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One-loop electroweak radiative corrections to polarized e*e~ — ZH

S. Bondarenko
Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, 141980 Russia

Ya. Dydyshka,T L. Kalinovskaya, L. Rumyantsev,jIE R. Sadykov, and V. YermolchykT
Dzhelepov Laboratory of Nuclear Problems, JINR, Dubna, 141980 Russia

®  (Received 22 May 2019; published 4 October 2019)

In this paper we give high-precision theoretical predictions for cross sections of the process e™e™ — ZH
for future electron-positron colliders. The calculations are performed using the SANC system. They include
complete one-loop electroweak radiative corrections, as well as the longitudinal polarization of initial
beams. Numerical results are given for the center-of-mass energy range /s = 250-1000 GeV with various

polarization degrees.
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I. INTRODUCTION

The clean signatures of the reactions at e*e™ colliders
combined with the polarization effect of initial particles can
increase the precision of theoretical predictions for various
observables of Standard Model processes [1].

Future linear collider projects such as ILC [2] and CLIC
[3] are designed to produce polarized beams—up to 80%
for electrons and 60% for positrons. The prospects for beam
polarization have also been considered for future circular
colliders, such as CEPC [4] and FCC-ee [5]. The center-of-
mass (c.m.) energy range of the above colliders will be
\/E = 250-1000 GeV, while 250 GeV is the optimal value
for Higgs production through the Higgsstrahlung process
eTe™ — ZH, which is the most important for obtaining
precise measurements of the Higgs” mass, spin, CP nature,
the coupling of the Higgs to ZZ, and various branching
ratios. Thus, it is important to take beam polarization into
account in theoretical calculations.

There are three main Higgs production processes at
eTe™ colliders: Higgsstrahlung (ete™ — ZH), W fusion
[ete” = vv,(WTW™) - v,v,H], and Z fusion (eTe™ —
ete (ZZ) - ete H) [6-12].

In this paper we present the results for the complete one-
loop electroweak (EW) radiative corrections (RCs) to
Higgsstrahlung for arbitrary longitudinal polarization of
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the positron and electron beams. Numerical results are
obtained for various polarization degrees.

The radiative corrections to Higgsstrahlung with unpo-
larized initial particles were extensively considered in the
literature [13—15]. Recently, the mixed QCD-EW correc-
tions for Higgs boson production were estimated in
Refs. [16,17]. The QED corrections due to the initial-state
radiation to associated Higgs boson production in electron-
positron annihilation by applying the QED Structure
Function approach were recently evaluated in Ref. [18].
The polarized virtual and soft photon EW RCs to the
Higgsstrahlung process were calculated in Refs. [19,20].

We present numerical estimations for the corrections of
the total cross section and differential distribution in the
Z-boson scattering angle cos 9, as well as for the left-right
asymmetry A;p as a function of cosd,. The relevant
contributions to the cross section of the reaction are
calculated analytically and numerically.

For the numerical evaluation of the process we use the
MCSANC integrator [21,22] which has been extended for the
longitudinally polarized et and e~ beams (MCSANCEE
integrator). It was previously used for the Bhabha process
[23]. The unpolarized virtual and soft bremsstrahlung con-
tributions are compared with the results of Refs. [19,20] and
the GRACE-LOOP program [24]. The cross sections for the
polarized Born and hard bremsstrahlung are verified by
means of the corresponding results of the WHIZARD [25] and
CALCHEP [26] programs.

The paper is organized as follows. In Sec. II we describe
the cross section calculation technique at the one-loop EW
level. Expressions for the covariant (CA) and helicity
amplitudes (HA) are presented. The approach to take the
polarization effects into account is discussed. In Sec. III we
give numerical results for the total and differential cross
sections as well as for relative corrections. In Sec. IV we give
our conclusion.
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II. DIFFERENTIAL CROSS SECTION

Let us consider scattering of longitudinally polarized
e™ and e~ beams with polarization degrees P,+ and P,-,
respectively. Then the cross section of the generic process

eTe™ — ... can be expressed as follows:
1
G(Pe‘vPe+)ZZZ(1 +)(1Pe+)(1 +)(2P ) () (1)
X1 X2
where y; = —1(+1) corresponds to a lepton with left

(right) helicity.
The complete one-loop cross section of the process can
be divided into four parts:

oone-loop —  ;Born 4 va(/l) + Gsoft(ﬁ7 w) + Uhard(w)’ (2)

Born is the contri-

where o is the Born cross section, oIt
bution of virtual (loop) corrections, and ¢*°had) s the soft
(hard) photon emission contribution (where the hard
photon energy E, > w). The auxiliary parameters A
(“photon mass”) and w are canceled after summation.
We apply the helicity approach to all contributions.
The virtual (Born) cross section of the ete™ — ZH

process
et (pr.y) + e (paxa) = Z(ps.x3) + H(ps)  (3)

can be written as follows:

virt(Born
da)m;g : _ /I(va%M%J) |H)\;i1;(t(30m)|2 (4)
1X2 ’

dcosd, 327s?
where
virt(Born virt(Born)
|H)(1r}:£ P | = Z |H)(1I)T(2)(3 | . (5)
=0,%1

The soft bremsstrahlung term is factorized in front of the
Born cross section as follows:

d Gsoft d O.Born a 2w 2 P
XX XX, L2 4L In=—=-—"_ 1
dcos®, dcos 82 27r< + A 3 )

e

The cross section for the hard bremsstrahlung

et (pr.x1) + e (pai2) = Z(ps.x3) + H(ps) +v(ps.xs)

()
is given by the expression
doyyy, __s=s A ML MG 1) (phard o
ds'dcosO,dgsdcosts  8(4m)ss' \/i(s.m2m?) = P
(8)

El

where s’ = (p; + p4)? and

e R S S Vs (9)

23=0.+1 ys—+1

Here 605 is the angle between the 3-momenta of the
photon and positron, 6, is the angle between the
3-momenta of the Z boson and photon in the rest frame
of the (Z, H) compound, and ¢, is the azimuthal angle of
the Z boson in the rest frame of the (Z, H) compound.

A. Covariant amplitude for the Born and virtual parts

Neglecting the masses, the CA of the initial particles can
be written as follows [27]:

actt =N [a(p0) (1 0.7 (50
Y (p 5 ulp)ed ()|

i=12

+[oﬁ56,y+w_,fﬂs,t)af;(s,r)]}, (10)

where
. 2 M
Nis)=-2 — _F2____ (11)
4CWS —MZ + lerz
We have also used various coupling constants:
6, =10, +a,, o, = v, —4a,,
M
Cw = M—W7 9= i- (12)
z Sw

B. Helicity amplitudes for the Born and virtual parts

There are six nonzero HAs for the virtual contribution:

Moy = NG e { Vie 5

—Fi(s.1)] - 40, FE (s, ;)},

H, = N(s)\/gc_{\/zc+[f2+(s, 1)
—F(5.1)] — 4o, Fi (s, ;)},

LS VB F s

T (s )] +do F ()b (13)

H+—0:N( )

where
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L=s+Mi-M%, 2

A
p=pis. 301 =2

cy =1%cosdy. (14)

= A(s, M2, M%),

Py =P Ecosdy,

The expression for the amplitude H_, . (H_,_) can be
obtained from the expression for H,_, (H,__) by replac-
ingo, > 6,,¢c, = c_, F* — F~,and the amplitude H__
can be obtained from —H, _, by replacing ¢, — 6,.

The form factors should be set to Fi(s,7) =1 and
F#(s,t) =0 in order to get Born HAs.

C. Helicity amplitudes for hard bremsstrahlung

We introduce the following notations for the massless
particle spinors with light-like momentum k;:

uy (ki) =yrulk;) = v_(k;) = ryv(k;) = |i),
u_(k;) = y-u(k;) = vy (k;) = y-v(k;) = i,
ity (ki) = u(k;)y- = v_(k;) = v(k;)y_ = [il,
i_(k;) = u(ki)y, = vy (k;) = v(k;)ry = (i]. (15)

Using Eq. (15) we construct the polarization wave func-
tions for other particles, including the massive ones.

We project all massive momenta with p? = m? to the
light cone of the photon ps and introduce the associated
“momenta’:

2
i = Pi 7 Ds. k2 =0, i=1..4,
2p;i- ps
4
_Zki = Kps,
i=1
4 2 4 2
K:] mi 1 mz
12pl Ps i 12kz Ps
4
== pi=K'ks,
i=1
4 2 4 2
n; ms
K'=1- =1- L (16)
" 2pl 'ks ;Zkl ‘k5

Since the vector k5 appears to be light-like, there is a certain
“momentum conservation” of the associated vectors.

To construct the photon polarization vector and fix the
gauge parameters, we need to introduce the auxiliary
massless vector g. We use the following parametrization:

6 (ks) = E‘%;] (e (k)"
b k) = ) = V3RS
() = V3 IS )

There are 20 nonzero HAs for hard bremsstrahlung:

112](3|5) [/ 6
Ahar++_2 MZ[ | ]( | ><s_e_f_&>7
15

319 2
e S )
pom 2sz; Ll )
O
el )
e
Aty = Vo (9520
1) T<1'5><2'3> o) ).
o
o (BB DGl i)
T
1, (EELEICS)_PROR) w19))
where

sis = 2k; - ps = K’<il5>[5\i}-

The other HAs ones can be obtained by using CP
symmetry:

Ahard

X305 ){1)(2)(3)(514—)(1—)(2—)(1—)(5|P1<—>P2' (18)

There is some degree of freedom in the choice of the
light-cone projection which corresponds to the arbitrariness
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of the spin quantization direction. We use it to make the
above expressions compact.

To obtain the amplitudes H with definite helicity, spin-
rotation matrices C should be independently applied for
each index y of incoming particles:

H e = eN(s’)CgA

7R
[k ps] m; (ky ps)
ot — [pips] (kiekp) (pips)
& m; [k ps] <kibp5>
L ki kp 1[pips] (pips)
[ fep e
i* Kb Kb )\PiD5
— v i l
m;lky ps) [k pi] ’ ( 9)
| Tekollprs] kol |
where
ki = {|131 . =Dj —p’,"', —pf}, k,% =0,
2
m:
ky =p;, ———k;, kK2 =0. 20
i Pi 2pi i ki* 1 i ( )

III. NUMERICAL RESULTS AND COMPARISON

In this section we present numerical results for polarized
EW RCs to the ete™ — ZH process obtained by means of
the MCSANCEE integrator. We work in the a(0) EW scheme
and use the following set of input parameters:

a~1(0) = 137.03599976,
My, = 80.4514958 GeV, M, =91.1876 GeV,
My =125GeV,  m, = 0.51099907 MeV,

m, = 0.105658389 GeV,  m, = 1.77705 GeV,

I'; =2.49977 GeV

my =0.083 GeV,  m, =0.215 GeV,
my, = 4.7 GeV,  m, = 0.062 GeV,
m,=15GeV, m,=173.8 GeV. (21)

In Ref. [27] we compared the one-loop EW calculations
(excluding hard bremsstrahlung) with the results of
Refs. [19,20] and the GRACE-LOOP program [24]. Good
agreement has also been obtained between the Born and
pure weak contributions and the results of Refs. [16,17].

The polarized Born and hard bremsstrahlung cross sec-
tions are verified by means of the corresponding results of the
WHIZARD [25] and CALCHEP [26] programs. For comparison
of the real photon emission we apply an additional cut on the
photon energy E, > 1 GeV. We obtain an excellent agree-
ment with the above-mentioned programs.

To calculate the one-loop EW RCs we use the soft-hard
separator @ < /s/2.

TABLE 1. Hard (E, > 1 GeV), Bom, and one-loop cross
sections in fb and relative corrections 6 in % for the c.m. energy
/s =250 GeV and various polarization degrees of the initial
particles.

P[ Pe+ ghard’ fb GBom’ fb Gone—loop’ fb 5, %

0 0 82.0(1) 225.59(1)  206.77(1) -8.3(1)
-08 0 96.7(1) 266.05(1)  223.33(2) —16.1(1)
-0.8 -0.6 46.3(1) 127.42(1)  111.67(2) —12.4(1)
-0.8 0.6 147.1(1)  404.69(1)  334.99(1) —-17.2(1)
TABLE II. Hard (E, > 1 GeV), Born, and one-loop cross

sections in fb and relative corrections 6 in % for the c.m. energy
\/s =500 GeV and various polarization degrees of the initial
particles.

Pe‘ Pe+ O.hard, fb O.Bom’ fb O.one—loop’ fb 5, %

0 0 38.95(1)  53.74(1)  62.42(1) 16.7(1)
-0.8 0 45.92(1)  63.38(1)  68.31(1) 7.8(1)
-0.8 -0.6 22.10(1)  30.35(1)  34.04(1) 12.1(1)
—08 0.6  69.74(1) 96.40(1)  102.58(1) 6.4(1)

Tables I-III show the results for the polarized Born, hard
bremsstrahlung, and one-loop cross sections (in fb), and the
relative corrections for various c.m. energies and polari-
zation degrees of the initial particles. The relative correc-
tion 6 (in %) is defined as follows:

5 oone-loop (Pf , Pe+)
O-Bom(Pe’ ’ Pe*)

—1. (22)

In Table I we present the hard (Ey > 1 GeV), Born, and
one-loop cross sections in fb and relative corrections 0 in %
for a c.m. energy /s = 250 GeV and various polarization
degrees of the initial particles. For the unpolarized case the
correction is negative and equal to about —8%. It remains
negative and reaches its highest value of about —17% for
the polarization values (P,-, P,~) = (—0.8,0.6).

In Tables II and III we present cross sections and relative
corrections for the c.m. energies /s = 500, 1000 GeV. The
unpolarized corrections are positive and equal to about 17%
for /s =500 GeV and 21% for /s = 1000 GeV. The
polarized corrections remain positive and reach their lowest

TABLE III. Hard (E, > 1 GeV), Born, and one-loop cross
sections in fb and relative corrections 6 in % for the c.m. energy
/s = 1000 GeV and various polarization degrees of the initial
particles.

P( PL,+ ahard’ fb aBom’ fb aone—lnop’ fb 5, %

0 0 11.67(1)  12.05(1) 14.56(1) 20.8(1)
-08 0 13.75(1)  14.217(1)  15.80(1) 11.1(1)
-0.8 —-0.6 6.65(1) 6.809(1) 7.95(1) 16.7(1)
-0.8 0.6  20.85(1) 21.62(1) 23.66(1) 9.4(1)
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FIG. 1. The complete one-loop relative corrections o for various

polarization degrees.

values of about 6% for /s =500 GeV and 9% for
/s = 1000 GeV for the polarization values (P,-, P,+) =
(—=0.8,0.6).

Figure 1 shows the complete one-loop relative corrections
of various polarization degrees of the initial particles. The
notations are as follows: (P,-,P,+) = (0,0) (solid violet
line), (—0.8, 0) (dashed green line), (—0.8,0.6) (dotted blue
line), and (—0.8,—0.6) (dash-dotted orange line).

The comparison of cross sections between the unpolar-
ized and polarized cases demonstrates the significance of
the polarization effects.

In Fig. 2 the separate pure weak (PW), QED, and one-
loop (NLO) contributions to the relative corrections are
shown, where

ONLO = Opw + OQED- (23)

The lines corresponding to different contributions and
schemes are labeled as follows: NLO a(0) (solid violet
line), PW «(0) (dotted green line), NLO G, (dashed green
line), PW G, (dash-dotted orange line), and QED (dash-
dot-dotted blue line). The QED contribution has the largest
impact on the relative correction in comparison with the
pure weak term. The G, EW scheme calculations are
shifted by —(6-7)% in comparison with the a(0) scheme.

30
20 |
10 |-
x
- [~ e
° _10 4. -
vi 5pw, a(O)
—20 INLOS a(O) —
opw, Gy
—30 INLO> Gu - - -
0QED ==
—40 1 1 1 1 1 1 I

300 400 500 600 700 800 900 1000
Vs, GeV

FIG. 2. Relative corrections § in percent of NLO, PW, and QED
contributions in the «(0) and G, EW schemes.

ete 5 ZH

0.24F¢
0.22—
0.2

> — Born .
018>, — = 1-loop 250 I__'

i"\ ----- 1-loop 500 ;

< 0166, == 1-loop 1000 B

0.14}% . !, R
012 et e e
0.1:—-—--——-4“-'-.-,;-'——--—-—————:_\ A
008 e
0.06:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

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

cos 9,

FIG. 3. Distributions of the left-right asymmetry A; » in cos 9,
for the Born and one-loop levels for the c.m. energies /s = 250,
500, 1000 GeV.

Figure 3 shows the distributions of the left-right asym-
metry Ay in cosd, for the Born and one-loop levels for
the c.m. energies /s = 250, 500, 1000 GeV, where A, is
defined as follows:

c
Arg = 24
LR ( ,1)+0(1,—1) ( )
At the Born level the A, is constant:
—3M?% + AMZLM;;
ABom — 2 E MMy 02043, (25)

- SMY - 12M2M3, + 8M,

The asymmetry analysis (Fig. 3) shows a significant
increase of Ay at high angles as the c.m. energy increases
from /s from 250 GeV to 1000 GeV.

The next-to-next-to-leading-order mixed QCD-EW
O(aay) corrections to the unpolarized integrated cross
sections were estimated in Refs. [16,17]. They are about
1% in the region of c.m. energy /s = 250-500 GeV in the
a(0) EW scheme and, at least, 1 order of magnitude lower
in comparison with the complete O(a) corrections.

IV. CONCLUSION AND OUTLOOK

In the paper we have investigated the complete one-loop
electroweak radiative corrections for the process ete™ —
ZH with longitudinal polarization of positron and electron
beams in a wide center-of-mass energy range.

We have reported estimations for the relative corrections
o for various values of the longitudinal polarization of the
positron and electron beams for various energy values: for
250, 500, and 1000 GeV the relative corrections are —8.3 to
—17.2%, 6.4 to 16.7%, and 9.4 to 20.8%, respectively.

Note that a sharp increase of the relative correction o (see
Fig. 1) at the threshold is due to the small absolute values of
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the Born and one-loop contributions. The ¢ is of the order
of 20% at 1 TeV and represents the combination of the large
positive QED and small negative weak corrections. The
QED corrections dominate in this energy region.

When calculating the asymmetry, the factorizable correc-
tions (such as QED) are mutually reduced. Thus, we see that
the magnitude of the asymmetry is sensitive to the contri-
butions from nonfactorizable corrections, such as those from
the weak sector. Therefore, understanding the asymmetry
may be helpful in searching for new physics [28-30].

All numerical calculations have been performed using
the MCSANCEE integrator which allows one to calculate
differential, integrated cross sections and distributions for
ete” > ete”,ZH reactions with the longitudinally

polarized positron and electron beams. In addition the
integrator, the MCSANCEE event generator at the complete
one-loop level currently being developed [31].

It is important to emphasize that for experimental
investigations the higher-order corrections (mixed QCD-
EW corrections, Sudakov two-loop leading logarithms,
multiphoton resummation, and so on) should also be
included in the precise theoretical tools.
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