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(Received 10 August 2009; published 21 September 2009)

The process of charged Higgs production in association with a top quark at the LHC has been calculated

at the complete next-to-leading-order electroweak level both in a two-Higgs-doublet model and in the

minimal supersymmetric standard model, assuming a minimal supergravity breaking scheme. We have

numerically explored the size of the one-loop corrections in two typical supersymmetric scenarios, with

particular attention to the tan� dependence, and we have found that they remain perturbatively small but

possibly sizable, reaching a 20% limit for extreme values of tan�, when the complete set of Feynman

diagrams is taken into account.
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I. INTRODUCTION

The processes of production of a charged Higgs boson
will be extensively exploited to search for new physics
beyond the standard model at the LHC. Most extensions of
the standard model (SM), such as two-Higgs-doublet mod-
els (2HDMs) or the minimal supersymmetric standard
model (MSSM), enlarge the minimal SM Higgs sector
predicting the existence of charged Higgs particle(s).
Since the discovery of a charged Higgs boson would be a
distinctive signature of new physics, an exhaustive com-
prehension of its production mechanism appears to be
mandatory.

Depending on the charged Higgs boson mass, different
production mechanisms are dominant: If mHþ <mt �mb,
the main source of a charged Higgs is the t�t production and
the subsequent decay of the top t ! Hþb [1], while for a
heavier charged Higgs boson the dominant process is the
associated production with heavy quarks [2–12]. Also, the
associated production with W gauge boson has been ana-
lyzed [13–15], but this process is suppressed with respect
to the other two mechanisms of production.

We will focus our analysis on the associated production
with a top quark, which is also an important mechanism of
top production and should be considered in the analysis of
single top production at the LHC [16]. At the lowest
perturbative order, it is well known that this process is
particularly sensitive to the value of the parameter tan�,
i.e. the ratio of the neutral Higgs vacuum expectation
values v2=v1, which appears in the Yukawa coupling
tbH. Being proportional to mb tan�, the coupling is en-
hanced for large values of tan�, and this enhancement
allows a direct check of the 2HDM structure of the model,
not necessarily involving supersymmetry (SUSY). Super-
symmetric corrections, on the other hand, can be inves-
tigated only by looking at the loop structure of the process.

Because of its relevance, the process of production of a
charged Higgs in association with a top quark has been
extensively studied at higher orders, and many important
results have been obtained. The next-to-leading-order
(NLO) corrections in QCD and SUSY QCD in the five-
flavor scheme (i.e. including the bottom quark as a parton
of the sea) have been computed in Refs. [7–11], and the
same corrections in the four-flavor scheme, together with a
comparison of the results in the two schemes, have been
computed in Ref. [12]. As a general feature, while QCD
corrections are generally found to be large, positive, and
nearly independent of tan�, SUSY corrections appear to be
sizable and negative for large tan�. For what concerns the
NLO electroweak (EW) contribution, the subset of Yukawa
SUSY EW corrections has been computed by Refs. [4–6]
in both the five- and four-flavor schemes: All of these
papers assume that the Yukawa part of the correction is
the leading one, and they get some large one-loop contri-
butions for ‘‘extreme’’ values of tan�.
Given the possible relevance of the considered process,

which might require a more accurate prediction, we have
performed in this paper a complete NLO MSSM EW
calculation. This includes all of the EW diagrams that
were neglected in the previous analyses and also the total
QED radiation that has never been computed for this
process and whose effects might be a priori relevant, as
we know from previous recent calculations of our group
[17,18].
The paper is organized as follows. Section II will be

devoted to a description of the shape and of the basic
properties of the parton level amplitudes for bg ! tH�
at Born and at one-loop level. A rigorous treatment of QED
radiation has been performed to obtain reliable values for
the observables and will be described in Sec. II C. In
Sec. III, the numerical one-loop effects on the production
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rates and distributions for a couple of meaningful SUSY
benchmark points will be shown, together with a discus-
sion of the results.

II. KINEMATICS AND AMPLITUDES OF THE
PROCESS bg ! tH�

A. Kinematics

The kinematics of the process bg ! tH� is expressed in
terms of the b quark momentum pb, helicity �b, spinor
uðpb; �bÞ, the t quark momentum pt, helicity �t, and spinor
�uðpt; �tÞ, with
pb ¼ ðEb; 0; 0; pÞ; pt ¼ ðEt;p

0 sin�; 0; p0 cos�Þ; (1)

the gluon momentum pg, helicity �g, polarization vector

eg, and the Higgs boson momentum pH:

pg ¼ ðp; 0; 0;�pÞ; egð�gÞ ¼
�
0;

�gffiffiffi
2

p ;� iffiffiffi
2

p ; 0

�
; (2)

pH ¼ ðEH;�p0 sin�; 0;�p0 cos�Þ: (3)

We also use the s-channel and u-channel momenta:

q ¼ pg þ pb ¼ pH þ pt; s ¼ q2;

q0 ¼ pt � pg ¼ pb � pH; u ¼ q02:
(4)

The invariant amplitude of the process bg ! tH� will
be decomposed on a set of 8 forms Jk�, where � represents

the chirality R; L (sometimes denoted � ¼ þ1;�1). The
8 scalar functions Nk�ðs; t; uÞ will be computed in the next

subsection from the various Born and one-loop diagrams.

A ¼ X
k

Jk�Nk�ðs; t; uÞ; (5)

J1� ¼ p6 ge6 P�; J2� ¼ ðe:ptÞP�; (6)

J3� ¼ e6 P�; J4� ¼ ðe:ptÞp6 gP�; (7)

with P� ¼ PR;L ¼ ð1� �5Þ=2.
The 8 helicity amplitudes F�b;�g;�t

are obtained from

Dirac decompositions of the 8 invariant forms.
Averaging over initial spins and colors and summing

over final spins and colors with

X
col

�
�l

2

��
�l

2

�
¼ 4; (8)

one gets the elementary cross section:

d�

d cos�
¼ �0

768�s�

X
spins

jF�b;�g;�t
j2; (9)

where � ¼ 2p=
ffiffiffi
s

p
and �0 ¼ 2p0=

ffiffiffi
s

p
.

B. Born and one-loop amplitudes

The Born terms result from the s-channel b exchange
and the u-channel t exchange of Fig. 1:

ABorn s ¼ �
�

gs
s�m2

b

��
�l

2

�
�uðtÞ½cLðb ! tH�ÞPL

þ cRðb ! tH�ÞPR�ðq6 þmbÞe6 uðbÞ (10)

leads to the scalar function

NBorn s
1� ¼ �gs

�
�l

2

�
c�ðb ! tH�Þ

s�m2
b

(11)

and

ABorn u ¼ �
�

gs
u�m2

t

��
�l

2

�
�uðtÞe6 ðq6 0 þmtÞ

� ½cLðb ! tH�ÞPL þ cRðb ! tH�ÞPR�uðbÞ
(12)

to

NBorn u
1� ¼ �gs

�
�l

2

�
c�ðb ! tH�Þ

u�m2
t

; (13)

NBorn u
2� ¼ �2gs

�
�l

2

�
c�ðb ! tH�Þ

u�m2
t

; (14)

with the btH� couplings

cLðb ! tH�Þ ¼ emt cot�ffiffiffi
2

p
sWMW

cRðb ! tH�Þ ¼ emb tan�ffiffiffi
2

p
sWMW

:

(15)

The one-loop EW terms can be classified as:
(i) counter terms for b, t, H� lines and btH� coupling

constants. We follow the on-shell scheme in which
all of the counterterms can be computed in terms of
self-energy diagrams. For what concerns theH� line
and the btH� coupling, we use the procedure given
in Ref. [19], which takes into account the G�, H�
mixing and expresses the counterterm for tan� in
terms of W �H mixing self-energy. Other proce-
dures, e.g. [20] or [21], would lead to a similar
divergence cancellation but differ by minor finite
contributions;

FIG. 1. Born diagrams: s-channel bottom exchange and
u-channel top exchange.

M. BECCARIA et al. PHYSICAL REVIEW D 80, 053011 (2009)

053011-2



(ii) self-energy corrections for internal b and t
propagators;

(iii) s-channel left triangles (Vqq), (Sqq), and (�~q ~q ) and
right triangles (qSV), (Vq0q), (qVS), (Sf0f), and
(fSS0);

(iv) u-channel up triangles (ffV), (ffS), and (SSf) and
down triangles (VSq), (q0qV), (SVq), (f0fS), and
(S0Sf);

(v) direct boxes: (qqq0V), (qqq0S), and (~q ~q ~q0��
j );

crossed boxes: (qqVS), (qqSV), (~q ~q�i�j), and

(qqSS0); twisted boxes: (qqq0S), (qqq0V), and
(~q ~q ~q0�j).

All of these contributions have been computed using the
usual decomposition in terms of Passarino-Veltman func-
tions, and the complete amplitude has been implemented in
the numerical code PUMAMC.

We have checked the cancellation of the UV divergences
among counterterms, self-energies, and triangles. This
cancellation occurs separately inside 8 sectors, i.e. s-left
L or R, s-right L or R, u-up L or R, u-down L or R.

Another useful check can be done using the high energy
behavior of the amplitudes. High energy rules [22,23]
predict the logarithmic behavior of these amplitudes at
one-loop level. They use splitting functions for external
particles b, t, H and renormalization group effects on the
parameters appearing in the Born terms.

By using the logarithmic expansions of the Passarino-
Veltman functions [24], we have checked that the ampli-
tudes obtained by summing the contributions of the above
self-energy, triangle, and box diagrams satisfy these rules.

At high energy we first observe the mass suppression of
NBorn sþu

3 as well as the cancellation of NBorn sþu
1 . One

remains with only NBorn u
2 and the 2 helicity amplitudes

F�þþ;þ��:

FBorn�;þ;þ ! � egsmt cot�

sWMW

�
�l

2

�
cos

�

2

�
1� cos�

1þ cos�

�
; (16)

FBornþ;�;� ! � egsmb tan�

sWMW

�
�l

2

�
cos

�

2

�
1� cos�

1þ cos�

�
: (17)

At one-loop logarithmic level the aforementioned rules
[22,23] predict the corrections:

F�;þ;þ ¼ FBorn�;þ;þf1þ 1
2½cðb �bLÞ þ cðt�tRÞ� þ cew�;þ;þðH�Þg;

(18)

Fþ;�;� ¼ FBornþ;�;�f1þ 1
2½cðb �bRÞ þ cðt�tLÞÞ�

þ cewþ;�;�ðH�Þg; (19)

in which cðb �bLÞ and cðt�tRÞ represent the b and t splitting
functions, respectively, and cew�;�;�ðH�Þ the total of theH�

splitting and of the parameter renormalization of the btH�
couplings through 	g=g� 	M=MW þ 	mt=mt �
	 tan�= tan� and 	g=g� 	MW=MW þ 	mb=mb þ
	 tan�= tan�.

The result is

F�;þ;þ ¼ FBorn�;þ;þ
�
1þ

�



4�

��
�
�

1

3c2W

�
log2

s

m2
Z

�
�

1

9c2W

�
log2

�t

m2
W

þ 1� 4c2W
12s2Wc

2
W

�
log2

�u

M2
Z

�

� 1

2s2W

�
log2

�u

M2
W

�		
; (20)

Fþ;�;� ¼ FBornþ;�;�
�
1þ

�



4�

��
�
�
1þ 2c2W
12s2Wc

2
W

�
log2

s

m2
Z

�
�

1

2s2W

�
log2

s

m2
W

þ 1

18c2W

�
log2

�t

M2
W

�

� 1

6s2W

�
log2

�u

M2
W

�		
; (21)

with the absence of linear logarithmic terms as noticed in
[25].
Taking our complete one-loop computation and retain-

ing only the logarithmic parts of the B;C;D Passarino-
Veltman functions appearing in the various diagrams, we
do recover the above expressions for the 2 leading
amplitudes.

C. QED radiation

The computation of the real photon radiation contribu-
tions has been performed according to Ref. [26]. The
matrix element has been calculated analytically with the
help of FEYNARTS [27] and FORMCALC [28]. Infrared sin-
gularities have been regularized within mass regulariza-
tion, i.e. giving a small mass to the photon, and the phase
space integration has been performed using the phase space
slicing method.
Concerning the choice of the parton distribution func-

tions (PDFs) and their factorization, we follow Ref. [26].
The PDFs used through this computation are the LO QCD
parton distribution functions CTEQ6L [29]. The factoriza-

tion of the bottom PDF has been performed in the MS
scheme at the scale Q ¼ ðmt þmH�Þ. If the deep inelastic
scattering factorization scheme is used, the differences in
the numerical value of the one-loop EW effects are of the
order of 0.01% in all of the considered minimal supergrav-
ity (mSUGRA) benchmark points.
The phase space slicing method introduces a fictitious

separator �E in the integration over the photon energy. As
a check of our computations we have verified that, for
sufficiently small �E values, the final cross section is
independent of the choice of �E. Despite the strong sensi-
tivity to�E of the soft and of the hard cross section (cf. the
upper panel of Fig. 2), the dependence of the total result on
�E is far below the integration uncertainties (lower panel
of Fig. 2).
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III. ONE-LOOP RESULTS

For the numerical evaluation of the one-loop correc-
tions, we have considered as SM inputs the values in
Table I. The strong coupling constant has been evaluated
at the renormalization scale Q ¼ mt þmH� , and its nu-
merical value will be given below. Since we have per-
formed our computations in the on-shell scheme, we
have evaluated the pole mass of the bottom quark starting

from the MS mass at NLO in QCD, obtaining mb ¼
4:58 GeV.

As a first step, we have analyzed the distributions of the
invariant mass of the final states d�=dMinv and the total
cross section for a couple of representative SUSY bench-

mark points (assuming a mSUGRA supersymmetry break-
ing): LS2 [30] and SPS1a [31]. The characteristics of the
benchmark points, together with the mass of the charged
Higgs H� and the value of 
sðQÞ, are shown in Table II.
The two benchmarks are characterized by largely different
input parameters at the grand unified theory scale, leading
to different scenarios for low energy spectra: The LS2
point is an optimistic ‘‘light SUSY’’ scenario, while the
SPS1a point is a standard and widely studied scenario for
phenomenological analyses with higher masses. Moreover,
the two points differ for the tan� values: LS2 features a
very large tan� ¼ 50, while in SPS1a tan� ¼ 10. The
complete spectra at low energy have been obtained running
the parameters through the code SUSPECT [32]. The values
of tan� at low energy have been translated from those
obtained in the DR scheme used by SUSPECT to the values
in the on-shell scheme through the relation tan�ðOSÞ ¼
tan�ðDRÞ � 	 tan�ðOSÞjfinite. The values we have ob-
tained for LS2 and SPS1a are 60.5 and 10.4, respectively.
The resulting total cross sections and K factors (where,

as usual, K ¼ �1-loop=�Born) are shown in Table III.

Because of the very mild dependence of our calculations
on the PDF factorization scheme, only the results obtained

in the MS scheme are shown. We have performed the
analysis considering both the whole supersymmetric spec-
tra (labeled ‘‘SUSY’’ in the following discussion) and the
‘‘SUSY constrained’’ 2HDM scenarios obtained from the
original spectra considering only loops involving Higgs
bosons and SM particles (i.e. without charginos, neutrali-
nos, and sfermions).
It is possible to see that for both LS2 and SPS1a the

corrections in the 2HDM subset are very small, of the order
of a few percent, while in the complete SUSY case the light
LS2 spectrum features a bigger correction (� 19%) than
in the SPS1a case (� 2%).
The differential distributions for the two benchmark

points are shown in Fig. 3, where it is possible to see
that, as a general behavior, the one-loop corrections de-
crease from the low invariant mass region to high energies.
In the SPS1a case (both SUSY and 2HDM), the one-loop
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FIG. 2. Upper panel: Dependence of the Oð
Þ soft plus virtual
and hard cross sections on the soft-hard separator �E. Lower
panel: Independence of the sum of Oð
Þ soft plus virtual and
hard cross sections of the separator �E.

TABLE II. Input parameters for the mSUGRA benchmark
points and mass of the charged Higgs H� (all values with
mass dimension are in GeV).

mSUGRA scenario m0 m1=2 A0 tan� sgn� H� 
sðQÞ
LS2 300 150 �500 50 þ 229.6 0.096 532 5

SPS1a 100 250 �100 10 þ 412.1 0.092 296 3

TABLE I. Numerical values of SM inputs.

Coupling constants 
 ¼ 1=137:035 999, 
sðMZÞ ¼ 0:118
Gauge boson masses MW ¼ 80:424 GeV, MZ ¼ 91:1876 GeV
Quark masses mu ¼ 47 MeV, mc ¼ 1:55 GeV, mt ¼ 170:9 GeV, md ¼ 47 MeV, ms ¼ 0:15 GeV, �mbð �mbÞ ¼ 4:2 GeV
Lepton masses me ¼ 0:510 999 06 MeV , m� ¼ 105:6583 MeV, m� ¼ 1:777 GeV
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corrections are positive near threshold but suddenly drop
and become negative at high energies: Such compensating
contributions are at the origin of the small one-loop cor-
rection to the total cross section. In LS2, on the other hand,
SUSY and 2HDM behave in different ways: In the former
case, the one-loop corrections are always negative, and the
K factor is �0:97 near threshold and decreases at high
energies with a behavior analogous to the SPS1a case, thus
explaining the large negative correction to the total cross
section in this scenario; in the latter, the one-loop correc-
tions are positive in a wider Minv range, giving rise to the
positive overall correction to the total cross section.

As a second step in our analysis, given the relevance of
tan� for the process under investigation, we have also
analyzed the dependence of the K factors on this parame-
ter. Starting from the two previous LS2 and SPS1a spectra,
we have considered tan� as a free parameter and varied it
at low energy within a reasonable range. Chargino and
neutralino masses and mixing matrices depend on the value
of tan�, and they have been varied accordingly. The results
of the K factors as a function of tan� for the LS2- and
SPS1a-like spectra are shown in Fig. 4. It is possible to
notice that the dependence of the K factor is stronger in the
LS2 case: In the complete SUSY scenario, it ranges from
�1 (low tan�) to �0:89 (large tan�), while the depen-
dence in the 2HDM scenario shows opposite behavior. One
sees that the NLO effects remain perturbatively under
control in the whole considered range, even for large values
of tan�, where corrections are usually expected to become
large. Similar results have been found for the SPS1a-like
spectra, where, however, the dependence is milder than in
the LS2-like case.
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FIG. 3. Differential distribution (upper panels) and partial K
factors (lower panels) in LS2 and SPS1a.
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FIG. 4. K-factor dependence on tan� for LS2- and SPS1a-like
spectra.

TABLE III. Total cross sections (in pb) at Born and loop level
and K factors.

mSUGRA scenario �Born SUSY 2HDM

�1-loop K factor �1-loop K factor

LS2 5.589 4.545 0.813 5.867 1.050

SPS1a 0.042 07 0.041 45 0.985 0.041 70 0.991
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As a final remark, we can say that the dependence on the
factorization scheme of our results is very mild, of the
order of 0.01% in all of the considered cases, and in Fig. 5
the differences between the two schemes are shown in
more detail.

IV. CONCLUSIONS

In this paper, we have calculated the complete EW NLO
expression of the bg ! tH� process both in a 2HDM and
in the MSSM, assuming a mSUGRA symmetry breaking
scheme, to investigate the size of the corrections to tree-
level observables and their tan� dependence. In our cal-
culation we have included the full computation of QED
radiation, which makes our analysis testable against future
data. We have considered two benchmark points charac-
terized by quite different values of tan� (10 and 50), and
we have let the parameter vary into a reasonable range to
investigate for dependences of the observables. We have
found that the NLO corrections to the total cross sections
can be sizable (negative and of the order of 20%) in the
LS2 point, which is characterized by a light spectrum, and
due to its cross sections (� 5 pb) they might be hopefully
observed at the LHC.

The dependence on tan� of the corrections is similar in
the two benchmark points that we have analyzed but more
enhanced in LS2. On the other hand, the corrections exhibit
a different behavior in the two considered physical scenar-
ios: In the 2HDM, the corrections are generally mild, of the
order of a few relative percent in the whole scanned range,
and the effect raises for large tan�; in the MSSM case, the
one-loop corrections become negative and decreasing for
large values of tan�.

Given the outcome of our computations, we conclude
that a complete calculation of EW MSSM NLO effects is
worthwhile and should be taken into account for a full,
reliable, and meaningful NLO analysis of this important
process, which is probably the only one that can provide
information on the charged Higgs couplings of the model.
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APPENDIX: COUNTERTERMS AND SELF-
ENERGYCORRECTIONS TOBORNAMPLITUDES

In this appendix, the expression of the counterterms are
explicitly listed. They concern the counterterms for b, t,
and H� lines as well as the propagator self-energy correc-
tions for b and t exchanges.

s-channel counterterms

Nc:t: s
1L ¼� gsð�l

2 Þ
s�m2

b

�
3

2
	Zb

Lc
Lðb! tH�Þ

þ 1

2
ð	Zt

R þ	c tÞcLðb! tH�Þ

þ	cLðb! tH�Þþ 1

2

X
j

	Z�
j1c

Lðb! tjÞ
	
; (A1)

Nc:t: s
1R ¼ � gsð�l

2 Þ
s�m2

b

�
3

2
	Zb

Rc
Rðb ! tH�Þ

þ 1

2
ð	Zt

L þ 	c tÞcRðb ! tH�Þ

þ 	cRðb ! tH�Þ þ 1

2

X
j

	Z�
j1c

Rðb ! tjÞ
	
; (A2)

Nc:t: s
3L ¼ mbgsð�l

2 Þ
s�m2

b

ð	Zb
R � 	Zb

LÞcRðb ! tH�Þ; (A3)

Nc:t: s
3R ¼ mbgsð�l

2 Þ
s�m2

b

ð	Zb
L � 	Zb

RÞcLðb ! tH�Þ; (A4)

where, because of theH� �G� mixing, we denoteH� by
j ¼ 1 and G� by j ¼ 2. And from b s.e. one gets (� ¼
þ1;�1 referring to R; L chiralities):

Nb s:e:
1� ¼ gs

�
�l

2

�
c�ðb! tH�Þ
ðs�m2

bÞ2
�
sð�b

�ðsÞ þ	Zb
�Þ

þm2
bð�b��ðsÞ þ	Zb��Þ

þ 2m2
b

�
�b

SðsÞ �
1

2
ð	Zb

� þ	Zb��Þ �	mb

mb

��
; (A5)

Nb s:e:
3� ¼ gs

�
�l

2

�
c��ðb ! tH�Þmb

ðs�m2
bÞ

�
�b

�ðsÞ þ 	Zb
�

þ �b
SðsÞ �

1

2
ð	Zb

� þ 	Zb��Þ � 	mb

mb

�
: (A6)
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FIG. 5. Factorization scheme dependence of the K factor.
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u-channel counterterms

Nct u
1L ¼�gs

�
�l

2

�
1

ðu�m2
t Þ
��
3

2
	Zt

R þ
1

2
	c t þ 1

2
	Zb

L

�
cL

� ðb! tH�Þþ	cLðb! tH�Þ
þ 1

2

X
j

	Z�
j1c

Lðb! tjÞ
	
; (A7)

Nct u
1R ¼ �gs

�
�l

2

�
1

ðu�m2
t Þ
��
3

2
	Zt

L þ 1

2
	c t þ 1

2
	Zb

R

�
cR

� ðb ! tH�Þ þ 	cRðb ! tH�Þ
þ 1

2

X
j

	Z�
j1c

Rðb ! tjÞ
	
; (A8)

Nct u
2L ¼ �2gs

�
�l

2

�
1

ðu�m2
t Þ
��
3

2
	Zt

R þ 1

2
	c t þ 1

2
	Zb

L

�
cL

� ðb ! tH�Þ þ 	cLðb ! tH�Þ
þ 1

2

X
j

	Z�
j1c

Lðb ! tjÞ
	
; (A9)

Nct u
2R ¼ �2gs

�
�l

2

�
1

ðu�m2
t Þ
��
3

2
	Zt

L þ 1

2
	c t þ 1

2
	Zb

R

�
cR

� ðb ! tH�Þ þ 	cRðb ! tH�Þ
þ 1

2

X
j

	Z�
j1c

Rðb ! tjÞ
	
; (A10)

Nct u
3L ¼ gs

�
�l

2

�
mtc

Lðb ! tH�Þ
ðu�m2

t Þ
f	Zt

R � 	Zt
Lg; (A11)

Nct u
3R ¼ gs

�
�l

2

�
mtc

Rðb ! tH�Þ
ðu�m2

t Þ
f	Zt

L � 	Zt
Rg; (A12)

and from t s.e. one gets:

Nt s:e:
1� ¼ gs

�
�l

2

�
c�ðb ! tH�Þ
ðu�m2

t Þ2
�
uð�t��ðuÞ þ 	Zt��Þ

þm2
t ð�t

�ðuÞ þ 	Zt
�Þ þ 2m2

t ð�t
SðuÞ

� 1

2
ð	Zt

� þ 	Zt��Þ � 	mt

mt

��
; (A13)

Nt s:e:
2� ¼ 2Nt s:e:

1� ; (A14)

Nt s:e:
3� ¼ gs

�
�l

2

�
c�ðb ! tH�Þmt

ðu�m2
t Þ

�
�t

�ðuÞ þ 	Zt
� þ �t

SðuÞ

� 1

2
ð	Zt

� þ 	Zt��Þ � 	mt

mt

�
: (A15)

The counterterms appearing in the above expressions are
obtained in terms of self-energies as follows.

b and t quark

	Zb
L ¼ 	Zt

L � 	ZL

¼ ��b
Lðm2

bÞ �m2
b½�0b

L ðm2
bÞ þ�0b

R ðm2
bÞ

þ 2�0b
S ðm2

bÞ�; (A16)

	Zb
R ¼ ��b

Rðm2
bÞ �m2

b½�0b
L ðm2

bÞ þ�0b
R ðm2

bÞ þ 2�0b
S ðm2

bÞ�;
(A17)

	Zt
R ¼ 	ZL þ �t

Lðm2
t Þ � �t

Rðm2
t Þ; (A18)

	�t ¼ �f�t
Lðm2

t Þ þ 	ZL þm2
t ½�0t

Lðm2
t Þ

þ �0t
Rðm2

t Þ þ 2�0t
Sðm2

t Þ�g; (A19)

	mb ¼ mb

2
Re½�b

Lðm2
bÞ þ �b

Rðm2
bÞ þ 2�b

Sðm2
bÞ�; (A20)

	mt ¼ mt

2
Re½�t

Lðm2
t Þ þ �t

Rðm2
t Þ þ 2�t

Sðm2
t Þ�: (A21)

Gauge boson

	ZW
1 � 	ZW

2 ¼ ��Zð0Þ
sWcWM

2
Z

; (A22)

	ZW
2 ¼��0��ð0Þþ 2

cW
sWM

2
Z

��Zð0Þþ c2W
s2W

�
	M2

Z

M2
Z

�	M2
W

M2
W

�
;

(A23)

	M2
W ¼ Re�WWðM2

WÞ; 	M2
Z ¼ Re�ZZðM2

ZÞ: (A24)

Higgs boson

We need 	Z�
j1 which means 	Z�

H�H� and Z�
G�H� . We use

the on-shell procedure of Wan et al. [19] in which

	ZH�H� ¼ ��0
H�ðp2 ¼ m2

H�Þ (A25)

and

	Z�
G�H� ¼ 	ZGþHþ ¼ � 2��

H�W�ðm2
H�Þ

MW

¼ 2�HþWþðm2
HþÞ

MW

: (A26)

Couplings

The Yukawa btH� coupling leads to the counterterms
	cL and 	cR, computed in terms of 	g, 	mt;b, 	MW (given

above), and 	 tan�. For the latter, we have adopted the
renormalization scheme of [19]:
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	cL

cL
¼ 	g

g
þ 	mt

mt

� 	MW

MW

� 	 tan�

tan�
; (A27)

	cR

cR
¼ 	g

g
þ 	mb

mb

� 	MW

MW

þ 	 tan�

tan�
; (A28)

	g

g
¼ 	ZW

1 � 3

2
	ZW

2 ; (A29)

	 tan�

tan�
¼ Re�HþWþðm2

HþÞ
MW sin2�

: (A30)
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