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Improved calculation of WÁHÂ associated production via gluon-gluon fusion at the CERN LHC
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The production process for the charged Higgs boson associated with theW boson via gluon-gluon fusion at
the CERN large hadron collider~LHC! in the minimal supersymmetric standard model~MSSM! is investigated
with one-loop diagrams of both quarks and scalar quarks. We find the contribution from the scalar quark loops
can be comparable with those from quark loop diagrams and could decrease or enhance the cross section
substantially in some parameter space. The results show that this cross section can be about 45 fb with our
chosen input parameters at the CERN LHC. The analysis of thepT distribution shows that the line shapes
partly depend on the virtual scalar quark contributions. The numerical analysis of their production rates is also
carried out in the minimal supergravity~MSUGRA! scenario. We find that the supersymmetric contributions
can reach156% of the total cross section in the MSUGRA-inspired MSSM.
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I. INTRODUCTION

The minimal standard model~MSM! @1,2# has been con-
firmed by experiments as a very successful model of part
physics in the past decades. But until now the symme
breaking structure of the electroweak interactions has not
been directly explored experimentally. Therefore the exp
ration of additional Higgs bosons will be very important
probing the extended Higgs sector. As we know, any
largement of the Higgs sector beyond the single SU(L

Higgs doublet of the MSM necessarily involves charg
Higgs bosons. Like the general two-Higgs-doublet mod
the minimal supersymmetric standard model~MSSM! @3–5#
also has two Higgs doublets and includes charged Hi
bosons, which is not involved in the MSM. Therefore, e
perimental discovery of a charged Higgs bosonH6 will be
the direct verification of these extended versions of the Hi
sector.

In the future multi-TeV hadron colliders such as t
CERN large hadron collider~LHC!, the search for the
charged Higgs bosons and other neutral Higgs bosons,
the study of their nature are the most important tasks.
hadron colliders, there are several mechanisms which
produce charged Higgs bosons@6#. If mH6,mt2mb , the
charged Higgs bosons can abundantly be produced in de
of top quarks~top antiquarks! @ t t̄→bH1(b̄H2)# produced
by a parent production channelpp→t t̄ ; i.e., the LHC experi-
menters will never need to resort topp→W6H7 associated
production for charged Higgs boson searches. The domi
decay channels in this mass range areH1(H2)→ t̄nt(tn̄t).
For the large mass charged Higgs bosons, theH6 bosons are
mainly produced by gb(gb̄)→tH2( t̄ H1) @7#, gg

→tb̄H2( t̄ bH1) @8#, and qb(q̄b̄)→q8bH1(q̄8b̄H1) @9#.
The sequential decaysH1→tb̄ are known as a preferre
channel for charged Higgs boson search. But these si
processes appear together with large QCD background.
charged Higgs boson pair can be produced by the Drell-Y
processqq̄→H1H2 @10# and gluon-gluon fusion at one
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loop gg→H1H2 @11# at the LHC. Since the heavyH6

bosons decay dominantly into quark pairs, the pair prod
tion process is always accompanied by serious QCD ba
grounds too. Therefore, the production of the heavy char
Higgs bosons associated withW6 bosons seems to be a
attractive way of searching for theH6 bosons, because th
W6 boson’s leptonic decay may be used as a spectac
trigger. From above discussion, we can see that the phen
enological relevance ofpp→(bb̄,gg)→W6H71X only re-
ally applies to the case of heavy charged Higgs states w
mH6.mt1mb .

Recently Moretti and Odagiri found that the similepton
signature ‘‘bb̄W1W2→bb̄j j l 1missing momentum’’ is
dominated byt t̄ events@12#. It seems that it may be hard t
disentangle theW6H7 signal in the decay mode of th
heavy charged Higgs bosonH1→tb̄ at the LHC. In Ref.
@12# they stressed also that charged Higgs boson produc
in association withW6 at hadron colliders, represents
novel mechanism, whose decay phenomenology is larg
unknown and that should be investigated further. Theref
one may consider the possible dominant MSSM decay ch
nels of the heavy charged Higgs bosons, involving squa
sleptons, and gauginos, as signal processes.

The production of charged Higgs bosons in associat
with W gauge bosons at the LHC involves several subproc
both at the tree and one-loop level. In@13# Dicus et al. nu-
merically calculated these association productions at had
colliders for vanished bottom quark mass. These process
the MSSM are further studied by Barrientos Bendezu a
Kniehl in Refs.@14,15#. In above references the authors i
nored the contributions from the squark loop diagrams
the subprocessgg→W6H7, and their results show that th
cross section contributed by the tree-level subprocessbb̄
→W6H7 is about one order larger than that by the one-lo
gg→W6H7. Of course the consideration ignoring th
squark loops in subprocessgg→W6H7 is reasonable when
the masses of supersymmetric particles are very heavy, a
leads to the cross-section contributions from squark lo
being very small due to the decoupling theorem. But in
©2000 The American Physical Society02-1
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MSSM theory the nondecoupling squark masses are
possible, thereby the effects from the squark loop diagra
could be important. Recently, Yanget al. calculated the su-
persymmetric electroweak corrections tobb̄→W6H7 at the
LHC @16#.

In this paper we give the calculation of the processpp
→gg1X→W6H71X at the CERN LHC including the
contributions, which arise from both quark and squark lo
diagrams in the framework of the MSSM. We arrange t
paper as follows. In Sec. II we present the analytical cal
lation. In Sec. III we give some numerical presentations
cluding the results from the input parameters of the minim
supergravity~MSUGRA! scenario@17#, and discuss thes
numerical results. The conclusions are contained in Sec.
Finally, some notations used in this paper and the exp
expressions of the relevant form factors induced by the l
diagrams are collected in the Appendix.

II. THE CALCULATION OF pp\gg\W¿HÀ¿X

In the MSSM theory every quark has two scalar partne
the squarksq̃L andq̃R . If there is no left-right flavor mixing
in the squark-sector, the mass matrix of a scalar quark
cluding CP-odd phases takes the following form@18#:

2Lm5~ q̃L* q̃R* !S mq̃L

2
aqmq

aq* mq mq̃R

2 D S q̃L

q̃R
D , ~2.1!

whereq̃L andq̃R are the current eigenstates. For the up-ty
scalar quarks, we have

mq̃L

2
5M̃Q

2 1mq
21mZ

2S 1

2
2QqsW

2 D cos 2b, ~2.2!

mq̃R

2
5M̃U

2 1mq
21QqmZ

2sW
2 cos 2b, ~2.3!

aq5uaque22ifq5m cotb1Aq* M̃ . ~2.4!

For the down-type scalar quarks,

mq̃L

2
5M̃Q

2 1mq
22mZ

2S 1

2
1QqsW

2 D cos 2b, ~2.5!

mq̃R

2
5M̃D

2 1mq
21QqmZ

2sW
2 cos 2b, ~2.6!

aq5uaque22ifq5m tanb1Aq* M̃ , ~2.7!

whereQq (QD52 1
3 , QU5 2

3 ) is the charge of the scala
quark, M̃Q

2 , M̃U
2 , and M̃D

2 are the self-supersymmetry
breaking mass terms for the left-handed and right-han
scalar quarks, andsW5sinuW, cW5sinuW. We choose
M̃Q5M̃U5M̃D5M̃ . Aq•M̃ is a trilinear scalar interaction
parameter, andm is the supersymmetric mass mixing term
the Higgs boson. The complex valueaq can introduceCP

violation. In general,q̃L andq̃R are mixed and give the mas
eigenstatesq̃1 and q̃2 ~usually we assumemq̃1

,mq̃2
). The
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mass eigenstatesq̃1 and q̃2 are expressed in terms of th
current eigenstatesq̃L ,q̃R and the mixing angleuq with the
CP-violating phasefq . They read

q̃15q̃L cosuqeifq2q̃R sinuqe2 ifq,

q̃25q̃L sinuqeifq1q̃R cosuqe2 ifq, ~2.8!

and

tan 2uq5
2uaqumq

mq̃L

2
2mq̃R

2 . ~2.9!

Then the masses ofq̃1 and q̃2 are

~mq̃1

2 ,mq̃2

2
!5

1

2
$mq̃L

2
1mq̃R

2
7@~mq̃L

2
2mq̃R

2
!214uaqu2mq

2#1/2%.

~2.10!

In this work we ignore theCP violation and take all those
CP-violating phases being zero. In this case the cross sec
of pp→gg1X→W2H1X coincides with the processpp
→gg1X→W1H21X because of charge conjugation in
variance. We are now ready to calculate the processpp
→gg1X→W1H21X. Unless otherwise stated, the calc
lation in Sec. II is specified in this process only, where
numerical results of the total cross section in Sec. III invo
both processes, i.e.,pp→gg1X→W6H71X. Hence our
numerical results of total cross section contain a factor o
in contrast toW1H2 production only.

In our calculation, we perform the calculation in the
Hooft-Feynman gauge. As the subprocessgg→W1H2 is
loop-induced, the one-loop order calculation can be sim
carried out by summing all unrenormalized reducible a
irreducible one-loop diagrams and the results will be fin
and gauge invariant. The generic Feynman diagrams con
uting to the subprocess in the MSSM at one-loop level
depicted in Fig. 1, where the exchange of incoming gluons
Fig. 1~a.1–4!, Fig. 1~b.2!, and Fig. 1~c.1 and 2! are not
shown. In Fig. 1, U(Ũ)5u,c,t(ũ,c̃, t̃ ), D(D̃)
5d,s,b(d̃,s̃,b̃). We found that diagrams like Fig. 1~b.2! do
not contribute to the cross section and are thus exclude
the form factor expressions in the Appendix. In our nume
cal evaluation we consider only the contributions from t
third generation quarks and squarks, i.e.,U(Ũ)
5t( t̃ ), D(D̃)5b(b̃), due to the feature of the Yukaw
coupling strength.

We divide all the one-loop diagrams in Fig. 1 into thre
groups:~1! box diagrams shown in Fig. 1~a.1–4!, ~2! quartic
interaction diagrams in Fig. 1~b.1–3!, ~3! triangle diagrams
shown in Fig. 1~c.1 and 2!. We denote the reaction ofW1H2

production via gluon-gluon fusion as

g~p1 ,a,m!g~p2 ,b,n!→W1~k1 ,l!H2~k2!. ~2.11!

wherep1 ,p2 andk1 ,k2 denote the four momenta of the in
coming gluons and outgoingW1 and H2, respectively,
2-2
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FIG. 1. The Feynman diagrams of the subprocessgg→W1H2. ~a.1–4! Box diagrams.~b.1–3! quartic interaction diagrams.~c.1 and 2!
Triangle diagrams.
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while a,b are color indices of the colliding gluons. Th
Mandelstam variables are defined as

ŝ5~p11p2!25~k11k2!2, t̂5~p12k1!25~p22k2!2,

û5~p12k2!25~p22k1!2. ~2.12!

The explicit expression of the corresponding matrix e
ment can be found in the Appendix. The parton level cr
section at one-loop order with summing all the spins of fi
states and averaging the spin and color of initial states ca
obtained from

ŝ~ ŝ,gg→W1H2!5
1

16p ŝ2Et̂2

t̂1

d t̂ (
—

uMu2.

~2.13!
01500
-
s
l
be

In the above equation, we taket̂65@(mH
2 1mW

2 2 ŝ)

6A(mH
2 1mW

2 2 ŝ)224mH
2 mW

2 #/2. The bar over the sum
means the average over the initial spin and color. It lead
the color factor in the cross section which is equal to 1
and arises from

1

8

1

8 (
a,b

@ tr~TaTb!#25
1

8

1

8

1

4
85

1

32
. ~2.14!

The total cross section of theW1H2 production via gluon
fusion at hadron collider can be obtained by folding the cr
section of the subprocessŝ(gg→W1H2) with the gluon-
gluon luminosity.
2-3
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ZHOU FEI et al. PHYSICAL REVIEW D 63 015002
s~s,pp→gg→W1H2!

5E
mW1mH1

As

1

dz
dLgg

dz
ŝ~gg→W1H2 at ŝ5z2s!,

~2.15!

whereAs andAŝ are thepp andgg c.m.s. energies, respec
tively, anddLgg /dz is the gluon-gluon luminosity at proton
proton collider, which is expressed as@20#

dLgg

dz
5

1

2Ez

1dx1

x1
F f g~x1 ,Q! f gS z

x1
,QD

1 f gS z

x1
,QD f g~x1 ,Q!G . ~2.16!

The differential cross section forpp→gg→W1H21X is
conveniently written in terms of the rapiditiesy1 and y2 of
the two jets~finial states! and W-boson transverse momen
tum pT . Here we neglect the intrinsic transverse moment
carried by partons. It is

ds

dy1dy2dpT
5

pz2pT

ŝ
f g~x1 ,Q! f g~x2 ,Q!

3ŝ~gg→W1H2 at ŝ5z2s!, ~2.17!

f g(xi ,m) is the distribution function of gluon in proton. De
fining

y* 5
1

2
~y12y2!, yboost5

1

2
~y11y2!. ~2.18!

We may write

z25
4pT

2

s
cosh2 y* ~2.19!

x15zeyboost, x25ze2yboost. ~2.20!

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present some numerical results of
total cross section from the quark and squark one-loop
grams for the processespp→gg1X→W6H71X. The SM
input parameters are chosen asmt5175 GeV, mZ
591.187 GeV, mb54.5 GeV, sin2 uW50.2315, andaEW
51/128 @19#. We adopt CTEQ5 of the parton distributio
functions proton~set 1! @21# in integrating the parton leve
cross section, and take the renormalization scale and fa
ization scale to be the identical value ofm5Q5mW1mH1.
We adopt a simple one-loop formula for the running stro
couplingas as

as~m!5
as~mZ!

11
3322nf

6p
as~mZ!lnS m

mZ
D , ~3.1!
01500
e
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whereas(mZ)50.117 andnf is the number of active flavors
at energy scalem.

The supersymmetric input parameter sector is given
two ways. First, we run the packageHDECAY @22# in the
MSSM mode by choosing tanb ~ratio of the vacuum expec
tation values of the two Higgs fields! andmH1 ~pole mass of
the charged Higgs boson! as the input parameters of th
Higgs sector, we obtain the masses of the neutral Higgs
son, (mh0,mH0,mA0), decay widthsGh0,GH0,GA0, as well as
the mixing angle (a) of the neutral Higgs bosonsh0 andH0.
In fact, our input value of tanb varies in the range of 1.5–
32, andmH1 from 100 to 1000 GeV. For the scalar qua
sector, we choose the supersymmetric mass parameter o
Higgs boson and self-supersymmetry-breaking massM̃ as
m5300 GeV andM̃5220 GeV and take the mixing angle
u b̃50 and u t̃;p/4, so that the masses of top squark p
split remarkably, while the split of the bottom squark mass
is minimized. With the input parameters mentioned abo
the masses of scalar quarks can be obtained from Eqs.~2.2!–
~2.10!. We list them in Table I.

The cross sections for the subprocessgg→W1H2 versus

gluon-gluon c.m.s. energyAŝ is shown in Fig. 2. The input
parameters are set to typical values of tanb51.5, 6, and 30,
while mH15150 and 600 GeV, respectively. There are so
peaks on the curves which reflect the resonance effects in
quark and top squark/bottom squark loops, respectively.
instance, let us look at the dashed line (tanb

TABLE I. The squark masses with input parametersM̃5220
GeV, m5300 GeV, and mixing anglesu b̃50, u t̃5p/4.

tanb mb̃1
mb̃2

mt̃ 1
mt̃ 2

1.5 220.593 GeV 223.111 GeV 240.846 GeV 313.758 G
6 221.389 GeV 227.509 GeV 165.324 GeV 356.069 G
30 221.462 GeV 227.911 GeV 156.523 GeV 359.725 G

FIG. 2. Cross sections of the subprocessgg→W1H2 as func-

tion of gg c.m.s energyAŝ. Note thatW2H1 production rate is not
counted here.
2-4
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56, mH15150 GeV!. The obvious peaks at the vicinitie

of Aŝ52mq̃1,2
(q̃5 t̃ ,b̃) are from the enhancement by th

resonance effects of thet̃ 1 loop together with the top quar

loop, b̃1,2, t̃ 2 loop diagrams, respectively. FormH15600

GeV, the only kinematically allowed sharp peak atAŝ

52mt̃ 2
is from the t̃ 2 resonance effect.

The pT distributionsds/dpT with As514 TeV is shown
in Fig. 3 with the cut of pseudorapidityuhu,2. Again the six
curves correspond to the parameter sets of tanb51.5, 6, 30,
and mH15150 and 600 GeV, respectively. Because of
contributions from the scalar quark loop diagrams, thepT
distributions have some structures at the regions whenpT
;380 GeV andpT;180 GeV, on the curves formH1

5150 GeV with tanb56,30, respectively. The curves fo
mH15150 GeV with tanb51.5 has a small peak at abo
pT;180 GeV only. For the curves ofmH15600 GeV,
there is no obvious structure on their line shapes.

Figure 4 displays the integrated total cross section
W6H7 production at proton-proton colliders versus the m
of H6 with As514 TeV. There we can see the sophistica
structures on all curves. For comparison we plot the cu
for tanb51.5 with only quark loop contributions too. W
can see that the cross sections are enhanced by the s
quark loop contributions. The increment can reach 7
comparing with the cross section with only quark loop d
grams. In Fig. 4, all these structures come also from
contributions of threshold effects at the vicinities whe
mH15mt̃ i

1mb̃i
( i 51,2) andmH15mt1mb from loop dia-

grams. At some of these positions the threshold effects
not so obvious for the parent process. When tanb51.5, the
cross section could reach up to 45 fb in the vicinity
mH1;210 GeV. Note that the heavy scalar quarkt̃ i and

FIG. 3. Transverse momentum spectrumds/dpT of pp→gg
1X→W6H71X at LHC with As514 TeV and the cut of pseu
dorapidity uhu,2. The upper three curves are formH15150 GeV,
tanb51.5,6,30 respectively. The other three curves are formH1

5600 GeV.
01500
e
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b̃i ( i 51,2) in loops could slightly increase the cross sect
at large charged Higgs boson mass region of approxima
mb̃1

1mt̃ 1
;460 GeV to mb̃2

1mt̃ 2
;540 GeV, due to top

squark–bottom squark loop diagrams Figs. 1~a.2!, 1~a.4!,
and 1~b.1!.

In Fig. 5 we present the cross sections ofW6H7 produc-
tions versus tanb with As514 TeV and the mass of th
charged Higgs boson is chosen as 100, 300, and 1000 G
respectively. Our calculation shows that since the coupli
of Higgs bosons to quark or squark pairs are related to
ratio of the vacuum expectation values, tanb should effect
the cross sections substantially. When the ratio of b
vacuum expectation values tanb is in the low value range,
the cross sections for those three curves can reach their m
mum values.

FIG. 4. Total cross sections of the processpp→gg1X
→W6H71X as function ofmH1 at LHC with As514 TeV. The
curve labeled ‘‘quark’’ denotes the contribution from quark loo
only.

FIG. 5. Total cross sections of the processpp→gg1X
→W6H71X as function of tanb at LHC with As514 TeV.
2-5
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Figures 6, 7, and 8, which correspond to Figs. 2, 3, an
respectively, are worked out in the MSUGRA scenario.
the five input parameters (m0 , m1/2, A0 , tanb, and sign
of m) in this theory, we takem1/25120 GeV,A05300 GeV,
m.0. m0 is obtained from the chosen values ofmH6. All
other MSSM parameters are determined in the MSUG
scenario by using program packageISAJET 7.44. In this pro-
gram, the renormalization group equations~RGE’s! @23# are
run from the weak scalemZ up to the grand unified theor
~GUT! scale, taking all thresholds into account in order
get the low-energy scenario from the MSUGRA. It uses tw
loop RGE’s only for the gauge couplings and the one-lo
RGE’s for the other supersymmetric parameters. The G
scale boundary conditions are imposed and the RGE’s

FIG. 6. Transverse momentum spectrumds/dpT in the
MSUGRA scenario ofpp→gg1X→W6H71X at LHC with As
514 TeV and the cut of pseudorapidityuhu,2. The three curves
are formH15300 GeV, tanb52,6,32 respectively.

FIG. 7. Total cross sections in MSUGRA scenario as function
mH6 at LHC with As514 TeV. Dotted curves denote the contrib
tion from quark loops only.
01500
5,
f

A

-
p
T
re

run back tomZ , again taking threshold into account. In the
figures we plot the curves contributed by~s!quark loops and
only quark loop diagrams separately for comparison.
three figures show that the cross sections are effected by
supersymmetric contributions obviously. In Fig. 6, we fin
that scalar quark corrections can be either positive or ne
tive. When the value ofW-boson transverse momentumpT is
getting rather large, the scalar quark contribution is beco
ing negative. The supersymmetric correction to the tra
verse momentum distribution can be more than 80% of
total momentum distribution. Figures 7 and 8 show that
squark loop correction increases with the increment of
charged Higgs mass, and decreases with the incremen
tanb in the region of tanb.10. It exceeds150% of the
total cross section for small tanb and large charged Higg
mass. Even when tanb52 andmH65550 GeV, the super-
symmetric correction reaches156%. Compared with previ-
ous figures with non-MSUGRA parameters, we observe l
obvious scalar-quark contributions in some parameter sp
which is partly suppressed due to decoupling scalar-qu
masses and partly due to constraints to scalar quark coup
strength.

In order to check our calculation, the comparisons of o
results with those reported in Refs.@13# and @14# are made,
respectively. With the same input parameters as in Ref.@13#
and ignoring the squark loop contributions, we can reprod
the results of theirs very well, while if we use the inp
information from Ref.@14# and assume having a decouplin
scalar quark interaction, our cross sections are exactly
half of their corresponding values in Ref.@14#. During the
revision of our manuscript, we acknowledged another pa
which appeared on this subject@24#. We made further com-
parison with the results in this paper. Our calculation sho
that if we use their input parameters, we get again exa
one half of their corresponding values in Ref.@24#.

IV. SUMMARY

In this paper, we studied theW6-associated production o
charged Higgs bosons via gluon-gluon fusion in the MSS

f

FIG. 8. Total cross sections in MSUGRA scenario as function
tanb at LHC with As514 TeV. Dotted curves denote the contr
bution from quark loops only.
2-6
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IMPROVED CALCULATION OF W6H7 ASSOCIATED . . . PHYSICAL REVIEW D 63 015002
at the LHC. Numerical analysis of their production rates
carried out at~s!quark one-loop order with some typical p
rameter sets. With our input parameters the contribut
from virtual scalar quarks are obvious in most parame
space regions and cannot be neglected. We find the co
butions from the scalar quark loops are comparable with
from quark loop diagrams and can either decrease or enh
the cross section substantially. In the MSUGRA scenario,
squark loop contribution can even reach156% of the total
cross section. Our results demonstrate that this cross se
can be about 45 fb with our chosen input parameters at
CERN LHC. The analysis of thepT distribution shows that
its line shapes depend partly on the virtual scalar quark c
tributions.
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APPENDIX

In this appendix we list the form factors for the one-lo
diagrams of the third generation quarks and squarks.
notations used in this section are defined as below:

PA5
1

ŝ2mA0
21 imA0GA0

,

Ph5
1

ŝ2mh0
21 imh0Gh0

, PH5
1

ŝ2mA0
21 imH0GH0

,

Pb5Ph cos~a2b!sina2PH sin~a2b!cosa,

Pt5Ph cos~a2b!cosa1PH sin~a2b!sina,

B0
t 5B0@2p1 ,mt ,mt#, B0

b5B0@2p1 ,mb ,mb#,

B0
t̃ 5B0@p11p2 ,mt̃x ,mt̃x#,

B0
b̃5B0@p11p2 ,mb̃x ,mb̃x#,

Ci j
t 5Ci j @2p2 ,2p1 ,mt ,mt ,mt#,

Ci j
b 5Ci j @2p2 ,2p1 ,mb ,mb ,mb#,

Ci j
t̃ 5Ci j @2p2 ,2p1 ,mt̃x ,mt̃x ,mt̃x#,

Ci j
b̃ 5Ci j @2p2 ,2p1 ,mb̃x ,mb̃x ,mb̃x#,

Ci j
1 5Ci j @k2 ,k1 ,mt̃ y ,mb̃x ,mt̃ y#,

Ci j
2 5Ci j @k2 ,k1 ,mb̃y ,mt̃x ,mb̃y#,
01500
s

n
r

tri-
at
ce
e

ion
e

n-

l

d
f
gy
d

e

Ci j
3 5Ci j @k2 ,2p2 ,mt̃ y ,mb̃x ,mb̃x#,

Ci j
4 5Ci j @k2 ,2p2 ,mb̃y ,mt̃x ,mt̃x#,

Ci j
5 5Ci j @k2 ,2p1 ,mt̃ y ,mb̃x ,mb̃x#,

Ci j
6 5Ci j @k2 ,2p1 ,mb̃y ,mt̃x ,mt̃x#,

Vh t̃xt̃ y
5 i FmZ

cW
S 1

2
2

2

3
sW

2 D sin~a1b!

2
mt

2

mW sinb
cosaGU1i* U1 j1 i F2mZ

3cW
sW

2 sin~a1b!

2
mt

2

mW sinb
cosaGU2i* U2 j1 i

mt

2mW sinb

3~2At cosa1m sina!~U2i* U1 j1U1i* U2 j !,

VHt̃ xt̃ y
52 i FmZ

cW
S 1

2
2

2

3
sW

2 D cos~a1b!

1
mt

2

mW sinb
sinaGU1i* U1 j2 i F2mZ

3cW
sW

2 cos~a1b!

1
mt

2

mW sinb
sinaGU2i* U2 j2 i

mt

2mW sinb

3~At sina1m cosa!~U2i* U1 j1U1i* U2 j !,

Vhb̃xb̃y
5 i F2

mZ

cW
S 1

2
2

1

3
sW

2 D sin~a1b!

1
mb

2

mW cosb
sinaGD1i* D1 j

1 i F2
mZ

3cW
sW

2 sin~a1b!1
mb

2

mW cosb
sinaG

3D2i* D2 j2 i
mb

2mW cosb
~2Ab sina1m cosa!

3~D2i* D1 j1D1i* D2 j !,

VHb̃xb̃y
5 i FmZ

cW
S 1

2
2

1

3
sW

2 D cos~a1b!

2
mb

2

mW cosb
cosaGD1i* D1 j

2 i F2
mZ

3cW
sW

2 cos~a1b!1
mb

2

mW cosb
cosaG

3D2i* D2 j2 i
mb

2mW cosb
~Ab cosa1m sina!

3~D2i* D1 j1D1i* D2 j !,
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VHt̃ xb̃y
52 i

mW

A2
@sin 2b2~mb

2 tanb

1mt
2 cotb!/mW

2 #U1i* D1 j1 i
mtmb

A2mW

3~ tanb1cotb!U2i* D2 j2 i
mb

A2mW

3~m2Ab tanb!U1i* D2 j2 i
mt

A2mW

3~m2At cotb!U2i* D1 j ,

VWt̃xb̃y
52 iD 1x* U1y /A2,

F1@ f ~x,y!#54mW (
x,y51

2

f ~x,y!VHt̃ xb̃y
VWb̃yt̃ x

,

F2@ f ~x,y!#54mW (
x,y51

2

f ~x,y!VHt̃ yb̃x
VWb̃xt̃ y

,

where the indicesx,y(51,2) of U andD label squark mass
eigenstates. The elements of the transform matrix betw
squark current eigenstates and mass eigenstatesQxy (Q
5U,D) are defined as

Q5S cosuqe2 ifq sinuqe2 ifq

2sinuqeifq cosuqeifq
D .

The matrix element corresponding to Fig. 1 can be writ
as

M5Mb1Mq1Ms ,

where the contribution of thes-channel@Fig. 1~b.3!, ~c.1 and
2!# to the matrix element is

Ms5
idabem~p1!en~p2!el~2k1!gs

2ge
2

16p2mW

~p11p2!l$ f 1
semnp1p2

1 f 2
sp2mp1n1 f 3

sgmn%.

The contribution of quartic diagrams Fig. 1~b1 and 2! to
the matrix element is

Mq5
idabem~p1!en~p2!el~2k1!gs

2ge
2

16p2mW

f 3
q~p11p2!lgmn .

The form factorsf i ( i 51 –5! are expressed explicitly a
follows. gs represents the coupling constant for the stro
interation andge for electroweak interactions:

f 1
s522iPA~mt

2 cotbC0
t 1mb

2 tanbC0
b!,
01500
en

n

g

f 2
s522Ptmt

2 cscb~C0
t 14C12

t 14C23
t !12Pbmb

2

3secb~C0
b14C12

b 14C23
b !14imW

3 (
x51

2

@Ph cos~a2b!Vh t̃xt̃ x

1PH sin~a2b!VHt̃ xt̃ x
#~C12

t̃ 1C23
t̃ !

1@Ph cos~a2b!Vhb̃xb̃x
1PH sin~a2b!VHb̃xb̃x

#

3~C12
b̃ 1C23

b̃ !,

f 3
s522Ptmt

2 cscbS B0
t 2

ŝ

2
C0

t 2 ŝC12
t 24C24

t D
12Pbmb

2 secbS B0
b2

ŝ

2
C0

b2 ŝC12
b 24C24

b D
1 imW(

x51

2

@Ph cos~a2b!Vh t̃xt̃ x
1PH sin~a2b!VHt̃ xt̃ x

#

3~B0
t̃ 24C24

t̃ !1@Ph cos~a2b!Vhb̃xb̃x
1PH

3sin~a2b!VHb̃xb̃x
#~B0

b̃24C24
b̃ !,

f 3
q5

1

2
F1@C0

21C11
2 #2

1

2
F2@C0

11C11
1 #.

For box diagrams@Fig. 1~a.1–4!#, we define the following
notations:

Di j
b15Di j @k1 ,2p2 ,2p1 ,mt ,mb ,mb ,mb#,

Ci j
b15Ci j @2p2 ,2p1 ,mb ,mb ,mb#,

Di j
b35Di j @k1 ,2p1 ,2p2 ,mt ,mb ,mb ,mb#,

Ci j
b35Ci j @2p1 ,2p2 ,mb ,mb ,mb#,

Di j
b55Di j @2p2 ,k1 ,2p1 ,mt ,mt ,mb ,mb#,

Ci j
b55Ci j @k1 ,2p1 ,mt ,mb ,mb#,

Di j
bk5Di j

b(k21)~ t↔b!, Ci j
bk5Ci j

b(k21)~ t↔b!, ~k52,4,6!

Di j
s15Di j @k1 ,2p2 ,2p1 ,mt̃ y ,mb̃x ,mb̃x ,mb̃x#,

Di j
s35Di j @k1 ,2p1 ,2p2 ,mt̃ y ,mb̃x ,mb̃x ,mb̃x#,

Di j
s55Di j @2p2 ,k1 ,2p1 ,mt̃ y ,mt̃ y ,mb̃x ,mb̃x#,

Di j
sk5Di j

s(k21)~ t̃↔b̃!, ~k52,4,6!

Tt5mt
2 tanb.

With replacement betweent channel andu channel, the
contribution from box diagrams is
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Mb5
idabem~p1!en~p2!el~2k1!gs

2ge
2

16p2mW

$g1gmlk1n1g2gmlp1n1g3gnlk1m1g4gnlp2m1g5gmnp1l1g6gmnp2l

1g7emnp1p2
p1l1g8emnp1p2

p2l1g9ek1mnl1g10emnlp1
1g11emnlp2

1g12ek1lp1p2
gmn1g13ek1np1p2

gml

1g14ek1mp1p2
gnl1g15enlp1p2

k1m1g16ek1mlp1
k1n1g17ek1mlp2

k1n1g18emlp1p2
k1n1g19ek1mlp1

p1n1g20ek1mlp2
p1n

1g21emlp1p2
p1n1g22ek1mnp2

p1l1g23ek1mnp1
p2l1g24ek1mnp2

p2l1g25ek1nlp1
p2m1g26p1np1lp2m1g27p1np2mp2l

1g28k1mk1np1l1g29k1mp1np1l1g30k1n•p1lp2m1g31k1mk1np2l1g32k1mp1np2l1g33k1np2mp2l%

1~p1↔p2 ,m↔n,t↔u!.

Now we give form factors for box diagrams. Terms of orderO(mb
2/mt

2) or higher are omitted to avoid over lengthy
expressions. However, we included all terms in our numerical calculation:

g15
Tt

2 H C0
b222C11

b51S mt
22mW

2 1
ŝ

2
1 t̂1ûDD0

b12
ŝ

2
D0

b51S mt
22mW

2 1
ŝ

2
12 t̂12ûDD11

b11S 2mt
22mW

2 1
ŝ

2
1 t̂1ûDD11

b2

1~2mW
2 1 ŝ1û!D12

b11 ŝD12
b21S 2mt

22mW
2 1

ŝ

2
1 t̂12ûDD12

b51~2mW
2 1 ŝ1 t̂ !D13

b11~ t̂1û!~D21
b11D21

b2!1~mW
2 1 t̂

12û!D22
b51ûD24

b11~ ŝ1û!D24
b21~ ŝ12û!D24

b51 t̂D25
b12mW

2 ~D24
b11D25

b1!1 ŝ~D24
b11D25

b1!1~ ŝ1 t̂ !~D25
b212D26

b5!

2mW
2 ~D24

b21D25
b2!22mW

2 ~D24
b51D26

b5!12D27
b126D27

b224D27
b514~D311

b1 2D311
b2 1D312

b5 !J 1F1@D27
s21D311

s2 #2F2@D27
s1

1D311
s1 1D312

s5 #,

g25
Tt

2 H 2C0
b11C12

b11C12
b212C12

b51~mW
2 /21û/2!D0

b11S mW
2 /22

û

2
D •D0

b51F ~3mW
2 !/21

û

2
GD11

b11S 2mW
2 /21

û

2
DD11

b2

1~2mW
2 1û!D12

b11S mW
2 /22

û

2
DD12

b51mt
2~D0

b12D13
b1!1~mt

22û!D13
b21~22mt

21mW
2 2 ŝ2 t̂22û!D13

b51~mW
2 2 ŝ2 t̂ !

3~D23
b11D23

b212D23
b5!2 t̂D25

b12~ t̂1û!D25
b21~2mW

2 2 ŝ22û!D25
b51~mW

2 2 ŝ!D26
b12û~D13

b11D25
b11D26

b1!1~mW
2 2 ŝ

2û!D26
b21~2mW

2 2 t̂22û!D26
b512~D27

b11D27
b21D27

b5!14~2D313
b1 1D313

b2 2D313
b5 !J 2F1@D313

s2 #1F2@D313
s1 1D313

s5 #,

g35
Tt

2 H 2C0
b21S mt

21mW
2 2

ŝ

2
DD0

b11S 2mW
2 1

ŝ

2
1ûDD0

b51S 3mW
2 2

ŝ

2
DD11

b12S mW
2 1

ŝ

2
DD11

b21mt
2~D11

b11D11
b2!1~2mW

2

1û!~D12
b11D22

b51D24
b12D24

b2!1S 22mW
2 1

ŝ

2
12ûDD12

b51~2mW
2 1 t̂ !~D13

b11D25
b1!1 ŝ~D13

b21D13
b5!12mW

2 ~D21
b12D21

b2!

2D25
b2)1 ŝD26

b512D27
b122D27

b214~D27
b51D311

b1 2D311
b2 1D312

b5 !J 1F1@D27
s21D311

s2 #2F2@D27
s11D27

s51D311
s1 1D312

s5 #,

g45
Tt

2 H 2C0
b12C0

b51C11
b12C11

b21S 22mt
22mW

2 /22
t̂

2
2ûDD0

b11S mt
21mW

2 /21
t̂

2
DD0

b52S 5mW
2 /21

t̂

2
1ûDD11

b1

1S 3mW
2 /22

t̂

2
2ûDD11

b21~2mt
21mW

2 22û!D12
b12mt

2D12
b21S 3mW

2 /21
t̂

2
DD12

b51~2mW
2 2 ŝ22 t̂ !D13

b12 ŝD13
b21~2mW

2

1 t̂ !~D13
b52D26

b11D26
b2!1~mW

2 2û!~D22
b11D24

b5!1û~D12
b21D22

b2!2mW
2 ~D22

b212D24
b122D24

b2!2 ŝD25
b522D27

b524~D27
b1

2D27
b21D311

b5 1D312
b1 2D312

b2 !J 2F1@D27
s21D312

s2 #1F2@D27
s11D27

s51D311
s5 1D312

s1 #,
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ŝ

2
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û

2
DD11

b21~mW
2
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1ûDD11

b21~mW
2 22û!D12

b12ûD12
b22S 3mW

2 /21
t̂

2
DD12

b51~2mW
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b122D12

b214D12
b51D21

b11D21
b213D22

b514D24
b124D24

b212D24
b512D34

b122D34
b212D36

b5#

1F1@D12
s212D24

s21D34
s2#2F2@D12

s11D12
s51D22

s512D24
s11D24

s51D34
s11D36

s5#,

g325
Tt

2
@D0

b12D0
b51D11

b11D11
b22D12

b522D13
b122D13

b226D13
b522D25

b122D25
b224D25

b524D26
b114D26

b226D26
b524~D310

b1 2D310
b2

1D310
b5 !#2F1@D26

s21D310
s2 #1F2@D13

s51D25
s51D26

s11D26
s51D310

s1 1D310
s5 #,

g335Tt@2D0
b12D0

b52D11
b12D11

b22D11
b523D12

b112D12
b223D12

b522D22
b112D22

b223D24
b11D24

b225D24
b522~D34

b51D36
b12D36

b2!#

2F1@D12
s21D22

s21D24
s21D36

s2#1F2@D12
s11D12

s51D22
s11D24

s112D24
s51D34

s51D36
s1#.

In the above expressions we adopted the definitions of one-loop integral functions in Ref.@25# and definedd542e. The
numerical calculation of the vector and tensor loop integral functions can be traced back to four scalar loop integralsA0 , B0 ,
C0 , D0 as shown in the Ref.@26#.
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