;D,,),

where the symbol y, ® y, denotes the shorthand expres-
sion
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7w ® vo = 0(p1)ruu(pa)i(ps)rv(ps) (1)
and
D, = (ps—Dp3), (12)
Here and below y,(s) is the Z/y propagator ratio,

1 s

§) = . 13
228 = ya e ST i, (13)
We also use the coupling constants
) = S =v—
Qs fo or=vrtay f = V5~ af
e MW
Sw = —, Cwy = ——.
g Mz

For more details, see [50].

B. Helicity amplitude for Born and virtual parts

As was stated, we have six nonvanishing HAs. They
depend on kinematic variables, coupling constants, and six
scalar form factors,

Hoiio =—c(Q.0/F,
2 ()8 I For + 8iF 9ol (14)

2my;
H—+:k::i: = TSISIH 191 <Qe Qlj:y
S
+Zz(S)5e |:I§3)]:QL + 5[fQQ + Eﬁ%[§3>FQD:| > s
(15)

2m; .
Hi iy = —TSZSInSl(QeQz}—y

+xz(s) |:2123>(I§3)}-LL + 6. F o) + 5e’§3)5':QL

+ﬁ@fw+§%99$#w+&f@ﬂ)
(16)
H, = _C+(Qte~7:y
+x7(s) 1+I§3>(21£3>-7:LL +6.FoL)
+ 8,218 F Lo + 8.F 00))). (17)

The expression for the amplitude H_,_, (H,_,_) can
be obtained from the expression for H_,,_ (H,__,) by
replacing ¢, — c_, ;7 — B

Helicity indices denote the signs of the fermion spin
projections to their momenta p,, p,, p3, P4, respectively,
where

cy =1=4cosd,,

and the scattering angle 9, is related to the Mandelstam
invariants ¢, u,

t= m%—%(l — Bicos 9)),

U= m%—%(l + pcos ).

Though we have expressions for the helicity amplitudes,
which take into account the initial particle masses, in
Egs. (14)-(17) they are omitted. The presence of the
electron masses gives additional terms proportional to
the 2m,/+/s factor which is equal to 107> at the Z peak
energy and can be considered insignificant in the present
calculations.

In order to get helicity amplitudes for the Born level, one
should set F, ;7 10.01.00 =1 and Fyp op = 0.

C. Helicity amplitudes for hard photon bremsstrahlung

We present the HAs for ete ITl7y >0 O p; =0)
process at any s, ¢, or u channel, where 0 stands for vacuum,
and all masses are not neglected.

The full expression for the photon bremsstrahlung
amplitude can be divided into two terms,

A, =2V2(0A, +QA , ). (18)

Each term corresponds to a gauge-invariant diagram
subset: A¢ is the amplitude for radiation from the electron
line (ISR) and A'—for radiation from the final lepton
line (FSR).

There exists a crossing symmetry relation between them,

Al porsvars (P12 P2. P3. P4 Ps)
= A rizrs(P3. P4 P1. P2, ps)  and - m, < my.
(19)
Explicitly, gauge-invariant form of the amplitude is
obtained,

Tr[p, ¥, Fs]

V245 s = T Vi34t
122
_ UiFsdsauy  Uid3iFsu, (20)
| 22 ’

with abbreviations z; = 2p; - ps, u; = w*i(p;), etc.

The polarization vector of a real photon appears only
in the combination F5 = p‘s‘egaﬂy. This is the familiar
Maxwell bivector, which is gauge invariant. We introduce
also abbreviations for the following combinations of
propagators and couplings constants:
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1 _
by = B Z D (D377 pUs )Y Y ar
a,b=+1
_ Qte gzglb

b
b s s' =M% +iM,T,’
Z zlz

(21)

where gif are the chiral couplings of the leptons [ to the
vector boson Z.

We work in the chiral representation of gamma matrices
and exploit Weyl spinors. Our notation is consistent with
[63,64]. Below we use the following denotation for the
Dirac spinor decomposition into the Weyl one:

(o "= ") = ()= ()

n=(at, ;)= ((u v ):
)0

Application of the Fiertz identities to the Pauli matrices
yields

14

. (@

&3y = |03] D (uy| + |ug| DT (75,

é34 = |M4>D_+[l_)3| + "1_13>ID__[M4|. (23)

The HAs are not Lorentz-invariant objects (they change
with boosts transverse to a momentum ray) and thus
rudimentally depend on an experimental setup. However,
one expects that all physical content of a reaction should
depend only on a relative configuration of particles by
analogy with the rigid body dynamics in a rotating
reference frame. This type of description usually appears
to be most economic one.

In order to factor out all information related to a
configuration of experiment, we must build a spin basis
in terms of problems momenta. Our investigations show
that one of the most economic choices is to put the
polarization vector of fermion n; with i = 1...4 into the
same two-plane with its momentum p; and momentum of
photon ps. Each two-plane contains two lightlike vectors:
photon momentum and the other one denoted by k;.
Explicit expressions for k; can be found in [65].

Then, in the photon basis, we have

") = |v7) = la7) = [o7) = [k;) = i),

u7] = o] = laf] = 7] = |k] = il.

] = =|v7] = —la;] = [5]] = -[5]¢}.

up) = =[vf) = =[al) = [77) =15)lc:. (24)

with ¢; = m;/(i|5), where we identify ks = ps.

Maxwell bivector has a factorized form in spinor nota-
tion F& = /2|5)(5|, 5 = v2|5][5, F5 = FJ = 0, which
allows us to organize the amplitude in terms of blocks,

A)e(l)(z)(ﬂm)(s = 815811122(3)(4 - C)lfl)fs )%z)(ﬂm)(s _C)%Ms )1(1)(3)(4)(5’
(25)
where
By g = [D11€3a]ua) + (D1]€34]u2], (26)
gl _ {[51|é34|5>] a _ [<5|5’34|M2]]
Ht (v1]&34]5] ] poart [51e34|us) |’
S :_[ 12 p) }
# [1I5]12[5] " (1I5)(2[5)]"
o {[sm " a.- [[2|5] E
X1Xs <5|1> X2X5 <2|5>

We are going to evaluate the amplitude only for positive
photon helicity, because the case of negative one can be
easily obtained with CP symmetry,

Ay e = ~XIXXHAA™ gt (27)
with “4” < “=" in D,
Below we give all amplitudes with positive photon

helicity,
A = =8 (45)(D" [3[1]e, + D [3[2]61),
A = =8, 3[5)(D[4[1]¢, + D [42]¢y).
A =8.25) (DT [B|1]gs + DT [4]1]gs),
A =S (15)(DF[32]¢y + D [42]c3),
A =S 5D (3[5)66s + DT (4]5)6263)

+ 8, [512[(D7=(3I5)¢165 + D (415)6163),
Ay =S (15)(D7[53l¢364 + D[5/4]65¢3)

+ S8 (215)(DT[513]¢1¢s + DT [5]4lsis3),
Ay = S (DTTBI1(214) — DT (4]5)[503]¢163

= D (2I5)[51]g363) + C2 D [3[1](415),
A =S (DT [41)(2[3) = D7 (3[5)[5|4]6165

— D (2I5)[5[1]¢3¢4) + C2 D [4[1)(4]5),
A%y =S (DTT[3]2](1]4) - DT(4]5)[5]3]¢]s2

=D (115)[512l6363) + CL D~ [3]2](415).
Ay =S (DT[42[(1]3) - D (3]5)[514]¢Tcn

=D H(115)[5[2]¢3¢4) + CL D [4]2](3)5),
Ay = =S BA)(DT(23)s; + DT (2[4)¢3)

= G2 511D (3I5)c; + D (4]5)c3).
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A% yiry = =S BIRIDT(113)¢; + D (1[4)63)
- C3,[5121(D~=(3I5)¢; + D~ (4[5)s3).
A =S SBI(DTH(14)e; + DT (2l4)¢))
+ (@4I5)[513](C. D™ ¢5 + C,. D),
A iy = S 5A(D7(113)¢5 + DT(2[3)¢7)
+ (315)[514](CL. D775 + €3, D ey,
Ay =A =0
To obtain HA ‘H with definite helicity, the basis-trans-
formation matrices C:* should be applied independently

for each index y of external particles whose polarization is
not averaged,

Héz — Cé]X]...C§4X4A (28)

e dieeet

Explicit expressions for the matrices C can be found in [66]
and for our special case in [65]. Geometrically, they realize
the Wigner rotation of the spin axis [67,68].

III. NUMERICAL RESULTS AND COMPARISONS

In this section, we show numerical results for EW RC to
eTe™ — u~u" scattering obtained by means of the SANC
system. Comparison of our results for specific contribu-
tions at the tree level with CalcHEP [57] and WHIZARD [58—
61] is given. Numerical results are completed by estimating
the polarization effect and evaluating angular and energy
distributions at the one-loop level.

We used the following set of input parameters:

a~1(0) = 137.03599976,
My, = 80.45150 GeV,
I'; =2.49977 GeV,
m, = 0.105658389 GeV,
my = 0.083 GeV,
my, = 4.7 GeV,
m,. = 1.5 GeV,

My = 91.1867 GeV,

m, = 0.51099907 MeV,
m, = 1.77705 GeV,

m, = 0.215 GeV,

m, = 0.062 GeV,

m, = 173.8 GeV.  (29)

The (0) and G, EW schemes are used in calculations.
All the results are obtained for the c.m. energies /s = 250,
500, and 1000 GeV and for the following magnitudes of
the electron (P,-) and positron (P,+) beam polarizations
[7,15,51]:

(Pe‘vpﬁ)
= (0.0), (=0.8.0), (=0.8,0.3), (0.8,0). (0.8, =0.3).
(30)

A. Comparison with other codes

1. Triple comparison of the Born and hard photon
bremsstrahlung cross sections

First of all, we have compared the numerical results for
the polarized Born and hard photon bremsstrahlung cross
section with the ones obtained with the help of the CalcHEP
and WHIZARD. The agreement for the Born cross section
was found to be excellent.

Since the integration of the hard photon bremsstrahlung
cross section without any angular cuts is an unstable
task, additional efforts have been made to compare the
results: the CALCHEP code was recompiled with quadruple
precision and the “BreitWigner range parameter” was
adjusted; WHIZARD code was recompiled with the support
of extended precision numbers, and phase-space setup was
tuned to work better without any cuts.

Table I gives the triple tuned comparison between the
SANC (S), cALcHEP (C), and wHIZARD (W) of the hard
photon bremsstrahlung (6) cross section calculations.

The results are given within the a(0) scheme for c.m.
energies /s = 250, 500, and 1000 GeV, @ = 1074, and the
fixed 100% polarized initial states in the total phase space.

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

2. Comparison of virtual and soft photon
bremsstrahlung contributions

We have obtained very good agreement (six significant
digits) in the comparison of the SANC and AITALC-1.4 [62]
results for the unpolarized differential Born cross sec-
tion and for the sum of virtual and soft photon brems-
strahlung contributions. The comparison was carried out
for different values of the scattering angles (cosd: from
—0.9 up to +0.9999).

TABLE I.  The triple tuned comparison between the SANC (S),
calcHEP (C), and WHIZARD (W) of the hard photon bremsstrah-
lung (6) cross section calculations.

P, P, —1, -1 1, -1 —1, 1 1,1
oMl | fb, \/5 = 250, GeV

S 169.0(1)  8802(1)  11263(1)  169.0(1)

C 168.9(1)  8801(1)  11262(1)  169.0(1)

w 169.0(1)  8802(1)  11263(1)  169.0(1)
oMl fh, \/5 = 500, GeV

S 47.38(1)  2314(1) 2899(1)  47.38(1)

C 47.38(1)  2314(1) 2898(1)  47.38(1)

w 4738(1)  2314(1) 2899(1)  47.38(1)
ohrd | fb, /5 = 1000, GeV

S 12.65(1)  6247(1)  7788(1)  12.65(1)

C 12.65(1)  624.7(1)  778.7(1)  12.64(1)

' 12.65(1)  624.7(1)  7788(1)  12.65(1)

033004-6



ONE-LOOP ELECTROWEAK RADIATIVE CORRECTIONS TO ...

PHYS. REV. D 102, 033004 (2020)

TABLE II. Born cross sections, weak contribution (weak) and
complete one-loop contributions (EW), and relative corrections
5 (%) for the c.m. energy /s = 250 GeV and the set (30) of the
polarization degree of the initial particles in the «(0) and G, EW
schemes.

P, P, 0,0 0,-08 03,-08 0,08 -0.3,038

ag("(;';‘, pb 1.6537(1) 1.8040(1) 2.2572(1) 1.5034(1) 1.8440(1)

oBom. pb 17611(1) 1.9212(1) 2.4039(1) 1.6011(1) 1.9638(1)

ok pb 1.8360(1) 1.9447(1) 2.4261(1) 1.7273(1) 2.1271(1)

a(0)
0, % 11.03(1) 7.81(1)  7.49(1) 14.89(1) 15.36(1)

ouek pb 1.8547(1) 1.9614(1) 2.4466(1) 1.7480(1) 2.1532(1)
5, % 531(1)  2.10(1)  1.78(1)  9.18(1)  9.64(1)
a%,pb 4.534(1) 4.923(1) 6.115(1) 4.145(1) 5.047(1)

5, % 1742(1) 172.9(1) 170.9(1) 175.7(1) 173.7(1)
BV, pb 4728(1) 5.132(1) 6376(1) 4323(1) 5.263(1)

0, % 168.5(1) 167.1(1) 165.2(1) 170.0(1) 168.0(1)

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

1. Energy dependence

In Tables II-1V, the results of the Born cross sections,
weak contribution (weak), and complete one-loop contri-
butions (EW), as well as the relative corrections & (%) for
the c.m. energies /s = 250, 500, 1000 GeV, and the set
(30) of the polarization degree of the initial particles in the
a(0) and G, EW schemes are presented. The results were
obtained without any angular cuts.

The relative correction 6 (in %) is defined as

Cyone—loop (ng , Pe+ )

o=
O-Bom(Pe‘v Pe*)

~1. (31)

As is seen from the tables, the corrections for all
considered c.m. energies, EW schemes, and degrees of

polarization are positive, rather large and equal to about
170%-175% for the c.m energy +/s =250 GeV, about
182%-186% for the c.m energy +/s =500 GeV, and
about 200%-204% for the c.m energy +/s = 1000 GeV
in the @(0) EW scheme. The calculations in the G, scheme
reduce RCs by about 5%—6%.

The main impact on one-loop corrections is due to
the QED contributions. It can be described by large
logarithms of the radiating particle masses (In s/ m,z)
appearing for collinear photons. The contribution of the
collinear photons is clearly seen from Fig. 1, where a rapid
increase of the cross section at small angles of the final
muon (| cos 19”| = 1) is observed. The real-life experimental
angular cuts can rapidly reduce the QED radiative correc-
tions and the whole cross section.

The degree of the initial particle polarization changes the
magnitude of the cross section, the minimal value achieved
for unpolarized beams and the maximum (from the set (30))
for the (P,-,P,+) = (0.3,—0.8) ones. It can be useful to
increase the signal reaction.

2. Angular distributions

In Fig. 1, the unpolarized Born and complete one-loop
cross section for c.m. energies /s =250, 500, and
1000 GeV are shown for the muon angle. As is seen,
the Born distributions are rather smooth, while the EW one-
loop RCs have large values at small angles. As it was
mentioned above, this is due to the collinear emitted
photons. Both distributions are asymmetric.

Since the polarization effects do not change the form of
the distributions, only unpolarized cross section is shown.
The integrated values of the polarization effects are shown
in Tables II-IV.

C. Left-right asymmetry

In Fig. 2, the left-right asymmetry distributions are
shown as a function of the muon angle cosine. The A;p
is defined in the following form:

TABLE III.  The same as in Table II for the c.m. energy /s = 500 GeV.

P+, P,- 0,0 0, 0.8 0.3, —0.8 0, 0.8 -0.3, 0.8
ag(‘g}“, pb 0.40084(1) 0.43351(1) 0.54196(1) 0.36820(1) 0.45215(1)
o(B;‘;m, pb 0.42689(1) 0.46167(1) 0.57717(1) 0.39211(1) 0.48152(1)
ag(e(j‘)k pb 0.44633(1) 0.46766(1) 0.58278(1) 0.42501(1) 0.52413(1)
5, % 11.35(1) 7.88(1) 7.53(1) 15.43(1) 15.92(1)

o¥eik pb 0.45095(1) 0.47168(1) 0.58768(1) 0.43022(1) 0.53067(1)
d, ‘”70 5.64(1) 2.17(1) 1.82(1) 9.72(1) 10.21(1)

GE(‘X), pb 1.145(1) 1.233(1) 1.531(1) 1.056(1) 1.286(1)

8, % 185.7(1) 184.5(1) 182.4(1) 186.8(1) 184.5(1)

ag:", pb 1.195(1) 1.287(1) 1.597(1) 1.102(1) 1.342(1)

8, % 180.0(1) 178.8(1) 176.7(1) 181.1(1) 178.8(1)
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TABLE IV. The same as in Table II for the c.m. energy /s = 1000 GeV.

P, P, 0,0 0, —0.8 0.3, —0.8 0, 0.8 -0.3, 0.8
65(0(;?, pb 0.099570(1) 0.107474(1) 0.134335(1) 0.091666(1) 0.112599(1)
o8, pb 0.106038(1) 0.114455(1) 0.143061(1) 0.097620(1) 0.119913(1)
ok, pb 0.11017(1) 0.11422(1) 0.14218(1) 0.10611(1) 0.13103(1)
6, % 10.64(1) 6.28(1) 5.85(1) 15.8(1) 16.4(1)
agelak, pb 0.11127(1) 0.11511(1) 0.14325(1) 0.10743(1) 0.13269(1)
0, ;%; 4.93(1) 0.57(1) 0.13(1) 10.05(1) 10.66(1)
05(‘8'), pb 0.3003(1) 0.3223(1) 0.3997(1) 0.2782(1) 0.3392(1)
5, % 201.6(1) 199.9(1) 197.5(1) 203.5(1) 201.2(1)
oEV, pb 0.3137(1) 0.3367(1) 0.4176(1) 0.2907(1) 0.3543(1)
0, ‘% 195.9(1) 194.2(1) 191.9(1) 197.8(1) 195.5(1)
A = OLR ~ ORL ’ (32) The A; asymmetry distributions for the Born and one-
OLR T ORrL loop contribution are shown for three c.m. energies

where o;r and op; are the cross sections for 100%
polarized electron-positron e} e} and egpe; initial states.

100 T T T T T T T T T

\s =250 GeV 1-loop ——

10 } } } } } } } } }
Vs = 500 GeV

—_

do / dcosSILl
o

Vs = 1000 GeV

-1 -08-06-04-02 0 02 04 06 08 1

0.01

cosSM

FIG. 1. The Born (dashed line) and one-loop (solid line)
differential cross sections of the e"e™ — u~u™ reaction for the
c.m energies /s = 250, 500, 1000 GeV.

/s =250, 500, 1000 GeV.

One can see that the EW RCs strongly affect the
asymmetry. The Born contribution to A;z has a smooth

018} \s = 250 Gev Born ------

014

01F .7

0.06

0.02

1-loop

-

0.18

0.14

0.1

AR

0.06

0.02

0.22
0.18
0.14

0.1
0.06
0.02

1 1 1 1

-1 -08-06-04-02 0 02 04 06 0.8 1

COSSP

FIG. 2. The dependence of the A;r asymmetry on the muon
angle for the Born (dashed line) and one-loop (solid line)
contributions for three c.m. energies /s = 250, 500, 1000 GeV.
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FIG. 3.
bremsstahlung).

dependence on cos 19M, equals zero at cos 19ﬂ = —1, and the
value 0.12-0.14 depending on the c.m energy. The one-
loop contribution has two maxima: the first at cosd, = 1
and the other one at cosd, = —0.6 for /s =250 GeV,
cosd, =—08 for /s =500GeV, and around the
cosd, = —1 for \/s = 1000 GeV.

The shape of A;y is mainly formed by the radiation of
hard photons from the initial electron-positron pair. The left
and right peaks of A; ; are defined by a specific interplay of
the intermediate Z boson and photon propagator contribu-
tions (note that the symmetric photon contribution affects
only the denominator of A;y). Besides, the interference
y/Z term has an influence on the scale of A;k; see Fig. 3.

During the LEP era, the A; » asymmetry (as well as Agp,
Arpprr and final lepton polarization) calculated at the Z pole
was used to measure experimentally sin®@y. A compre-
hensive investigation of the one-loop contribution to the
above-mentioned variables in wide c.m. energy region
(/s = 20-500 GeV) can be found in [53].

IV. CONCLUSIONS AND OUTLOOK

The theoretical description of ete™ — [T]™ scattering
taking into account complete one-loop and high-order

The contributions of the intermediate Z boson and photon propagators to the A;p asymmetry (ISR part of hard photon

radiative corrections is crucial for luminosity monitoring
at modern and future e™e~ colliders. Consideration of
beam polarization is a novel requirement for theoretical
predictions for e e~ collisions at CLIC and ILC energies.

In the paper, we have described the implementation of
the complete one-loop EW calculations including the hard
photon bremsstrahlung contribution to the SANC frame-
work. It allows one to calculate observables for polarization
processes of the lepton pair production.

In this study, the relevant contributions to the cross
section are calculated analytically using the helicity ampli-
tudes approach, which allows one to evaluate the contri-
bution of any polarization of the initial and final fermions
and then estimated numerically. The helicity amplitudes
were used not only for the Born-like parts but also for the
hard photon bremsstrahlung contribution taking into
account the initial and final masses of radiate particles.
The effect of polarization of the initial beams is carefully
analyzed for certain states. The angular and energy depend-
ences are also considered.

All contributions to the complete one-loop corrections,
i.e., Born, virtual, and real soft and hard photon brems-
strahlung, were obtained using the helicity amplitude
approach. The independence of the form factors of the
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gauge parameters was tested, and the stability of the result
on the variation of the soft-hard separation parameter @ was
checked.

The calculated polarized tree-level cross sections for the
Born and hard photon bremsstrahlung were compared with
the CALCHEP and WHIZARD results and very good (within
four to five digits) agreement with the above-mentioned
codes was found.

Also, we obtained very good agreement (six significant
digits) in comparing the SANC and AITALC-1.4 [62] results
for the unpolarized differential Born cross section and
for the sum of virtual and soft photon bremsstrahlung
contributions.

As a result, the polarization effects are significant and
give increase in the cross section at the definite
initial degrees of polarization compared to the unpolarized
one.

We show that the complete O(a) electroweak radiative
corrections provide a considerable impact on the differ-
ential cross section and the left-right asymmetry Ajg.
Moreover, the corrections themselves are rather sensitive
to polarization degrees of the initial beams and depend
quite strongly on energy.

Considering the eTe™ — [7I" process as one for the
purpose of luminometry, one needs to take into account
high-order effects, such as leading multiphoton QED
logarithms and leading EW and mixed QCD-EW multiloop
corrections. It will be implemented in the future.
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