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Abstract

We calculate theO(αew) electroweak radiative corrections toe+e− → t t̄h at a electron–positron linear collider (LC) in th
standard model. We analyze the dependence of theO(αew) corrections on the Higgs boson massmh and colliding energy

√
s,

and find that the corrections significantly decrease or increase the Born cross section depending on the colliding en
numerical results show that theO(αew) relative correction is strongly related to the Higgs boson mass when

√
s = 500 GeV, and

for mh = 150 GeV the relative correction ranges from−31.3% to 2.3% as the increment of the colliding energy from 500 G
to 2 TeV.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The main goal of the most experimental progra
at present and future high-energy colliders is to sea
for Higgs boson, which is believed to be responsi
for the breaking of the electroweak symmetry and
generation of masses for the fundamental parti
in the standard model (SM) [1,2]. The fundamen
particles acquire masses via the interactions with

✩ Supported by National Natural Science Foundation of Chin
E-mail address: youyu@mail.ustc.edu.cn (Y. You).
0370-2693/$ – see front matter 2003 Elsevier B.V. All rights reserved
doi:10.1016/j.physletb.2003.07.064
ground state Higgs field in the SM Higgs mechanis
However, until now the Higgs boson has not yet be
directly explored experimentally, except that LE
experiments provided a lower bound of 114.4 G
for the SM Higgs boson mass at the 95% confide
level [3].

As we know that the Higgs search strategies
pend largely on the suspected value of Higgs m
Actually, it is most difficult to probe Higgs boson e
perimentally in the intermediate mass region (mh ∼
100–200 GeV). In this mass region, the product
mechanism with Higgs boson radiated from eith
a gauge boson or a fermion, is an important Hig
.
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boson discovery channel. Ate+e− linear colliders
and hadron colliders, the Higgs boson is searc
via Bjorken processe+e−(pp̄,pp) → f f̄ h, an in-
termediate Higgs boson is produced associated
a f f̄ pair. The coupling strength of the fermion
Higgs Yukawa couplingf –f̄–h is proportional to
the fermion mass, i.e.,gf f̄ h = mf /v, where v =
(
√

2GF)−1/2 � 246 GeV is the vacuum expectatio
value of the Higgs boson. Then we can see that
top quark Yukawa couplinggt t̄h is the largest one
among all the fermion–Higgs couplings, e.g.,g2

t t̄h
�

0.5 to be compared for example withg2
bb̄h

� 4×10−4.
Therefore, the Higgs boson production via the proc
e+e− → t t̄h is strongly enhanced by the top qua
Yukawa coupling, and it can also be a basic mec
nism for measuring the top quark Yukawa coupling

Recently, a lot of efforts have been invested
improving the precise QCD theoretical corrections
the processespp̄/pp→ t t̄h+ X [4–8]. At a LC the
cross section fore+e− → t t̄h is small, about 1 fb
for

√
s = 500 GeV andmh = 100 GeV [9–11]. But

it has a distinctive experimental signature and
potentially be used to measure the top quark Yuka
coupling in the intermediate Higgs mass region at a
with very high luminosity. In Ref. [10], Dawson an
Reina found that the NLO QCD corrections increa
the Born cross section by a factor of roughly 1.5
e+e− → t t̄h at

√
s = 500 GeV andmh = 100 GeV.

But at
√
s = 1 TeV, the corrections decrease the Bo

cross section and are relative small. These works s
that the evaluation of radiative corrections is a cruc
task for all accurate measurements of this process

In this Letter we present the calculations of t
full O(αew) electroweak corrections toe+e− → t t̄h

in the SM. In Section 2, we present our calculatio
of the full O(αew) electroweak radiative correction
The numerical results and discussions are present
Section 3. Finally, a short summary is given.
2. Calculations

In this Letter we use the t’ Hooft–Feynman gau
In the calculations of loop diagrams we adopt
definitions of one-loop integral functions of Ref. [15
The Feynman diagrams and the relevant amplitu
are created byFeynArts 3 [16] automatically, and
the Feynman amplitudes are subsequently reduce
FORM [17]. The numerical calculations of integr
functions are implemented by using Fortran progra
in which the 5-point loop integrals are evaluated
using the approach presented in Ref. [13].

The processe+e− → t t̄h at the lowest level occur
through the Feynman diagrams of Fig. 1. There
two kinds of Feynman diagrams to thee+e− → t t̄h

process at the tree-level. The first kind includes d
grams with Higgsstrahlungs from top or anti-top fin
states and the top Yukawa coupling is thus involv
The second kind consists of the diagrams with a Hi
boson radiated from aZ0-exchanges-channel or via
Z0–G0–h interaction, and is independent of the t
Yukawa coupling. We have checked that our num
cal Born cross section is in good agreement with t
in Refs. [10,12,14].

TheO(αew) (one-loop level) virtual corrections t
the process

(2.1)e+(p1)+ e−(p2)→ t (k1)+ t̄ (k2)+ h(k3)

can be expressed as

σvirtual = σ0δvirtual

(2.2)= Nc

2|�k1|√s
∫

dΦ3

∑
spin

Re
(
M0M∗

virtual

)
,

where σ0 and M0 are the Born cross section an
amplitude fore+e− → t t̄h, respectively, dΦ3 is the
three-body phase space element, the bar over sum
tion recalls averaging over initial spins, andMvirtual
Fig. 1. The tree-level Feynman diagrams for thee+e− → t t̄h process.



Y. You et al. / Physics Letters B 571 (2003) 85–91 87
Fig. 2. The pentagon diagrams for thee+e− → t t̄h process.
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is the amplitude of one-loop Feynman diagrams
the corresponding counter-terms. Due to the fact
the electron–Higgs (Goldstone) Yukawa coupling
proportional to the electron mass, we do not cons
the contributions of the one-loop diagrams which
volve ē–e–h(G0) vertex to the amplitudeMvirtual.
Therefore, theO(αew) virtual corrections involve 975
loop diagrams which can be classified into self-ene
(376), vertex (425), box (145) and pentagon (29) d
grams. As a representative selection, the pentago
agrams are given in Fig. 2.

The self-energy and vertex one-loop diagrams c
tain both ultraviolet (UV) and infrared (IR) diver
gences, while all the box and pentagon diagrams
ultraviolet finite and only contain IR divergences.
regularize the UV divergences in loop integrals,
adopt the dimensional regularization scheme [18
which the dimensions of spinor and spacetime ma
folds are extended toD = 4 − 2ε. In this Letter, we
adopt the complete on-mass-shell (COMS) renorm
ization scheme [19], in which the electric charge
electrone and the physical massesmW , mZ , mh, mt ,
me are chosen to be the renormalized parameters.
definitions and the explicit expressions of these ren
malization constants can be found in Ref. [19]. As
expect, the UV divergence contributed by the one-lo
diagrams can be cancelled by that contributed by
counterterms exactly. Therefore, we get a UV fin
cross section includingO(αew) virtual radiative cor-
rections.

The IR divergence in the processe+e− → t t̄h is
originated from virtual photonic corrections. It ca
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be exactly cancelled by including the real photo
bremsstrahlung corrections to this process in the
photon limit. The real photon emission process

(2.3)

e+(p1)+ e−(p2)→ t (k1)+ t̄ (k2)+ h(k3)+ γ (k),

where the real photon radiates from the initial elect
(positron) and the final top (anti-top) quark, can ha
either soft or collinear nature. The collinear singular
is regularized by keeping electron mass. In orde
isolate the soft photon emission singularity in t
real photon emission process, we use the gen
phase-space-slicing method [20]. The bremsstrah
phase space is divided into singular and non-sing
regions, and the cross section of the real pho
emission process (2.3) is decomposed into soft
hard terms

(2.4)σreal = σsoft + σhard= σ0(δsoft + δhard).

For soft photons,k0 <  E, we neglect the moment
of the radiated photons everywhere but in the sing
propagators. By using the soft photon approximat
we find the contribution of the soft photon emissi
process is [19,21]

dσsoft = −dσ0
αew

2π2

∫

|�k|� E

d3k

2k0

(2.5)

×
[
Qep1

p1 · k − Qep2

p2 · k − Qtk1

k1 · k + Qtk2

k2 · k
]2

,

in which  E is the energy cutoff of the soft photo
and k0 �  E � √

s, Qe = 1 andQt = 2/3 are the
electric charges of the positron and top quark.k0 =√

|�k|2 +µ2 is the photon energy. The integral ov
the soft photon phase space have been impleme
therefore, we obtain the analytical result of the s
corrections toe+e− → t t̄h which can be found in
Refs. [19] and [21]. We checked numerically the ca
cellation of IR divergencies and verified the contrib
tion of these soft photonic bremsstrahlung correcti
leads to a IR finite cross section which is independ
of the infinitesimal photon massµ. The hard photon
emission cross sectionσhard, with the radiated photo
energy being larger than E, is calculated by using
Monte Carlo method.
,

Finally the UV and IR finite total cross sectio
including the full O(αew) electroweak correction
reads

(2.6)

σ = σ0 + σ = σ0 + σvirtual + σreal= σ0(1+ δ),

whereδ = δvirtual + δsoft+ δhard is the full electroweak
relative correction of the orderO(αew).

3. Numerical results and discussions

In our numerical calculations, we set [22
αew(0)−1 = 137.0359895,mW = 80.423 GeV,mZ =
91.188 GeV,me = 0.511 MeV, mµ = 105.7 MeV,
mτ = 1.777 GeV,mu = 66 MeV, mc = 1.35 GeV,
mt = 174.3 GeV,md = 66 MeV,ms = 150 MeV, and
mb = 4.3 GeV. The renormalization scale is taken
beQ = 2mt + mh. Here we use the effective valu
of the light quark masses (mu andmd ) which can re-
produce the hadron contribution to the shift in the fi
structure constantαew(mZ) [23].

In Fig. 3 we show the dependence of theO(αew)

relative correction toe+e− → t t̄h on the soft cut-
off  E/Eb, assumingmh = 115 GeV and

√
s =

500 GeV. As shown in this figure, bothδvirtual+soft
(= δvirtual + δsoft) and δhard depend on the soft cu
off  E/Eb, but the fullO(αew) electroweak relative
correctionδ is cutoff independent within the range

Fig. 3. The relative corrections of theO(αew) order contributions
to the e+e− → t t̄h cross section. The relative corrections
δvirtual+soft andδhard, and their sum are shown as the functions
the soft photon energy cutoff E/Eb .
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Fig. 4. The Born and one-loop level cross sections for the pro
e+e− → t t̄h as functions of thee+e− colliding energy

√
s.

Fig. 5. The dependence of theO(αew) relative correction to
e+e− → t t̄h on thee+e− colliding energy

√
s.

statistical errors as expected. In the following calcu
tions, the soft cutoff E/Eb is fixed to be 10−3.

In Fig. 4 we present the Born cross sectionσ0 and
the one-loop level cross sectionσ which include the
full O(αew) electroweak corrections, as functions
the e+e− colliding energy

√
s for the Higgs boson

massmh = 115, 150 and 200 GeV, respectively. T
colliding energy range (500 GeV–2 TeV) in the figu
is accessible at future linear colliders, such as, TES
[24] (

√
s = 500 GeV), NLC [25] (

√
s = 500 GeV),

JLC [26] (
√
s = 500 GeV), and CERN CLIC [27] (1<√

s < 5 TeV). From this figure we can see that bo
curves ofσ0 andσ for mh = 115 GeV reach maxima
values at the position of

√
s ∼ 750 GeV, where the
Fig. 6. The Born and one-loop level cross sections for the pro
e+e− → t t̄h as functions of the Higgs boson massmh.

Fig. 7. TheO(αew) relative correction to the processe+e− → t t̄h

as a function of the Higgs boson massmh .

correction σ can reach 0.09 fb. Formh = 150 GeV
and 200 GeV, bothσ0 andσ have their maximal value
at

√
s ∼ 850 GeV and

√
s ∼ 950 GeV, respectively

The correction σ decreases as the increment of
Higgs boson massmh.

The dependence of theO(αew) relative correction
to e+e− → t t̄h on the colliding energy

√
s of a LC is

displayed in Fig. 5. Formh = 115 GeV, theO(αew)

corrections suppress the Born cross section in
energy region of

√
s < 600 GeV, while enhance th

Born cross section in the region of
√
s > 600 GeV. The

relative corrections can reach about−5.8%, −31.3%
and −8.3% at

√
s = 500, 500 and 600 GeV fo

mh = 115, 150 and 200 GeV, respectively. Formh =
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150 GeV, the relative correction ranges from−31.3%
to 2.3% as

√
s running from 500 GeV to 2 TeV

The large correction for
√
s = 500 GeV andmh ∼

150 GeV shown in this figure comes from a thresh
effect which diverges at the threshold.

In Fig. 6 we depict the Born cross sectionσ0 and
the one-loop level cross sectionσ as functions of
the Higgs boson massmh. As shown in this figure
both the cross sectionsσ0 and σ decrease with the
increment of the Higgs boson mass, and the cr
sectionsσ0, σ and the one-loop level correction σ =
σ − σ0 at

√
s = 800 GeV are larger than those√

s = 500 GeV and
√
s = 2 TeV.

In Fig. 7 we plot theO(αew) relative correctionδ to
e+e− → t t̄h as a function ofmh. For

√
s = 500 GeV,

the relative correction decreases from−5.8% atmh =
115 GeV to−31.3% atmh = 150 GeV. For

√
s =

800 GeV and 2 TeV, the relative corrections decre
from 4.4% and 1.5% to −0.8% and−4.7% as the
increment ofmh from 115 to 200 GeV, respectivel
The O(αew) electroweak relative corrections are n
very sensitive to the Higgs boson mass in the ra
of 115< mh < 200 GeV when

√
s = 800 GeV and

2 TeV, but strongly depend on the Higgs boson m
when

√
s = 500 GeV. In both Fig. 6 and Fig. 7, w

can see that each of the two curves of the total c
sections including theO(αew) corrections at

√
s =

800 GeV and 2 TeV, has two spikes at the vicinit
of mh = 2mW andmh = 2mZ , due to the threshold
effects.

After submitting this manuscript, we acknowledg
another two papers appeared on this subject [28,
The representative comparison with the calculat
of Ref. [29] is shown in Table 2 of [29]. (Ther
we use the current mass values formu and md .)
It shows that most of our numerical results of on
loop electroweak corrected cross sections agree
theirs within estimated error, but there are so
discrepancies at the energy

√
s = 2 TeV.

4. Summary

In this Letter we calculate the full electrowea
one-loop level radiative corrections to the proc
e+e− → t t̄h at a electron–positron LC in the standa
model. We analyze the dependence of the electrow
radiative corrections on the Higgs boson massmh
and colliding energy
√
s, and find that the correction

increase or decrease the Born cross section in
Higgs boson mass range 115< mh < 200 GeV,
depending on the colliding energy. The numeri
results show that theO(αew) electroweak relative
corrections can reach−31.3%, 4.4% and−4.7% at√
s = 500, 800 GeV and 2 TeV, respectively. We a

find that the full electroweak relative correction of t
orderO(αew) is strongly related to the Higgs boso
mass when

√
s = 500 GeV, and formh = 150 GeV the

relative correction ranges from−31.3% to 2.3% as the
colliding energy increasing from 500 GeV to 2 TeV.
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