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Supersymmetric electroweak corrections to charged Higgs boson production in association
with a top quark at hadron colliders
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We calculate theO(aewmt(b)
2 /mW

2 ) and O(aewmt(b)
4 /mW

4 ) supersymmetric electroweak corrections to the
cross section for charged Higgs boson production in association with a top quark at the Fermilab Tevatron and
the CERN large hadron collider~LHC!. These corrections arise from the quantum effects which are induced by
potentially large Yukawa couplings from the Higgs sector and the chargino–top-quark–~bottom-quark–!
bottom-squark~top-squark! couplings, neutralino–top-quark–~bottom-quark–! top-squark~bottom-squark!
couplings and charged Higgs-boson–top-squark–bottom-squark couplings. They can decrease or increase the
cross section depending on tanb but are not very sensitive to the mass of the charged Higgs boson for high
tanb. At low tanb(52) the corrections decrease the total cross sections significantly, exceeding212% for
mH6 below 300 GeV at both the Tevatron and the LHC, but formH6.300 GeV the corrections become very
small at the LHC. For high tanb(510,30) these corrections can decrease or increase the total cross sections,
and the magnitude of the corrections are at most a few percent at both the Tevatron and the LHC.

PACS number~s!: 14.80.Bn, 12.60.Jv, 13.85.Qk, 14.80.Cp
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I. INTRODUCTION

There has been a great deal of interest in the char
Higgs bosons appearing in the two-Higgs-doublet mod
@1#, particularly the minimal supersymmetric standard mo
~MSSM! @2#, which predicts the existence of three neut
and two charged Higgs bosonsh,H,A, and H6. When the
Higgs boson of the standard model~SM! has a mass below
130–140 GeV and theh boson of the MSSM is in the de
coupling limit ~which means thatH6 is too heavy anyway to
possibly be produced!, the lightest neutral Higgs boson ma
be difficult to distinguish from the neutral Higgs boson of t
standard model~SM!. But charged Higgs bosons carry a di
tinctive signature of the Higgs sector in the MSSM. The
fore, the search for charged Higgs bosons is very impor
for probing the Higgs sector of the MSSM and, therefo
will be one of the prime objectives of the CERN large ha
ron collider~LHC!. At the LHC the integrated luminosity is
expected to reachL5100 fb21 per year in the second phas
Recently, several studies of charged Higgs boson produc
at hadron colliders have appeared in the literature@3–5#. For
a relatively light charged Higgs boson,mH6,mt2mb , the
dominate production processes at the LHC aregg→t t̄ and
qq̄→t t̄ followed by the decay sequencet→bH1→bt1nt
@6#. For a heavier charged Higgs boson the dominate prod
tion process isgb→tH2 @7–9#. Previous studies showe
that the search for heavy charged Higgs bosons withmH6

.mt1mb at a hadron collider is seriously complicated
QCD backgrounds due to processes such asgb→t t̄ b, gb̄

→t t̄ b̄, andgg→t t̄ bb̄, as well as other processes@8#. How-
ever, recent analyses@10,11# indicate that the decay mod
H1→t1n provides an excellent signature for a hea
charged Higgs boson in searches at the LHC. The disco
0556-2821/2000/62~5!/053008~13!/$15.00 62 0530
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region forH6 is far greater than had been thought for a lar
range of the (mH6,tanb) parameter space, extending beyo
mH6;1 TeV and down to at least tanb;3, and potentially
to tanb;1.5, assuming the latest results for the SM para
eters and parton distribution functions as well as using ki
matic selection techniques and thet polarization analysis
@11#. Of course, it is just a theoretical analysis and no exp
mental simulation has been performed to make the statem
very reliable so far.

The one-loop radiative corrections toH2t associated pro-
duction have not been calculated, although this produc
process has been studied extensively at tree level@7–9#. In
this paper we present the calculations of t
O(aewmt(b)

2 /mW
2 ) and O(aewmt(b)

4 /mW
4 ) supersymmetric

~SUSY! electroweak corrections to this associatedH2t pro-
duction process at both the Fermilab Tevatron and the L
in the MSSM. These corrections arise from the quantum
fects which are induced by potentially large Yukawa co
plings from the Higgs sector and the chargino-top-qu
~bottom-quark–! bottom-squark ~top-squark! couplings,
neutralino-top-quark~bottom-quark–! bottom-squark~top-
squark! couplings, and charged Higgs-boson–top-squa
bottom-squark couplings which will contribute at th
O(aewmt(b)

4 /mW
4 ) to the self-energy of the charged Higg

boson. In order to get a reliable estimate this process ha
be merged with the related gluon splitting contributiongg

→H2tb̄. This leads to a suppression by about 50% at
@12#. However, the complete one-loop QCD corrections
probably more important, but not yet available.

II. CALCULATIONS

The tree-level amplitude forgb→tH2 is

M05M0
(s)1M0

(t) , ~1!
©2000 The American Physical Society08-1
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whereM0
(s) and M0

(t) represent the amplitudes arising fro
diagrams in Figs. 1~a! and 1~b!, respectively. Explicitly,

M0
(s)5

iggs

A2mW~ ŝ2mb
2!

ū~pt!@2mt cotbpb
mPL

12mb tanbpb
mPR2mt cotbgmk”PL

2mb tanbgmk”PR#u~pb!«m~k!Ti j
a , ~2!

FIG. 1. Feynman diagrams contributing toO(aewmt(b)
2 /mW

2 )
Yukawa corrections togb→tH2: ~a! and ~b! are tree-level dia-
grams;~c!–~v! are one-loop diagrams. The dashed lines repres
H, h, A, H6, G0, andG6 for diagrams~c! and~f!; H, h, A, andG0

for diagrams~m!, ~p! ~t!, and~u!; t̃ , b̃, H, h, A, H6, G0 andG6 for
~i! and~k!, where the solid lines represent charginos and neutral
if the dashed lines represent squarks. For diagrams~d! and~g!, the

solid lines in the loop representx̃0 and x̃1 and the dashed line
represent squarks.
05300
and

M0
(t)5

iggs

A2mW~ t̂2mt
2!

ū~pt!@2mt cotbpt
mPL

12mb tanbpt
mPR2mt cotbgmk”PL

2mb tanbgmk”PR#u~pb!«m~k!Ti j
a , ~3!

whereTa are theSU(3) color matrices andŝ and t̂ are the
subprocess Mandelstam variables defined by

ŝ5~pb1k!25~pt1pH2!2,

and

t̂5~pt2k!25~pH22pb!2.

Here the Cabibbo-Kobayashi-Maskawa~CKM! matrix ele-
mentVCKM@bt# has been taken to be unity.

The SUSY electroweak corrections of ord
O(aewmt(b)

2 /mW
2 ) and O(aewmt(b)

4 /mW
4 ) to the processgb

→H2t arise from the Feynman diagrams shown in Fig
1~c!–1~v! and Fig. 2. We carried out the calculation in th
’t Hooft–Feynman gauge and used dimensional reduct
which preserves supersymmetry, for regularization of the
traviolet divergences in the virtual loop corrections using
on-mass-shell renormalization scheme@13#, in which the
fine-structure constantaew and physical masses are chos
to be the renormalized parameters, and finite parts of
counterterms are fixed by the renormalization conditio
The coupling constantg is related to the input paramete
e,mW , andmZ by g25e2/sw

2 and sw
2 512mw

2 /mZ
2 . The pa-

rameterb in the MSSM we are considering must also
renormalized. Following the analysis of Ref.@14#, this renor-
malization constant was fixed by the requirement that
on-mass-shellH1 l̄ n l coupling remain the same form as
Eq. ~2! of Ref. @14# to all orders of perturbation theory. Tak

nt

s

FIG. 2. Self-energy Feynman diagrams contributing to ren

malization constants: The dashed lines representt̃ , b̃, H, h, A, H6,
G0, andG6 for diagam~a!, where the solid lines represent charg
nos and neutralinos if the dashed lines represent squarks.
8-2
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ing into account theO(aewmt(b)
2 /mW

2 ) andO(aewmt(b)
4 /mW

4 )
SUSY electroweak corrections, the renormalized amplitu
for the processgb→tH2 can be written as

Mren5M0
(s)1M0

(t)1dMV1(s)1dMV1(t)1dMs(s)1dMs(t)

1dMV2(s)1dMV2(t)1dMb(s)1dMb(t)

[M0
(s)1M0

(t)1(
l

dMl , ~4!
di

05300
e
wheredMV1(s), dMV1(t), dMs(s), dMs(t), dMV2(s), dMV2(t),
dMb(s), anddMb(t) represent the corrections to the tree d
grams arising, respectively, from thegbb vertex diagram
Figs. 1~c! and 1~d!, the gtt vertex diagram Figs. 1~f! and
1~g!, the bottom-quark self-energy diagram Fig. 1~i!, the top-
quark self-energy diagram Fig. 1~k!, the btH2 vertex dia-
grams Figs. 1~m! and 1~n! and Figs. 1~p! and 1~q!, including
their corresponding counterterms Figs. 1~e!, 1~h!, 1~j!, 1~l!,
1~o!, and 1~r!, and the box diagrams Figs. 1~s!–1~v!. ( ldMl

then represents the sum of the contributions to the SU
electroweak corrections from all the diagrams in Figs. 1~c!–
1~v!. The explicit form ofdMl can be expressed as
dMl52
ig3gsTi j

a

4A2316p2mW

Clū~pt!$ f 1
l gmPL1 f 2

l gmPR1 f 3
l pb

mPL1 f 4
l pb

mPR1 f 5
l pt

mPL1 f 6
l pt

mPR1 f 7
l gmk”PL1 f 8

l gmk”PR

1 f 9
l pb

mk”PL1 f 10
l pb

mk”PR1 f 11
l pt

mk”PL1 f 12
l pt

mk”PR%u~pb!«m~k!, ~5!

where theCl are coefficients that depend onŝ, t̂ , and the masses, and thef i
l are form factors; both the coefficientsCl and the

form factorsf i
l are given explicitly in Appendix A. The corresponding amplitude squared is

(
—

uMrenu25(
—

uM0
(s)1M0

(t)u212 Re(
— F S (

l
dMl D ~M0

(s)1M0
(t)!†G , ~6!

where

(
—

uM0
(s)1M0

(t)u25
g2gs

2

2NCmW
2 H 1

~ ŝ2mb
2!2

@~mt
2cot2b1mb

2tan2b!~pb•kpt•k2mb
2pt•k12pb•kpb•pt2mb

2pb•pt!

12mb
2mt

2~pb•k2mb
2!#1

1

~ t̂2mt
2!2

@~mt
2cot2b1mb

2tan2b!~pb•kpt•k1mt
2pb•k2mt

2pb•pt!

12mb
2mt

2~pt•k2mt
2!#1

1

~ ŝ2mb
2!~ t̂2mt

2!
@~mt

2cot2b1mb
2tan2b!„2pb•kpt•k12pb•kpb•pt

22~pb•pt!
22mb

2pt•k1mt
2pb•k…12mb

2mt
2~pt•k2pb•k22pb•pt!#J , ~7!

(
—

dMl~M0
(s)!†52

g4gs
2

64NC316p2mW
2 ~ ŝ2mb

2!
Cl(

i 51

12

hi
(s) f i

l , ~8!

and

(
—

dMl~M0
(t)!†52

g4gs
2

64NC316p2mW
2 ~ t̂2mt

2!
Cl(

i 51

12

hi
(t) f i

l . ~9!
Here the color factorNC53 and hi
(s) and hi

(t) are scalar
functions whose explicit expressions are given in Appen
B.

The cross section for the processgb→tH2 is

ŝ5E
t̂min

t̂max 1

16p ŝ2
S̄uMrenu2d t̂ ~10!
x
with

t̂min5
mt

21mH2
2

2 ŝ

2

2
1

2
A@ ŝ2~mt1mH2!2#@ ŝ2~mt2mH2!2#,
8-3
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and

t̂max5
mt

21mH2
2

2 ŝ

2

1
1

2
A@ ŝ2~mt1mH2!2#@ ŝ2~mt2mH2!2#.

The total hadronic cross section forpp→gb→tH2 can be
obtained by folding the subprocess cross sectionŝ with the
parton luminosity:

s~s!5E
(mt1mH2)/As

1

dz
dL

dz
ŝ~gb→tH2 at ŝ5z2s!.

~11!

Here As and Aŝ are the c.m. energies of thepp and gb
states, respectively, anddL/dz is the parton luminosity, de
fined as

dL

dz
52zE

z2

1 dx

x
f b/P~x,m! f g/P~z2/x,m!, ~12!

wheref b/P(x,m) and f g/P(z2/x,m) are the bottom-quark an
gluon parton distribution functions.

III. NUMERICAL RESULTS AND CONCLUSION

In the following we present some numerical results
charged Higgs-boson production in association with a
quark at both the Tevatron and the LHC. In our numeri
calculations the SM parameters were taken to bemW
580.41 GeV, mZ591.187 GeV, mt5176 GeV, as(mZ)
50.119, andaew(mZ)5 1

128.8 @15#. And we used the running
b-quark mass 3 GeV and the one-loop relations@16# from the
MSSM between the Higgs boson massesmh,H,A,H6 and the
parametersa and b, and chosemH6 and tanb as the two
independent input parameters. And we used the CTEQ
@17# parton distributions throughout the calculations. Oth
MSSM parameters were determined as follows:

~i! For the parametersM1 , M2, andm in the chargino and
neutralino matrix, we setM25300 GeV and then used th
relation M15(5/3)(g82/g2)M2.0.5M2 @2# to determine
M1. We also setm52100 GeV except for the numerica
calculations shown in Fig. 6~b!, wherem is a variable.

~ii ! For the parametersmQ̃,Ũ,D̃
2 and At,b in squark mass

matrices

Mq̃
2
5S MLL

2 mqMLR

mqMRL MRR
2 D ~13!

with

MLL
2 5mQ̃

2
1mq

21mZ
2 cos 2b~ I q

3L2eq sin2uW!,

MRR
2 5mŨ,D̃

2
1mq

21mZ
2 cos 2beq sin2uW ,
05300
r
p
l

M
r

MLR5MRL5S At2m cotb ~ q̃5 t̃ !

Ab2m tanb ~ q̃5b̃!
D , ~14!

to simplify the calculation we assumedmQ̃
2

5mŨ
2

5mD̃
2 and

At5Ab , and we setmQ̃5500 GeV andAt5200 GeV. But in
the numerical calculations of Fig. 6~a! At5Ab are the vari-
ables.

Some typical numerical calculations of the tree-lev
total cross sections and theO(aewmt(b)

2 /mW
2 ) and

O(aewmt(b)
4 /mW

4 ) SUSY electroweak corrections as the fun
tions of the charged Higgs-boson mass,At5Ab and m, re-
spectively, for three representative values of tanb are given
in Figs. 3–6.

Figures 3~a! and 4~a! show that the tree-level total cros
sections as a function of the charged Higgs boson mass
three representative values of tanb. For mH65200 GeV the
total cross sections at the Tevatron are at most only 0.7
0.1 fb for tanb52, 30, and 10, respectively, and formH6

5300 GeV the total cross sections are smaller than 0.15
for all three values of tanb. However, at the LHC the tota
cross sections are much larger: the order of thousands o
for mH6 in the range 100–240 GeV and tanb52 and 30;
and they are hundreds of fb for the intermediate va
tanb510. When the charged Higgs boson mass becom
heavy (,500 GeV!, the total cross sections still are larg
than 100 and 10 fb for tanb52, 30, and 10, respectively
For low tanb the top-quark contribution is enhanced, whi
for high tanb the bottom-quark contribution becomes larg
These results are smaller than ones given in Refs.@8,9# be-
cause we used the runningb quark mass 3 GeV in the nu
merical calculations. We have confirmed that if we cho
mb54.5 GeV, our results will agree with Refs.@8,9#.

FIG. 3. The tree-level total cross sections~a! and relative one-
loop corrections~b! versusmH6 at the Tevatron withAs52 TeV.
The solid, dashed, and dotted lines correspond to tanb52, 10, and
30, respectively.
8-4
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In Figs. 3~b! and 4~b! we show the corrections to the tot
cross sections relative to the tree-level values as a functio
mH6 for tanb52, 10, and 30. For tanb52 the corrections
decrease the total cross sections significantly, exceed
213% formH6 below 300 GeV at the both Tevatron and t
LHC. But the corrections decrease asmH6 increase. For ex-
ample, as shown in Fig. 4~b!, the corrections range betwee
213% and;0% whenmH6 increase from 300 GeV to 1

FIG. 4. The tree-level total cross sections~a! and relative one-
loop corrections~b! versusmH6 at the LHC withAs54 TeV. The
solid, dashed, and dotted lines correspond to tanb52, 10, and 30,
respectively.

FIG. 5. The radiative correction from top, bottom quar
~dashed line! and genuine SUSY particles~dotted line!, as well as
total contributions~solid line! when tanb530 at the LHC with
As514 TeV.
05300
of

g

TeV at the LHC. For high tanb(510,30) these correction
become smaller, which can decrease or increase the
cross sections depending on tanb, and the magnitude of the
corrections are at most a few percent for a wide range of
charged Higgs boson mass at both the Tevatron and
LHC.

In Fig. 5 we present the Yukawa correction from th
Higgs sector and the genuine SUSY electroweak correc
from the couplings involving the genuine SUSY particl
~the chargino, neutralino, and squark! for tanb530 at the
LHC, respectively. One can see that the Yukawa correc
and the genuine SUSY electroweak correction have oppo
signs, and thus cancel to some extent. The former decr
the total cross sections, which can range between28% and
;24% for mH6 below 300 GeV, but the latter increase th
total cross sections, which range between 10% and;7% for
mH6 in the same range. In such a case the combined eff
just are about 2% and;3%.

Figures 6~a! and 6~b! give the corrections as the function
of At5Ab and m for mH65300 GeV at the LHC, respec
tively, assuming tanb52, 10, and 30. From Figs. 6~a! and
6~b! one sees that the corrections increase or decrease sl
with increasingAt5Ab and the magnitude ofm, respec-
tively, for tanb530,10, and the corrections are not very se
sitive to eitherAt5Ab or m for tanb52, where the correc-
tions are always about212% and213%, respectively. In
general, for large values ofAt and small values of tanb or
large values ofm and tanb, one finds much larger correc
tions since the charged Higgs-boson–top-squark–bott
squark couplings become stronger. For tanb530, compar-
ing Fig. 4~b! with Fig. 6~b!, we can see that the correction
indeed become larger as the values ofm increase. But for

FIG. 6. Relative one-loop corrections versusAt , Ab ~a! as well
asm ~b! at the LHC withAs514 TeV, wheremH65300 GeV and
the solid, dashed, and dotted lines correspond to tanb52, 10, and
30, respectively. For~a!, m52100 GeV, and for~b!, At5Ab

5200 GeV.
8-5
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tanb52 from Fig. 4~a! and Fig. 6~a! we found that the cor-
rections change very little whenAt5Ab becomes larger. Ob
viously, the effects of the stronger couplings have been s
pressed by decoupling effects because with an increas
At5Ab all the squark masses are still heavy, which is alm
the same situation discussed in Ref.@18#.

In conclusion, we have calculated theO(aewmt(b)
2 /mW

2 )
and O(aewmt(b)

4 /mW
4 ) SUSY electroweak corrections to th

cross section for the charged Higgs-boson production in
sociation with a top quark at the Tevatron and the LH
These corrections decrease or increase the cross sectio
pending on tanb but are not very sensitive to the mass of t
charged Higgs boson for high tanb. At low tanb(52) the
corrections decrease the total cross sections significantly
ceeding212% for mH6 below 300 GeV at both the Teva
tron and the LHC, but formH6.300 GeV the correc-
05300
p-
of
t

s-
.
de-

x-

tions become small at the LHC. For high tanb(510,30)
these corrections can decrease or increase the total cross
tions, and the magnitude of the corrections are at most a
percent at both the Tevatron and the LHC.
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APPENDIX A

The coefficientsCl and form factorsf i
l are the following:

CV1(s)5
mb

2

mW
2 ~ ŝ2mb

2!
, CV1(t)5

mt
2

mW
2 ~ t̂2mt

2!
, Cs(s)5

mb
2

mW
2 ~ ŝ2mb

2!2
,

Cs(t)5
mt

2

mW
2 ~ t̂2mt

2!2
, CV2(s)5

mbmt

mW
2 ~ ŝ2mb

2!
,CV2(t)5

mbmt

mW
2 ~ t̂2mt

2!
,

Cb(s)5Cb(t)5
mtmb

mW
2

,

f 1
V1(s)

5h (1)@mb~g2
V1(s)

2g3
V1(s)

!22pb•kg6
V1(s)

#,

f 2
V1(s)

5h (2)@mb~g3
V1(s)

2g2
V1(s)

!22pb•kg7
V1(s)

#,

f 3
V1(s)

5h (2)@2~g1
V1(s)

1g2
V1(s)

!1mb~g4
V1(s)

1g5
V1(s)

!12pb•kg8
V1(s)

#,

f 4
V1(s)

5h (1)@2~g1
V1(s)

1g3
V1(s)

!1mb~g4
V1(s)

1g5
V1(s)

!12pb•kg9
V1(s)

#,

f 7
V1(s)

5h (2)@2~g1
V1(s)

1g2
V1(s)

!1mb~g6
V1(s)

1g7
V1(s)

!#,

f 8
V1(s)

5h (1)@2~g1
V1(s)

1g3
V1(s)

!1mb~g6
V1(s)

1g7
V1(s)

!#,

f 9
V1(s)

5h (1)@g4
V1(s)

12g6
V1(s)

1mb~g8
V1(s)

2g9
V1(s)

!#,

f 10
V1(s)

5h (2)@g5
V1(s)

12g7
V1(s)

1mb~g9
V1(s)

2g8
V1(s)

!#,

f 1
V2(s)

52pb•kg3
V2(s) , f 2

V2(s)
52pb•kg4

V2(s) ,

f 3
V2(s)

52g1
V2(s)

12mt cotb~dLL
(1)1dLL

(2)1dLL
(3)!22mtg3

V2(s)
12mbg4

V2(s) ,

f 4
V2(s)

52g2
V2(s)

12mb tanb~dLR
(1)1dLR

(2)1dLR
(3)!12mbg3

V2(s)
22mtg4

V2(s) ,

f 7
V2(s)

52
1

2
f 3

V2(s) , f 8
V2(s)

52
1

2
f 4

V2(s) ,
8-6
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f 1
V2(t)

52pt•kg3
V2(t) , f 2

V2(t)
52pt•kg4

V2(t) ,

f 5
V2(t)

52g1
V2(t)

12mt cotb~dLL
(1)1dLL
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whereD0 ,Di j ,Di jk are the four-point Feynman integrals@19#. The explicit forms ofdMV1(t),dMs(t),dMb(t), can be, respec
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~C222C23!1 ŝ~C121C23!G1h (2)mbmt@z iC111~11z i !C0#J ~2pt ,2pH2,mi ,mt ,mb!

1
4A2mW

sin 2b (
i , j ,k

@mtRi~b!Rj~ t !Nk3* Nk4~2C111C12!1mx̃
k
0L j~ t !Ri~b!Nk3* Nk4* C0#s i j

3~2pt ,2pH2,mx̃
k
0,mb̃i

,mt̃ j
!,

g2
V2(s)

5g1
V2(s)

~h (1)↔h (2),Ll↔Rl ,Nkl↔Nkl* !,

g3
V2(s)

5 (
i 5H0,h0,G0,A0

h i
(3)$h (1)mt@C01C111z i~C01C12!#1h (2)z imbC12%~2pt ,2pH2,mi ,mt ,mb!

2
4A2mW

sin 2b (
i , j ,k

Ri~b!Rj~ t !Nk3* Nk4s i j C12~2pt ,2pH2,mx̃
k
0,mb̃i

,mt̃ j
!,

g4
V2(s)

5g3
V2(s)

~h (1)↔h (2),Ll↔Rl ,Nkl↔Nkl* !,

g1
V2(t)

5 (
i 5H0,h0,G0,A0

h i
(3)H h (1)F2

1

2
14C̄241mb

2
„C012C111z i~C01C11!1C212C122C23…1mH2

2
~C222C23!

1 t̂~C121C23!G1h (2)mbmt@C01z i~C01C11!#J ~2pb ,pH2,mi ,mb ,mt!

1
4A2mW

sin 2b (
i , j ,k

@mbLi~b!L j~ t !Nk3* Nk4~2C111C12!1mx̃
k
0L j~ t !Ri~b!Nk3* Nk4* C0#s i j

3~2pb ,pH2,mx̃
k
0,mb̃i

,mt̃ j
!,

g2
V2(t)

5g1
V2(t)

~h (1)↔h (2),Ll↔Rl ,Nkl↔Nkl* !,

g3
V2(t)

52 (
i 5H0,h0,G0,A0

h i
(3)$h (1)mb@C01C111z i~C01C12!#1h (2)z imtC12%~2pb ,pH2,mi ,mb ,mt!

1
4A2mW

sin 2b (
i , j ,k

Ri~b!Rj~ t !Nk3* Nk4s i j C12~2pb ,pH2,mx̃
k
0,mb̃i

,mt̃ j
!,

g4
V2(t)

5g3
V2(t)

~h (1)↔h (2),Ll↔Rl ,Nkl↔Nkl* !,
053008-10



SUPERSYMMETRIC ELECTROWEAK CORRECTIONS TO . . . PHYSICAL REVIEW D62 053008
g1
s(s)5 (

i 5H0,h0,G0,A0
mbh i

(1)$2z iF0~pb1k,mi ,mb!1@z iF022mb
2~11z i !G012mb

2G1#~mb
2 ,mi ,mb!%

1 (
i 5H2,G2

2mbH 2
mt

2

mb
2
z iF0~pb1k,mi ,mt!1F22mt

2z iG01mb
2~j i

(1)1j i
(3)!~G12z iG0!1z i

mt
2

mb
2

F0G
3~mb

2 ,mi ,mt!J 1
4mW

2

mb
2 (

i , j
$2mx̃

i
0lb

2L j~b!Rj~b!Ni3*
2F0~pb1k,mb̃j

,mx̃
i
0!

2mx̃
i
1lbl tL j~b!Rj~b!Vi2* Ui2* F0~pb1k,mt̃ j

,mx̃
i
1!1@mb

3lb
2uNi3u2~2G01G1!

2mx̃
i
0lb

2L j~b!Rj~b!Ni3*
2~2mb

2G02F0!#~mb
2 ,mb̃j

,mx̃
i
0!1@mb

3~lb
2L j

2~ t !uUi2u21l t
2Rj

2~ t !uVi2u2!

3~2G01G1!2mx̃
i
1lbl tL j~ t !Rj~ t !Vi2* Ui2* ~2mb

2G02F0!#~mb
2 ,mt̃ j

,mx̃
i
1!%,

g2
s(s)5 (

i 5H0,h0,G0,A0
h i

(1)~2F01F1!~pb1k,mi ,mb!,

g3
s(s)5 (

i 5H0,h0,G0,A0
h i

(1)@F02F122mb
2G112~11z i !mb

2G0#~mb
2 ,mi ,mb!

1 (
i 5H2,G2

2$j i
(1)~2F01F1!~pb1k,mi ,mt!2@j i

(1)~2F01F1!22z imt
2G01mb

2~j i
(1)1j i

(3)!~G12z iG0!#

3~mb
2 ,mi ,mt!%2

4mW
2

mb
2 (

i , j
$lb

2@Rj
2~b!uNi3u2~2F01F1!1uNi3u2mb

2~2G01G1!

22mbmx̃
i
0L j~b!Rj~b!Ni3*

2G0#~mb
2 ,mb̃j

,mx̃
i
0!1@l t

2Rj
2~ t !uVi2u2~2F01F1!1mb

2~l t
2Rj

2~ t !uVi2u2

1lb
2L j

2~ t !uUi2u2!~G12G0!22mbmx̃
i
1L j~ t !Rj~ t !lbl tVi2* Ui2* G0#~mb

2 ,mt̃ j
,mx̃

i
1!2lb

2Rj
2~b!uNi3u2

3~2F01F1!~pb1k,mb̃j
,mx̃

i
0!2l t

2Rj
2~ t !uVi2u2~2F01F1!~pb1k,mt̃ j

,mx̃
i
1!%,

g4
s(s)5g3

s(s)@j i
(1)↔j i

(3) ,Vi2↔Ui2* ,Ni3↔Ni3* ,L j~b!↔Rj~b!,lbL j~ t !↔l tRj~ t !#,

g5
s(s)5g1

s(s)~Ni3* →Ni3 ,Vi2* →Vi2 ,Ui2* →Ui2!,

dLL
(1)5

4Nc

3mW
2 ~12cot2uW!F2mt

2S ln
mt

2

m2
21D 1mb

21mt
22

5

6
mW

2 1mb
2F01~mb

22mt
222mW

2 !F1G
3~mW

2 ,mb ,mt!1
4Nc

3mW
2

cot2uWH 2
5

6
@~gV

b !21~gA
b !21~gV

t !21~gA
t !2#mZ

2

1F „~gV
t !21~gA

t !2
…S 2mt

2 ln
mt

2

m2
1mt

2F022mZ
2F1D 2„~gV

t !22~gA
t !2

…3mt
2F0G ~mZ

2 ,mt ,mt!

1F „~gV
b !21~gA

b !2
…S 2mb

2 ln
mb

2

m2
1mb

2F022mZ
2F1D 2„~gV

b !22~gA
b !2

…3mb
2F0G ~mZ

2 ,mb ,mb!J
1

4Nc

mW
2 @~cot2b21!mt

2F01~mt
22mb

222mt
2 cot2b!F11~mt

2 cot2b1mb
2 tan2b12mb

2!mt
2G0

2~mt
2 cot2b1mb

2 tan2b!mH2
2 G1#~mH2

2 ,mt ,mb!1 (
i 5H0,h0,G0,A0

1

2mW
2 $mb

2h i
(1)@F12F022mb

2

053008-11



JIN, LI, OAKES, AND ZHU PHYSICAL REVIEW D62 053008
3~G01z iG02G1!#~mb
2 ,mi ,mb!2mt

2h i
(2)@2~112z i !F01F112mt

2~11z i !G022mt
2G1#~mt

2 ,mi ,mt!%

1 (
i 5H2,G2

1

mW
2 H mb

2@j i
(1)~2F01F1!22mt

2z iG01mb
2~j i

(1)1j i
(3)!~G12z iG0!#~mb

2 ,mi ,mt!

2mt
2F2

2mb
2

mt
2

z iF01j i
(2)~2F01F1!12mb

2z iG02mt
2~j i

(2)1j i
(4)!~G12z iG0!G ~mt

2 ,mi ,mb!J
22NC(

i , j
H 2s i j s i j G01

1

mW
2

Li~b!L j~ t !FLi~b!L j~ t !S mb
2

cos2b
1

mt
2

sin2b
D cos2b

1Ri~b!Rj~ t !mtmb~ tan2b2cot2b!G J ~mH2
2 ,mt̃ j

,mb̃i
!,

dLL
(2)522(

i , j
H l t

2F2
2mx̃

i
0

mt
L j~ t !Rj~ t !Ni4*

2~F02mt
2G0!1uNi4u2@Rj

2~ t !~2F01F1!2mt
2~2G01G1!#G

3~mt
2 ,mt̃ j

,mx̃
i
0!1F2

2mx̃
i
1

mt
lbl tL j~b!Rj~b!Ui2* Vi2* ~F02mt

2G0!1lb
2Rj

2~b!uUi2u2~2F01F1!

2mt
2@l t

2L j
2~b!uVi2u21lb

2Rj
2~b!uUi2u2#~2G01G1!G ~mt

2 ,mb̃j
,mx̃

i
1!J ,

dLL
(3)52(

i , j
$lb

2@ uNi3u2
„Rj

2~b!~2F01F1!1mb
2~2G01G1!…22mbmx̃

i
0L j~b!Rj~b!Ni3*

2G0#~mb
2 ,mb̃j

,mx̃
i
0!

1@22mx̃
i
1mblbl tL j~ t !Rj~ t !Ui2* Vi2* G01lb

2L j
2~b!uUi2u2~2F01F1!1mb

2
„l t

2Rj
2~ t !uVi2u2

1lb
2L j

2~ t !uUi2u2…~2G01G1!#~mb
2 ,mt̃ j

,mx̃
i
1!%,

dLR
(1)5 (

i 5H0,h0,G0,A0

1

2mW
2 $mt

2h i
(2)@2F01F122mt

2~G01z iG02G1!#~mt
2 ,mi ,mt!2mb

2h i
(1)

3@2F01F122z iF012mb
2~11z i !G022mb

2G1#~mb
2 ,mi ,mb!%

1 (
i 5H2,G2

1

mW
2 H mt

2@j i
(2)~2F01F1!22mb

2z iG01mt
2~j i

(2)1j i
(4)!~G12z iG0!#~mt

2 ,mi ,mb!

2mb
2F2

2mt
2

mb
2

z iF01j i
(1)~2F01F1!12mt

2z iG02mb
2~j i

(1)1j i
(3)!~G12z iG0!G ~mb

2 ,mi ,mt!J ,

dLR
(2)5dLL

(2)~U !, dLR
(3)5dLL

(3)~U !.

HereC0 ,Ci j are the three-point Feynman integrals@19# and C̄24[2 1
4 D1C24, while

Fn~q,m1 ,m2!5E
0

1

dyynlnF2q2y~12y!1m1
2~12y!1m2

2y

m2 G ,

Gn~q,m1 ,m2!52E
0

1

dy
yn11~12y!

2q2y~12y!1m1
2~12y!1m2

2y
,

and
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gV
t 5

1

2
2

4

3
sin2uW , gA

t 5
1

2
, gV

b52
1

2
1

2

3
sin2uW , gA

b52
1

2
,

which are the SM couplings of the top and bottom quarks to theZ boson. The definitions ofuq ,Ui j ,Vi j ,Ni j ,m, andAq can
be found in Ref.@2#.

APPENDIX B

h1
( i )54mth

(2)~2pb•k2p( i )
•pb!24mbh (1)~p( i )

•pt1pt•k!,

h2
( i )5h1

( i )~h (1)↔h (2)!,

h3
( i )52h (2)~2pb•kpb•pt2mb

2pt•k22p( i )
•pbpb•pt!12mbmth

(1)~pb•k22p( i )
•pb!,

h4
( i )5h3

( i )~h (1)↔h (2)!,

h5
( i )52h (2)~mt

2pb•k22p( i )
•ptpb•pt!12mbmtmth

(1)~pt•k22p( i )
•pt!,

h6
( i )5h5

( i )~h (1)↔h (2)!,

h7
( i )54h (2)~p( i )

•pbpt•k2p( i )
•kpb•pt2pb•kp( i )

•pt22pb•kpt•k!24mbmth
(1)p( i )

•k,

h8
( i )5h7

( i )~h (1)↔h (2)!,

h9
( i )54mth

(2)pb•k~pb•k2p( i )
•pb!24mbh (1)p( i )

•pbpt•k,

h10
( i )5h9

( i )~h (1)↔h (2)!,

h11
( i )54mth

(2)pb•k~pt•k2p( i )
•pt!24mbh (1)pt•kp( i )

•pt ,

h12
( i )5h11

( i )~h (1)↔h (2)!,

where the indexi represents the two channelss and t, andp(s)5pb , p(t)5pt .
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