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ABSTRACT

We present full O(a) electroweak radiative corrections to e*e™ — ZH with the initial beam
polarizations at the International Linear Collider (ILC). The calculation is checked numerically by
using three consistency tests that are ultraviolet finiteness, infrared finiteness, and gauge
parameter independence. In phenomenological results, we study the impact of the electroweak
corrections to total cross section as well as its distributions. In addition, we discuss the possibility
of searching for an additional Higgs in arbitrary beyond the Standard Model (BSM) through ZH
production at the ILC.

Keywords: Higgs physics at future colliders, numerical method for particle physics, one —
loop electroweak corrections, physics beyond the Standard Model.
TOM TAT

Céc bé chinh bikc xa dign yéu cia gidn dé6 Feynman mgt vong cho qua trinh e*e™ — ZH
véi chum tia tgi phan cuc tgi ILC

Chuing t6i trinh bay cac bé chinh bic xa dién yéu cia gian do Feynman mgt vong cho qua
trinh e*e™ — ZH véi chum tia téi phan cuc tai may gia tac tuyén tinh quéc té (ILC). Két qua tinh
todn duwoc kiém tra so bang ba phép kiém tra: Hiru han tir ngogi, hitu han hong ngogi va tinh déc
ldp véi cac tham sé gauge. Trong phan két qua hién airong lugn, ching toi nghién ciu vé si anh
huong cua cac bo chink dién yéu doi véi tiét dién tan xa va cac phan ba tiét dién tan xa. Hon nira,
chiing t6i ciing thao ludgn vé kha nang im ra mgt hat Higgs (khac véi hat Higgs trong md hinh
chudn) trong sé nhizng md hinh mg réng ciza md hinh chuan (BSM) théng qua qua trinh e*e™ —
ZH tgi ILC.

Tir khoa: vat 1i Higgs tai may gia toc tuong lai, phuong phap giai sb trong vat Ii hat, b6
chinh dién yéu cua gian d6 Feynman mot vong, vat |i trong cac md hinh mg rong cia mé hinh
chuan.

1. Introduction

The discovery of the Standard Model-like Higgs boson at the Large Hadron Collider
(LHC) in 2012 [1], [2] has opened up a new era in particle physics which focuses on
precision measurement of the Standard Model (SM) as well as search for physics beyond
the Standard Model. In particular, one of the main targets of future colliders such as the
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LHC at high luminosities [3], [4], the ILC [5], is to measure the properties of the Higgs
boson. These measurements will be performed at high precision, e.g. the Higgs boson’s
couplings will be probed at the precision of 1% or better for a statistically significant
measurement [5]. This level of precision can be archived at the clean environment of
lepton colliders (the ILC as a typical example) rather than hadron colliders. In order to
match the high precision data in near future, higher-order corrections to Higgs productions
at the ILC are necessary.

The ILC is a proposed e*e~collider including the initial beam polarizations with
center of-mass energy (\/E) in range of 250 GeV to 500 GeV. The energy can be also
expanded up to 1 TeV. The main Higgs production channels at the ILC are Higgsstrahlung
(ZH) and WW-, ZZ- fusions. With 250 GeV < +/s < 500 GeV, the Higgsstrahlung process
is the dominant channel. For the process e¥e™ — ZH, the advantage of the recoil mass
technique [6] can be applied to extract the ZH event which is independent of the Higgs
decay channels. Hence, the cross section for this process and its relevant distributions can
be measured to few sub-percent accuracy.

Full one-loop electroweak radiative corrections have been computed in Refs. [7] -
[9]. In above calculations, the authors have provided the results for polarized leptons as
well as polarized Z-boson. However, the detailed numerical investigation for polarizations
of e*,e™ at the ILC, e.g. two beam polarizations which are (Pe~, Pe*) = (—80%, +30%)
and (+80%,—30%) have not been presented yet. Recently, mixed electroweak-QCD
corrections to this process have been considered in Ref. [10]. The paper has only presented
the results for unpolarized beams of e*, e™.

In view of the importance of the process e*e™ — ZH, we perform the computation
again in order to cross-check the previous results, update the physical predictions by using
the modern input parameters, and include the initial beam polarizations at the ILC.
Moreover, in this paper we develop a model-independent way introducing an additional
Higgs boson to the SM. The coupling of the extra Higgs to ZZ which follows the sum rules
for Higgs bosons [11]. We then discuss the possibility to probe BSM through ZH
production at the ILC.

Our paper is organized as follows: In the next section, we present the calculation in
detail. First, the GRACE-LOOP is described briefly. One then performs the numerical
checks for the calculation. We next show the physical results for the process e*e™ — ZH
with non - polarized beams at the ILC in more detail. In section Ill, search for the
additional Higgs boson at the ILC is discussed. Finally, conclusions and prospects are
devoted in section V.
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2. The calculations

In this section, we explain the computation for full one-loop radiative corrections to
process e*e~ — ZH in detail. The GRACE program at one-loop [12] used for this
computation is described in next subsection.

2.1. GRACE at one loop

GRACE-LOORP is a generic program for the automatic calculation of scattering
processes at one-loop electroweak corrections in High Energy Physics. With the
complexity of the automatic calculation, the internal consistency checks for the
computation are necessary. For this purpose, the program has implemented non-linear
gauge fixing terms in the Lagrangian which will be described in the next paragraphs. In
GRACE-LOOP, the renormalization has been carried out with the on-shell condition
(follows Kyoto scheme) as reported in Ref. [12]. This program has been checked carefully
with many of 2 — 2-body electroweak processes in Ref. [12]. The GRACE-LOOP has also
been used to calculate 2 — 3-body processes such as ete™ —» ZZH, ete™ — ttH, ete™ »
vVH. Moreover, the 2 — 4-body process as e*e™ — v, V,, HH has been performed by using
GRACE-LOOP. Recently, full one-loop electroweak radiative corrections to two important
processes which are ete™ — tty,e*e~y have been computed successfully with the help of
the program.

Full one-loop electroweak corrections to a process in the GRACE program are
computed as follows. First, we edit a file (it is called in.prc) in which the users declare the
model (Standard Model in this case), the names of the incoming and outgoing particles,
and kinematic configurations for the phase space integration. In the intermediate stage,
symbolic manipulation FORM [13] handles all Dirac and tensor algebra in d-dimensions,
decomposes the scattering amplitude into coefficients of tensor one-loop integrals and
writes the formulas in terms of FORTRAN subroutines on a diagram by diagram basis.
The generated FORTRAN code will be combined with libraries which contain the routines
that reduce the tensor one-loop integrals into scalar one-loop functions. These scalar
functions will be numerically evaluated by one of the FF [14] or LoopTools [15] packages.
The ultraviolet divergences (UV-divergences) are regulated by dimensional regularization
and the infrared divergences (IR-divergences) is regulated by giving the photon an
infinitesimal mass A. Eventually all FORTRAN routines are linked with the GRACE
libraries which include the kinematic libraries and the Monte Carlo integration program
BASES [16]. The resulting executable program can finally calculate cross-sections and
generate events. Ref [12] describes the method used by the GRACE-LOOP to reduce the
tensor one-loop five- and six-point functions into one-loop four-point functions.

As mentioned before, the GRACE-LOOP allows the use of non-linear gauge fixing
conditions [12] which are defined as follows
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We work in the Rg-type gauges with condition §,, = &, =&, = 1 (with so-called the
't Hooft Feynman gauge), there is no contribution of the longitudinal term in the gauge
propagator. This choice not only has the advantage of making the expressions much
simpler, but also avoids unnecessary large cancellations, high tensor ranks in the one-loop
integrals and extra powers of momenta in the denominators which cannot be handled by
the FF package.

Recently, we have used our one-loop integral program which has been reported in
Ref. [17]. The polarizations for initial beam have been also included in this program [18].
Both new features are used for the calculations in this report.
2.2. e*e” — ZH with unpolarized beams

The full set of Feynman diagrams with the nonlinear gauge fixing, as described in the
previous section, consists of 4 tree diagrams and 341 one-loop diagrams. This includes the
counterterm diagrams. In Fig. 1, we show some selected diagrams.
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Figure 1. Typical Feynman diagrams for the reaction e*e~ — ZH generated
by the GRACE-Loop system

We use the following input parameters for the calculation: The fine structure
constant in the Thomson limit is «~* = 137.0359895. The mass of the Z boson is taken
M, = 91.1876 GeV and its decay width is I';; = 2.35GeV. The mass of the Higgs boson is
My =126 GeV. In the on-shell renormalization scheme, the mass of W boson is treated as
an input parameter. Because of the limited accuracy of the measured value for My, we
hence take the value that is derived from the electroweak radiative corrections to the muon
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decay width (Ar) [12] with G, = 1.16639 x 10 — 5 GeV 2. As a result, My, is a function
of My. The resulting M, = 80.370 GeV is corresponding to Ar = 2.49%. Finally, for the
lepton masses we take m, = 0.51099891 MeV, m, = 105.658367 MeV and m,= 1776.82
MeV. The quark masses are m,, = 63 MeV, m; =63 MeV, m, = 1.5 GeV, mg = 94 MeV,
m, =173.5 GeV, and m;, =4.7 GeV.

The full O(a) electroweak cross section considers the tree graphs and the full
one-loop virtual corrections as well as the soft and hard bremsstrahlung contributions.
In general, the total cross section in full one-loop electroweak radiative corrections is
given by

oty = [aot + [ dof (Cp (B2 RLY
+[doBbupA < By <)+ [dof(Baz k). @

In this formula, %7 is the tree-level cross section, o is the cross section due to the
interference between the one-loop and the tree diagrams. The contribution must be
independent of the UV-cutoff parameter (Cy,) and the nonlinear gauge parameters
(&, B, 8, k). Because of the way we regularize the IR divergences, oZ" depends on the
photon mass A. This A dependence must cancel against the soft-photon contribution, which
is the third term in Eq. (2). The soft-photon part can be factorized into a soft factor, which
is calculated explicitly in Ref [12], and the cross section from the tree diagrams.

In Tables 1, 2 and 3 in this section, we present the numerical results for the checks of
UV finiteness, gauge invariance, and the IR finiteness at one random point in phase space,

evaluated with double precision. The results are stable over a range of 14 digits.

Finally, we consider the contribution of the hard photon bremsstrahlung, GleYS(kC).

This part is the process ete™ — ZHygs with an added hard bremsstrahlung photon. The
process is generated by the tree-level version of the GRACE [12]. By taking this part into
the total cross section, the final results must be independent of the soft-photon cutoff
energy k. . Table 4 shows the numerical result of the check of k. - stability. Changing k.
from 0.0001 GeV to 0.1 GeV, the results are consistent to an accuracy better than 0.04%
(this accuracy is better than that in each Monte Carlo integration).

Table 1. Test of Cyy, independence of the amplitude. In this table, we take the nonlinear gauge
parameters to be (0,0,0,0,0), 2 = 10717 GeV and we use 1 TeV for the center-of-mass energy

Cyy 2Re(M7 M)

0 —8.6563074319085317.1072
102 —8.6563074319085359 - 102
103 —8.6563074319085234 - 1072
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Table 2. Test of the IR finiteness of the amplitude. In this table we take the nonlinear gauge
parameters to be (0,0,0,0,0), Cyy= 0 and the center-of-mass energy is 1 TeV.

AlGeV] 2Re(MFM )+ soft contribution

10715 —4.3320229357755305 - 1073
10~Y —4.3320229357753596 - 1073
10720 —4.3320229357753995 - 1073

Table 3. Gauge invariance of the amplitude. In this table, we set Cy,= 0,
the fictitious photon mass is 1017 GeV and a 1 TeV center-of-mass energy

(@.B,6,&8%) 2Re(M ;M) + soft contribution
(0,0,0,0,0) —8.6563074319085317 - 1072
(1,2,3,4,5) —8.6563074319085234 - 102
(10,20,30,40,50) —8.6563074319075561 - 102

Table 4. Test of the k_-stability of the result. We choose the photon mass to be 10717 GeV
and the center-of-mass energy is 1 TeV. The second column presents the hard photon
cross-section and the third column presents the soft photon cross-section. The final column
is the sum of both

ke [GeV] g5 X 107* [pb] oy % 1072 [pb] 05+ * 1072 [pb]

105 3.291191 2.933921 6.025112
+0.002435 +0.002614 '
3.647297 2.579148

10-* 6.226445
+0.002698 +0.002259
4.003403 2.220851

1073 6.224254
+0.002961 +0.001956

10-2 4.359510 1.864859 6.224369
+0.003225 +0.001564 '
4.715616 1.507799

107t 22341
+0.003488 +0.001270 ° >

Having verified the stability of the results, we proceed to generate the physical
results of the process. Hereafter, we use A = 10717GeV, Cyy = 0, k. = 1072 GeV, and
(d,E,S, & K) = (0,0,0,0,0). We defined the percentage of full electroweak radiative
corrections as follows:

GZH  _ G%H
8w [%0] = % x 100%. (€))

T
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The Ky, factor is also shown in the physical results. It is defined as

_ Gg?a) _

Kgw = 1 (4)

oZH

In Fig. 2 (left Figure), we present the total cross section and full electroweak
corrections as a function of center-of-mass energy. The energy varies from 220 GeV to
1000 GeV. The cross section has a peak around /s ~ 250GeV(~ My + M;). It then
decreases when +/s > 250 GeV. On the right corner of this Figure, the percentage of full
radiative corrections to the total cross section is shown as a function of v/s. We observe
that the corrections are from ~ —40% to ~ 20% which are corresponding to 220 GeV <+/s
< 1000 GeV. In the low energy region, QED corrections are dominant. While the weak
corrections are the large contribution at higher-energy region. It is well-known that the
weak corrections in the high-energy region are attributed to the enhancement contribution
of the single Sudakov logarithm. Its contribution can be estimated as follows:

2

%ln <Mi§> ~ 0(10%) aty5 = 1000GeV. (5)

It is clear that the corrections make a sizable contribution to the total cross section
and cannot be ignored for the high-precision program at the ILC.

In Fig. 2 (right Figure), the angular distribution of Z boson is generated at /s = 250
GeV. In this Figure, the Ky, given in Eq. (4) indicates the electroweak corrections to the
differential cross section. One finds that the corrections are about = —8%. Again, this
contribution should be taken into account at the high precision program of the ILC.
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Figure 2. The total cross-section and its distribution
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2.3. e*e” — ZH with polarized beams

The phenomenological results for the reaction ete™ — ZH including the beam
polarizations are shown in this subsection. In GRACE program, the polarizations of
electron and positron are implemented by introducing projection operator [18] as follows

A-
> -y a2 (6 + m) ®)
o — A+
> e ey L (6 — m). ™

Where A,- = +1(1,+ = x1) are LR for electron (and positron). In this article, we
are interested in computing full one-loop electroweak radiative corrections to ZH
production with two options of the initial beam polarizations which are (P,-,P,+) =
(—80%, +30%) and (P,-,P,+) = (+80%, —30%). In general, we use GRACE to generate
the following processes

ey ex(eze)) - ZH, (8)
e e;(ereg) > ZH. (9)

We know that two latter processes give small cross sections in comparison with the
former reactions. Having the cross sections o, oz, 01, and agg for this reaction, we then
evaluate the cross section at general polarization (P,-, P,+) for electron and positron. It is
given by

0(Pe-,Pe+) = (1 + P,-)(1 + P+)ogg + (1 — P-)(1 — P.+)oy,,
+(1 = P,-)(A + Py+)opg + (L + P-)(1 = Po+)og,.  (10)

Of course, after generating all related process by GRACE, we are going to perform
the numerical checks as the previous case. The independence of the squared amplitude on
the Cyy, gauge parameters and A have been tested. One also confirms that the results are
stable over a range of 14 digits. The k. stability also verified at the cross section level. We
obtain that the results are consistent to an accuracy better than 0.02% (this accuracy is
better than that in each Monte Carlo integration). After passing the numerical checks, we
set the Cyy, gauge parameters, A and k, back to the default values which have been shown
in previous subsection.

We are going to discuss on the physical results for this reaction at the ILC. In Fig.
(3), the cross sections at the polarizations for electron, positron which are (—80%, +30%)
(left panel) and (+80%, —30%) (right panel) are shown as a function of center-of-mass
energy. Again, we vary the energy from 220 GeV to 1000 GeV. We observe the peaks
where the cross sections are maximum, around 250 GeV for both cases. The cross sections
in the polarization of (—80%, +30%) case are larger than those of (+80%, —30%). In these
Figures, the Ky, are presented for the full electroweak corrections to both cases. For the
case of (—80%, +30%), one obtains the corrections which vary from = —45% to = 10%.
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For another case of (+80%, —30%), we find that the corrections change from = —20% t0 ~
40%. The corrections in both cases are significant contributions. They play important role
at the ILC. The latter case of beam polarizations obtains the larger corrections in high
energy regions than former case. They come from the weak correction of vector W boson
which couples only to left handed electron.

We concern the differential cross sections which are functions of cosine of Z boson’s
angle at 250 GeV, as shown in Fig. (4). The left (right) panel is shown for (P,-, P.+) =
(—80%, +30%) and (+80%, —30%) respectively. In the first case, the corrections to the
differential cross sections are about ~ —15%. For the second case, one obtains that the
corrections are ~ 7.5%. In both cases, the corrections are important for future analysis at
the ILC.
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Figure 3. The total cross-section and full electroweak corrections.
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Figure 4. The angular distributions.
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3. Search for additional higgs at the ILC

In this section, we are going to discuss on a method to search indirectly the
additional Higgs in arbitrary physics beyond the Standard Model. In this model, besides
the SM-like Higgs boson (h), we assume that there is an additional Higgs boson (H). We
note that the coupling of Standard Model Higgs boson and the additional Higgs boson to
ZZ are Anzz, Ayzz respectively. Following the sum rules for Higgs boson [11], these
couplings satisfy the below condition

2 22
=1, (11)
(AhZZ (AhZZ

With 234, = %, Cyw = % We know that in the SM A, = 0. In this analysis, we

vary 0.5 < 1,77 < 0.95. It means that the coupling of the additional Higgs boson to ZZ is in
the range of 0.31 <Ay,, <0.87. InFig. (5), the total cross-sections generated with varying
0.5 < Apzz < 0.95 are shown as a function of center-of-mass energy. /s changes from 220
GeV to 1 TeV. The left and right figures present the cross sections for polarizations of
initial beam which are (P,-,P,+) = (—80%, +30%) and (+80%, —30%) respectively. In
these figures, the red line is for Standard Model case. The blue region is the cross section
which the coupling A, are from 0.5 to 0.9. While the green area shows the cross section
corresponding to A, € [0.9,0.95]. From these analyses, we find that the BSMs effects
through this reaction could be tested clearly at the ILC.
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Figure 5. The total cross-section and full electroweak corrections

33



TAP CHi KHOA HOC - Trwdng DHSP TPHCM Tdp 15, Sé 3 (2018): 24-35

4, Conclusions

In this article, full O(«a) electroweak radiative corrections to the process ete™ — ZH
at the ILC have been computed successfully. The non-polarized and polarized cases for
initial beams have been computed. The radiative corrections are order of 10%
contributions to the total cross section as well as its distributions. The corrections are
significant contributions and they must be taken into account at the ILC.

We have been also discussed on the model-independent way to probe the additional
Higgs in physics of beyond the SM through ZH production at the ILC. With high
luminosity program at the ILC, thanks to the full one-loop radiative corrections to this
production, we could probe the BSM’s effects and may discriminate many of BSMs at the
ILC. In future work, we will apply this method for specific BSMs.
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