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Minimal supersymmetric standard model prediction for WÁHÂ production by gluon fusion
at the CERN Large Hadron Collider

Oliver Brein,* Wolfgang Hollik,† and Shinya Kanemura‡

Institut für Theoretische Physik, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany
~Received 13 September 2000; published 29 March 2001!

We discuss the associatedW6H7 production inpp collision for the CERN Large Hadron Collider. A
complete one-loop calculation of the loop-induced subprocessgg→W6H7 is presented in the framework of
the minimal supersymmetric standard model~MSSM!, and the possible enhancement of the hadronic cross
section is investigated under the constraint from the squark direct-search results and the low-energy precision
data. Because of the large destructive interplay in the quark-loop contributions between triangle-type and
box-type diagrams, the squark-loop contributions turn out to be comparable with the quark-loop ones. In
particular, the hadronic cross section via gluon fusion can be extensively enhanced by squark-pair threshold
effects in the box-type diagrams, so that it can reach the size of the hadronic cross section via the subprocess

bb̄→W6H7 which appears at the tree level.
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I. INTRODUCTION

In the standard model~SM!, a single neutral Higgs boso
is predicted as a direct consequence of the SM mechanis
electroweak symmetry breaking. The detection of this p
ticle is, therefore, one of the most essential tasks at pre
and future collider experiments, especially at the CER
Large Hadron Collider~LHC! @1#. On the other hand
charged Higgs bosons~as well as aCP-odd neutral Higgs
boson! are predicted in extended versions of the SM mod
including the minimal supersymmetric standard mo
~MSSM!. Since the discovery of such an additional Hig
boson will immediately indicate physics beyond the S
there is increasing interest in theoretical and experime
studies to provide the basis for its accurate exploration.

At hadron colliders, a mode for charged Higgs bosonH6

detection may be the top-quark–top-antiquark pair prod

tion from gluon fusion andqq̄ annihilation and subsequen
decayt→bH1→bt1n, if the mass ofH6 is smaller than
mt2mb . For heavierH6, the main modes forH6 produc-
tion may be those associated with heavy quarks, such
gb→H2t @2# and qb→q8bH2 @3#. Although these pro-
cesses give rather large production rates, they suffer f
also large QCD backgrounds, especially when theH6 mass

is above the threshold oftb̄ pair production. Pair production

of H6 via the tree-levelqq̄ annihilation subprocesses and v
the loop-induced gluon-fusion mechanism has also b
studied in the literature@4–7#.

A further possibility is single-charged-Higgs-boson pr
duction together with a chargedW gauge boson. In this pape
we focus on a discussion of this process of associa
W6H7 production for the LHC. There are mainly two pa
tonic subprocesses that contribute to the hadronic cross
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tion pp→W2H1: bb̄ annihilation~at the tree level! andgg
fusion ~at the one-loop level!. The production cross sectio

based ongg→W6H7 can be comparable to that viabb̄
→W6H7, because of the large number of gluons in the h
energy proton beams at the LHC. The associatedW6H7

production viabb̄ annihilation andgg fusion was discussed
at first in @8# for a supersymmetric 2-Higgs-doublet mod
including the loop contributions from top and bottom quar
with the approximationmb50. That work has been extende
in @9# including a non-zerob-quark mass, thus allowing in
vestigation of the process for arbitrary values of tanb. The
rate of W6H7 production mediated by quark loops turne
out to be sizable, especially for low and high values of tanb.
The background, which mainly comes fromt t̄ production,
has been analyzed in@10#. These studies correspond to
MSSM scenario where the scalar quarks are sufficien
heavy to decouple from the loop contributions.

In more general scenarios the squarks need not be he
and taking the MSSM seriously requires the inclusion of a
the squark loops in the gluon-fusion mechanism and to st
their effects on the predictions forpp→W2H1. There are
several reasons to underline the importance of the squ
contributions. In the subprocessgg→W6H7, the quark-
loop contributions are destructive between the triangle-t
diagrams and the box graphs@8,9# in the MSSM; the effects
from both types are almost of the same size, so that the c
section obtained from the summedt-b loop contributions is
more than one order of magnitude smaller than that w
only triangle- or box-type diagrams separately. By th
mechanism of cancellation in the quark-loop terms the re
tive importance of the squark-loop contribution increas
On top, the cross section forgg→W6H7 can be sizably
enhanced by threshold effects of squark pairs, such tha
special cases the hadronic cross section via gluon fusion
be as large as that viabb̄→W6H7. Moreover, the presen
calculation of thebb̄ annihilation is expected to overestima
the cross section, as has been mentioned@8,9# by recalling
the problem of double counting@11#. Owing to the presence
©2001 The American Physical Society01-1
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of also superpartners in the virtual states of the loop d
grams, the gluon-fusion mechanism is more sensitive to
detailed structure of the model than the tree-level proces
bb̄ annihilation.1

In this article we extend the previous calculations by
cluding also the scalar-quark sector in the loop diagrams
gg fusion. We give analytical results and a detailed disc
sion of the effects in the hadronic cross section. Our res
are for general parameters of the MSSM; for the numer
discussion, constraints from the direct search and from
precision data@13,14# are taken into account.2

The paper is organized as follows. In Sec. II the calcu
tion for the partonic cross section,gg→W2H1, is ex-
plained, and numerical results for the partonic and hadro
cross sections are presented in Sec. III. Our conclusio
given in Sec. IV. All relevant coupling constants and analy
formulas for the amplitudes are presented in the Append
for a comprehensive documentation.

II. PARTONIC PROCESS gg\WÀH¿

A. Cross section

In our kinematical conventions, the momenta of the init
state gluons,k and k̄, are chosen as incoming and outgoi
for the momenta,p and p̄, of the final state particles:

g~k,a,s!1g~ k̄,b,s̄ !→W2~p,l!1H1~ p̄!.

Besides by their momenta, the initial state gluons are ch
acterized by their color indicesa,b and their helicitiess,s̄
(561), and the final stateW boson is characterized by it
helicity l (50,61). We make use of the parton kinematic
invariants

ŝ5~k1 k̄!2, t̂5~k2p!2, û5~k2 p̄!2

obeying the relation

ŝ1 t̂1û5mH6
2

1mW
2 .

The spin- and color-averaged cross section for the pa
process

ds

d t̂
5

1

16p ŝ2 (
l50,6

1

4 (
s,s̄561

~CF!

64
uM ss̄lu2,

with ~CF!5 (
a,b51

8 FTrH la

2

lb

2 J G2

52 ~1!

contains the helicity amplitudes

1For the subprocessbb̄→W2H1, the electroweak one-loop cor
rections have recently been studied in Ref.@12#, which can give rise
to a 10–15 % reduction of the lowest-order result.

2Quite recently, the squark-loop contributions to gluon fusi
have also been derived@15# with a study of their effects in a
supergravity-inspired grand unified theory~GUT! scenario.
09500
-
e
of

-
r
-
ts
l
e

-

ic
is

s

l

r-

l

n

Mss̄l5«s
m~k!«s̄

n
~ k̄!«l*

r~p!M̃mnr , ~2!

where«s
m(k), «s̄

n ( k̄) and«l*
r(p) are the polarization vector

for incoming gluons and outgoingW bosons. As a genera
feature of the amplitude, the transversality of gluons giv
useful identities

km«s̄
n
~ k̄!«l*

r~p!M̃mnr5«s
m~k!k̄n«l*

r~p!M̃mnr50, ~3!

which allows cross-checks of our one-loop calculation
M̃mnr .

In the parton center-of-mass~c.m.! frame, the momenta
may be expressed by

km5SAŝ

2
,0,0,

Aŝ

2
D , ~4!

k̄m5SAŝ

2
,0,0,2

Aŝ

2
D , ~5!

pm5~EW ,pW W!

5~EW ,upW WusinQ,0,upW WucosQ!, ~6!

and then the polarization vectors are given by

«s
m~k!5

1

A2
~0,1,is,0!, ~7!

«s̄
m
~ k̄!5

1

A2
~0,1,2 i s̄,0! ~8!

and

«l50* m ~p!5S upW Wu
mW

,
EW

mW
sinQ,0,

EW

mW
cosQ D , ~9!

«l56* m ~p!5
1

A2
~0,il cosQ,1,2 il sinQ!. ~10!

Finally, the integrated partonic cross section

sgg→W2H1„ŝ,aS~mR!…5E
t̂min( ŝ)

t̂max( ŝ)
d t̂

ds

d t̂
~11!

is evaluated by numerical integration over the kinematica

allowed t̂ range for a given c.m. energyAŝ. The renormal-
ization scalemR in the modified minimal subtraction schem

(MS) strong coupling constantaS(mR) is chosen asAŝ, the
hard energy scale of the process.
1-2
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B. Calculation of the amplitude

In the MSSM, there is no tree-level contribution to th
subprocessgg→W2H1. The process is induced at the on
loop level by diagrams with quark loops~see Appendix D 1!
and with squark loops~see Appendix D 2!. In the loop dia-
grams, also the neutral Higgs bosonsh0, H0 and A0 of the
MSSM appear as well as the scalar partners of the qua
The notation and couplings are collected in Appendix C.

The quark-loop diagrams can be subdivided into box-ty
diagrams and into triangle diagrams withs-channel exchange
of a neutral Higgs boson. In each box diagram, the quark
the loop couple directly to the outgoing charged Higgs bo
H1, while in the triangle diagrams the quarks couple to o
of the neutral Higgs bosonsh0, H0 and A0. Since these
Yukawa interactions are all proportional to the quark mass
the contributions from the loop diagrams of the thir
generation quarks (t,b) are dominant.

It has been known that there is a striking feature amo
the quark-loop contributions to the amplitude in the MSS
Owing to supersymmetry, the box-diagram contribution
the amplitude and the triangle-type one are almost of
same size but the relative sign is negative, so that str
destructive interference occurs. The cross section resu
from all the quark-loop diagrams is therefore one to t
orders of magnitude smaller than the cross section obta
from only box-type diagrams or only triangle diagram
separately.

By the destructive interference in the quark-loop con
butions, the squark-loop effects become relatively large.
squark one-loop diagrams are subdivided into~1! diagrams
with a 2-point loop and an intermediates-channel neutral
CP-even Higgs boson,~2! diagrams with a triangle and a
intermediate neutralCP-even Higgs boson,~3! diagrams
with a triangle without an intermediate Higgs boson, and~4!
box-type diagrams. As has been verified explicitly, ea
group separately satisfies the transversality relation~3!.

The cross section has been derived in two completely
dependent calculations and perfect agreement has
achieved. Furthermore, these results have been confirme

TABLE I. Choices for the the soft supersymmetry breaking p
rametersMQ̃ , MŨ , MD̃ , Xt and Xb without squark mixing~i.e.
Xt5Xb50). For all cases,m is fixed to be zero. The resulting
spectrum of the third generation squark masses is also display

Case A Case B Case C

MQ̃ @GeV# 250 300 350

MŨ @GeV# 250 300 350

MD̃ @GeV# 250 300 350

Xt @GeV# 0 0 0

Xb @GeV# 0 0 0

tanb 1.5 6 30 1.5 6 30 1.5 6 30

mt̃ 1
@GeV# 303 300 300 345 343 343 390 387 38

mt̃ 2
@GeV# 304 303 303 346 345 345 390 390 38

mb̃1
@GeV# 250 251 251 300 301 301 350 351 35

mb̃2
@GeV# 253 257 257 302 306 306 352 355 35
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utilizing FEYNARTS and FORMCALC @16#. The agreement of
these three independent calculations and the transvers
test establish strong confidence in our result.

III. NUMERICAL RESULTS

A. Parameters

We takemZ , mW andGF as the input electroweak param
eters, and use the valuesmZ591.1882 GeV,mW580.419
GeV andGF51.1663931025 GeV22 @13#. For the strong
coupling constantaS(mR), we use the formula including the
two-loop QCD corrections fornf55 with LQCD

5 5170 MeV
which can be found in@13#. The masses of the top and bo
tom quarks are fixed here asmt5174.3 GeV andmb54.7
GeV.

The sfermion parameter sets are chosen in accorda
with direct search results@13#. In addition, the stringent ex
perimental constraints on the new physics parameters f
the electroweak precision measurements are respecte
Refs. @14,17#, this kind of constraint on the new physic
parameters has been studied in the framework of the MS
by using theZ-pole data,mW measurements, and low-energ
neutral-current data. Our parameter sets are chosen to b
accordance with the region inside the 99% C.L. contour
the SZ-TZ plane presented in@17#.

In cases without sfermion mixing, it is expected th
lighter sfermions give larger one-loop contributions wh
heavy sfermions tend to decouple from the observables.
examine the cross section under this situation by introduc
three cases, specified as A, B, C in Table I. Another int
esting situation is the case with larget̃ L- t̃ R mixing. The
magnitude of the mixing is determined by the off-diagon
part of the t̃ -mass matrix, especiallyXt ~see Appendix A!.
To study the cross section in this situation, we select th
parameter sets~cases 1, 2, 3 in Table II!, in which the maxi-
mal t̃ L- t̃ R mixing occurs with the mixing angleu t̃;45° and
a light t̃ 1 with mt̃ 1

;100 GeV.

-

.

TABLE II. Choices for the the soft supersymmetry breakin
parametersMQ̃ , MŨ , MD̃ , Xt andXb for three values of tanb and
the resulting spectrum of the third-generation squark masses an

mixing angle in thet̃ -sector. For all cases,m is fixed to be zero.

Case 1 Case 2 Case 3

MQ̃ @GeV# 250 300 350

MŨ @GeV# 250 300 350

MD̃ @GeV# 250 300 350

Xb @GeV# 0 0 0

tanb 1.5 6 30 1.5 6 30 1.5 6 30

Xt @GeV# -470 -464 -463 -628 -621 -620 -813 -806 -80

mt̃ 1
@GeV# 101 100 101 101 101 101 102 102 10

mt̃ 2
@GeV# 417 414 414 479 476 476 542 540 54

mb̃1
@GeV# 251 251 251 300 301 301 350 351 35

mb̃2
@GeV# 253 257 257 302 306 306 352 355 35

u t̃ @°# 44.9 44.7 44.7 44.9 44.8 44.8 44.9 44.8 44
1-3
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FIG. 1. Partonic cross section
evaluated using all Feynma
graphs ~solid lines!, only quark
loop graphs ~dashed lines!
and only squark loop graph
~dotted lines! for a sequence
of charged-Higgs-boson masse
(100,210,360,450 GeV! and
tanb51.5. The parameter set
~see Table II! is used in the squark
sector.
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B. Partonic cross section

Before proceeding to the hadronic cross section,pp
→W2H1, we want to illustrate the partonic cross section
the subprocessgg→W2H1 numerically. Although the par-
tonic process is not accessible experimentally, it is useful
understanding the features of the hadronic cross section
particular its dependence on the MSSM parameters.

gluon-fusion processes, the threshold region (Aŝ;mW
1mH6), where gluon pairs are most numerous in prot
collisions, gives the dominant contribution to the hadro
cross section. Not intending completeness, we display h
only one parameter set~case 1 of Table II! for the squark
sector as an example.

In Fig. 1 the integrated partonic cross section is shown

a function ofAŝ for a sequence ofmH6 values. Each plot
displays three curves: the cross section evaluated from
~solid lines!, only squark-loop~dotted lines! and only quark-
loop ~dashed lines! diagrams. The last case corresponds
the scenario where the squarks decouple.

For mH65100 GeV@Fig. 1~a!# the cross section is mainl
dominated by the quark-loop diagrams. Theb̃b̃ thresholds at
09500
f

r
in

or

n
c
re

s

all

o

Aŝ;2mb̃1
;2mb̃2

from the squark-box diagrams are visibl

Nevertheless, theb̃b̃ thresholds turn out to be of less impo
tance for the hadronic cross section, because they are to
off the threshold of the associatedH1W2 production. An-
other effect of the squark-loop diagrams is present near

production threshold, where the tail of thet̃ 1 t̃ 1 threshold still
has influence and gives rise to a slightly enhanced hadr
cross section with respect to the squark decoupling case~see
Fig. 4!.

At a charged-Higgs-boson mass of 210 GeV@Fig. 1~b!#
the cross section is largely dominated by the quark-loop d

grams. The peak corresponds to thet t̄ -threshold effect in the
quark-box diagrams. A constructive squark-loop effect a
pears above the sbottom pair threshold, but this is neglig
in the hadronic cross section.

For mH65360 GeV @Fig. 1~c!# a novel enhancement o
the partonic cross section occurs around the threshold

sbottom pair productionAŝ;2mb̃1
;2mb̃2

, where the

squark-loop contributions are dominant. Since the peak
the partonic cross section is near theW2H1 threshold where
1-4
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a lot of gluons are supplied, a large squark contribution
pears also in the hadronic cross section, which correspo
to the local maximum of the hadronic cross section at aro
mH65360 GeV in Fig. 4.

For mH65450 GeV@Fig. 1~d!# there is neither a quark
pair nor a squark-pair threshold slightly above theW2H1

threshold, but the enhancement due to virtual squarks is
quite relevant.

C. Hadronic cross section

The hadronic inclusive cross section forW2H1 produc-
tion in proton-proton collisions at a total hadronic c.m. e
ergy AS can be written as a convolution@18#

s~pp→W2H11X!5 (
$n,m%

E
t0

1

dt
dL nm

pp

dt

3snm→W2H1„tS,aS~mR!… ~12!

with the parton luminosity

dL nm
pp

dt
5E

t

1dx

x

1

11dnm
F f n/p~x,mF! f m/pS t

x
,mFD

1 f m/p~x,mF! f n/pS t

x
,mFD G , ~13!

FIG. 2. Hadronic cross section forH1W2 production via gluon
fusion versus the charged-Higgs-boson massmH6 for two values of
tanb ~1.5,6!. The three squark scenarios without mixing~A, B, C in
Table I! are compared with the case of decoupling squarks~solid
lines!.
09500
-
ds
d

till

-

wheref n/p(x,mF) denotes the density of partons of typen in
the proton carrying a fractionx of the proton momentum a
the scalemF . In our case the sum over unordered pairs
partons$n,m% reduces to two terms; i.e., there are two part
subprocesses contributing to inclusiveW2H1 hadroproduc-

tion: gluon fusion andbb̄ annihilation. Our main concern is
the gluon-fusion process and the possible enhancemen
the cross section through virtual squark effects with resp
to the approximation of decoupling squarks. We will al
compare the cross section for gluon fusion with the one

bb̄ annihilation. The numerical evaluation has been carr
out with the Martin-Roberts-Stirling set G@MRS~G!# gluon
distribution functions@19# and with the renormalization an
factorization scalemR ,mF chosen as equal.

The input parameters in the MSSM Higgs sector c
be chosen to bemH6 and tanb. Thus we study here the
dependence of the hadronic cross section forW2H1

production via gluon fusion on these two paramet
for the different squark scenarios mentioned
Sec. III A.

FIG. 3. Hadronic cross section forH1W2 production via gluon
fusion versus tanb for three values of the charged-Higgs-bos
massmH6 ~100,300,1000 GeV). The three squark cases with
mixing ~A, B, C in Table I! are compared with the case of deco
pling squarks~solid lines!.
1-5
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1. Unmixed sfermions

Figure 2 shows the variation of the hadronic cro
section3 with mH6 for the squark scenarios without mixin
~cases A, B, C; see Table I! and for two values of tanb ~1.5
and 6!. The cross section is decreasing rapidly with incre
ing charged-Higgs boson mass, except for the region aro
mH65210 GeV where a peak appears. The decrease o
cross section comes from the gluon luminosity, while the r
of the cross section in the peak area is due to the top-q
pair threshold in the quark-box diagrams, which gives rise
a sharp peak in the partonic cross section see@Fig. 1~b!# at
Aŝ52mt when the production threshold for theW2H1 is
near 2mt . The squark scenarios without mixing~cases A, B,
C; see Table I! show generally an enhancement of the cro
section with respect to the decoupling case of about 25–3
over the depictedmH6 range, except for the peak regio
between about 180 GeV and 250 GeV. Clearly, in this ra
the quark loop graphs dominate and the squark contribu
corrects the quark-loop result only by a few percent.

3With the ‘‘hadronic cross section’’ we denote henceforth t
cross section forW2H1 production via gluon fusion and take ca
that no confusion arises when the hadronic cross section for

duction ofW2H1 via bb̄ annihilation is addressed.

FIG. 4. Hadronic cross section forH1W2 production via gluon
fusion versus the charged-Higgs-boson massmH6 for two values of
tanb ~1.5,6!. The three squark scenarios with large mixing~1,2,3 in
Table II! are compared with the case of decoupling squarks~solid
lines!.
09500
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The tanb dependence of the hadronic cross section
shown in Fig. 3 for the non-mixing cases~cases A, B, C,
Table I!. The case in which all squarks decouple is a
shown for comparison. One can see that the squark-loop
tributions enhance the hadronic cross section for tanb values
mainly below the point where the cross section takes
minimum, The enhancement is bigger for smallermH6, e.g.
40% for squark case A atmH65100 GeV and tanb55. For
mH65100 GeV and 300 GeV the enhancement is highest
the squark case A with the lowest squark mass scale,
lowest for the squark case C with the highest squark m
scale, while the situation is just the opposite atmH651000
GeV.

2. Maximal t̃L- t̃ R mixing

In Fig. 4 the hadronic cross section for the squark s
narios with maximalt̃ L- t̃ R mixing ~cases 1, 2, 3; see Tabl
II ! is shown as a function ofmH6 for tanb51.5 and 6,
comparing the three squark scenarios with the squark de
pling case. The general feature of all three scenarios is
there is a second peak besides the one due to quark
diagrams. This second peak originates from the squark-
threshold effects in the squark-loop diagrams. If theW2H1

o-

FIG. 5. Hadronic cross section forH1W2 production via gluon
fusion versus tanb for three values of the charged-Higgs-bos
massmH6 ~100,360,1000 GeV). The squark case 1~thick lines! is
compared to the case of decoupling squarks~thin lines!.
1-6
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MINIMAL SUPERSYMMETRIC STANDARD MODEL . . . PHYSICAL REVIEW D 63 095001
production threshold is somewhat below 2mb̃1(2)
, then the

bottom-squark threshold of the box diagrams results i

pronounced peak in the parton cross section atAŝ
52mb̃1(2)

, which is even slightly higher than the peak due
quark loops@see Figs. 1~b! and 1~c!#. The magnitude of the
peak can be traced back to strongly enhanced coupling
the charged Higgs tot̃ 1b̃1 and t̃ 2b̃1 involving the non-
diagonal entries of thet̃ -mass matrix~see Appendix C!. It
turns out that in the region of low tanb the contribution to
the hadronic cross section from gluon fusion can be com
rable and even slightly larger than the contribution frombb̄
annihilation in the MSSM. This important feature is al
shown in Fig. 4, where the hadronic cross section forW2H1

production viabb̄ annihilation for tanb51.5 is also depicted
for comparison.

The tanb dependence of the cross section in the lar
mixing cases is shown in Figs. 5–7. The squark cases
mixing are all rather similar in their behavior. Therefore w
concentrate on case 3 in Fig. 7 as the most interesting
ample for a more explicit discussion. In Fig. 7, the hadro
cross section is displayed for three values ofmH6 ~100,470,
1000 GeV) in case 3~thick lines! and it is compared to the

FIG. 6. Hadronic cross section forH1W2 production via gluon
fusion versus tanb for three values of the charged-Higgs-bos
massmH6 ~100,410,1000 GeV). The squark case 2~thick lines! is
compared to the case of decoupling squarks~thin lines!.
09500
a

of

a-

-
th

x-
c

case of decoupling squarks~thin lines!. From the logarithmic
plot one can read off the fact that the enhancement du
squark effects in case 3 with respect to the squark decoup
case keeps almost the same relative size for tanb values
below the position of the minimum of the hadronic cro
section. With further increasing tanb the enhancement di
minishes slowly. Taking the case ofmH65470 GeV as an
example, the magnitude of enhancement ranges from a fa
of about 3 in the range 1<tanb<10 to 1.1 at tanb550. In
addition, there is a thin dot-dashed line in Fig. 7 showing
hadronic cross section which originates only from t
bb̄-annihilation subprocess for the most interestingmH6

value of 470 GeV, where the contribution by gluon fusion
the inclusive hadron process gets as important as the on
bb̄ annihilation for tanb51.5 ~see Fig. 4!. It turns out that
this special feature in the large mixing cases is valid
small values of tanb. The range of validity is limited from
above roughly by the position of the minimum of the ha
ronic cross section originating only frombb̄ annihilation,
which is at tanb'5 in the case considered here. This
because for tanb greater than 5, thebb̄-annihilation cross
section is again rising, while the gluon fusion cross sect
has not approached its minimum yet.

FIG. 7. Hadronic cross section forH1W2 production via gluon
fusion versus tanb for three values of the charged-Higgs-bos
massmH6 ~100,470,1000 GeV). The squark case 3~thick lines! is
compared to the case of decoupling squarks~thin lines!.
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The figures discussed in this paper are based on calc
tions assuming stable virtual particles; i.e., the finite wid
of quarks and squarks have been neglected. This treatme
a reasonable approximation since the widths of the he
quarks and squarks are small compared to their masses
widths of the squarks depend on the mass spectrum of
gauginos, which determine the kinematically allow
squark-decay channels but otherwise do not enter our ca
lation. For example, the light bottom squark, which plays
crucial role in the threshold effects in the squark-box am
tudes, has a width of the order of 1 GeV, or much less if
decay channelb̃1→tx2 is kinematically closed~see e.g.
@22#!.

For a quantitative statement, we have estimated the fin
width effects for the squarks and the top quark in our cal
lation. Taking into account a finite squark width yields
slight reduction of the threshold peak in the hadronic cr
section~Fig. 4! and no change outside of the peak. Spec
cally, we get a reduction of the peak value displayed in F
4 of 1–3 % in the various scenarios for squark widths of
GeV and of about 10% for 1 GeV, almost independent
tanb. The inclusion of the top quark width results in a r
duction of 9% for tanb51.5 and 18% for tanb56 of the
threshold peak located atmH65210 GeV in Fig. 4.

IV. CONCLUSIONS

We have discussed the charged-Higgs-boson produc
process associated with aW boson at hadron colliders. Th
hadronic cross section from the subprocessgg→W2H1 has
been calculated in the MSSM and the squark-loop contri
09500
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he
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on
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tion examined in comparison with the quark-loop effects
various MSSM parameters, which are chosen respec
bounds from the electroweak precision measurement and
squark direct search. We find that the squark~top squark and
bottom squark! loop effects can be of about the same ord
as thet-b loop effects. In addition, for the maximum mixin
betweent̃ L and t̃ R with the mixing angleu t;p/4, the had-
ronic cross section fromgg→W6H7 is extensively en-
hanced by the threshold effects oft̃ 1 and b̃1,2, where t̃ 1 is
the lighter top squark. Therefore, the hadronic cross sec
via gluon fusion can reach the size of the cross section
the treebb̄ annihilation subprocess for smaller tanb.
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APPENDIX A: SQUARK MASSES AND MIXING

Squarks are introduced as the super-partners of quark
that there are three generations of isospin doublets and
glets corresponding to the quarks. The scalar partners of
L- and R-chiral quarks, in general, mix to form the ma
eigenstates.

For the third generation of squarks, the mass-squared
trices in theL-R basis have the form
lets
in our

quarks
M t̃
2
5S MQ̃

2
1mt

21mZ
2S 1

2
2etsw

2 D cos 2b mtXt

mtXt MŨ
2

1mt
21mZ

2etsw
2 cos 2b

D , ~A1!

and

Mb̃
2
5S MQ̃

2
1mb

21mZ
2S 2

1

2
2ebsw

2 D cos 2b mbXb

mbXb MD̃
2

1mb
21mZ

2ebsw
2 cos 2b

D , ~A2!

where

Xt5At2mcotb, ~A3!

Xb5Ab2mtanb. ~A4!

For squarks of the first two generations, the mass matrices are obtained analogously. In Eqs.~A1! and~A2!, the symbolset and
eb denote the electric charge of top and bottom quarks;m is the supersymmetric Higgs mass parameter,MQ̃ the soft-breaking
mass parameter for the squark iso-doublet (t̃ L ,b̃L), andMŨ andMD̃ are the soft-breaking mass parameters for the iso-sing
t̃ R andb̃R . They can be different for each generation, but for simplicity we will assume equal values for all generations
numerical analysis.At andAb are the parameters of the soft-breaking scalar three-point interactions of top and bottom s
with the Higgs fields.
1-8



ing

lowing

ses in the
rresponds

omenta

ed by
type

xchange

MINIMAL SUPERSYMMETRIC STANDARD MODEL . . . PHYSICAL REVIEW D 63 095001
We restrict our analysis to real parameters, so that the mass matrices for sfermions (f̃ L and f̃ R) are real and can be
diagonalized by introducing the mixing anglesu f̃ . The mass eigenstatesf̃ 1 and f̃ 2 are obtained as

S f̃ 1

f̃ 2
D 5S cosu f̃ 2sinu f̃

sinu f̃ cosu f̃
D S f̃ L

f̃ R
D .

The off-diagonal parts in the mass-squared matrices~A1!,~A2! are proportional to the fermion masses. Therefore, the mix
effects are important mainly for third generation squarks.

APPENDIX B: HELICITY AMPLITUDES

In the analytic expressions for the helicity amplitudes scalar 3- and 4-point functions appear for which the fol
conventions and shorthand notation are introduced:

C0
lm,ABC5

1

ip2E d4k
1

@k22mA
2 #@~k1pl !

22mB
2 #@~k1pl1pm!22mC

2 #
,

D0
klm,ABCD5

1

ip2E d4k
1

@k22mA
2 #@~k1pk!

22mB
2 #@~k1pk1pl !

22mC
2 #@~k1pk1pl1pm!22mD

2 #
.

Furthermore, in the box amplitudes tensor coefficients appear, where the upper indices denote momenta and mas
same way as above. The lower index of the tensor coefficients gives the number in the tensor decomposition and co
precisely to the naming in@20# except for the fact that the Minkowski metric is used as implemented in theFORTRAN package
AAFF @21#, which has been used in the numerical evaluation. To match the definition of the loop integrals the external m
are all chosen as incoming. Thus we have the following translation to the definition of Sec. II A:

p15k, p25 k̄, p352p, p452 p̄.

In someC functions a sum of two momentapl1pk appears as one of the momentum arguments, which is then denot
( lk). The amplitude forgg→W2H1 is divided into contributions from quark and squark loops and further into triangle-
and box-type diagrams:

Mss̄l5M ss̄l
q,n

1M ss̄l
q,h

1M ss̄l
q̃,n

1M ss̄l
q̃,h . ~B1!

Regarding the squark loops, we include the 2-point loops in the triangle contribution and the triangles without Higgs e
in the box contribution.

1. Quark contributions

Triangle contributions:

M ss̄l
q,n

5~K1ss̄l1K2ss̄l!T1
q,n1~K10ss̄l1K11ss̄l!T2

q,n ~B2!

T1
q,n5

igS
2

p2
Xg@H0H6W7#H mtgs@H0tt#

ŝ2mH
2 F S ŝ

2
22mt

2DC0
12,ttt21G1

mbgs@H0bb#

ŝ2mH
2 F S ŝ

2
22mb

2DC0
12,bbb21G J 1g@h0H6W7#

3H mtgs@h0tt#

ŝ2mh
2 F S ŝ

2
22mt

2DC0
12,ttt21G1

mbgs@h0bb#

ŝ2mh
2 F S ŝ

2
22mb

2DC0
12,bbb21G J C

T2
q,n5

gS
2g@A0H6W7#

p2~ ŝ2mA
2 !

~mtgp@A0tt#C0
12,ttt1mbgp@A0bb#C0

12,bbb!.

The universal helicity factorsKiss̄l are listed below in Appendix B 3.
Box contributions:

M ss̄l
q,h

5(
i 51

24

Kiss̄lTi
q,h ~B3!
095001-9
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T1
q,h5

igS
2g2

4A2p2
@mtg1~R11D12

132,bbtt1D22
132,bbtt2D22

231,bbtt2D13
124,tttb2D13

214,tttb1D23
123,bbbt2D23

124,tttb1D23
213,bbbt2D23

214,tttb!

1mbg2~R11D0
132,bbtt14D12

132,bbtt1D12
231,bbtt1D22

231,bbtt13D22
132,bbtt1D13

123,bbbt1D13
213,bbbt13D23

123,bbbt1D23
124,tttb

13D23
213,bbbt1D23

214,tttb!#

T2
q,h5T1

q,h~p1↔p2!

R152~D24
132,bbtt1D26

231,bbtt2D33
124,tttb2D33

214,tttb1D36
132,bbtt1D37

123,bbbt1D37
124,tttb1D38

231,bbtt1D39
213,bbbt1D39

214,tttb!

T3
q,h5

igS
2g2

2A2p2

1

8
$mtg1@~2û1mW

2 !D0
214,tttb2D0

123,bbbtŝ1~ t̂2mH6
2 !~D0

132,bbtt2D0
124,tttb!14~D27

132,bbtt1D27
213,bbbt2D27

214,tttb

2D27
231,bbtt1D27

123,bbbt2D27
124,tttb!12~C0

34,tbt2C0
34,btb!1R2#1mbg2@~mH6

2 22ŝ2 t̂ !D0
123,bbbt2D0

132,bbttŝ

2~2 t̂1 ŝ1mH6
2 !D0

213,bbbt2D0
124,tttbŝ2~2û1mW

2 !D0
231,bbtt14~3D27

132,bbtt13D27
213,bbbt1D27

214,tttb1D27
231,bbtt

13D27
123,bbbt1D27

124,tttb!22~C0
34,tbt13C0

34,btb!1R2#%

T4
q,h5T3

q,h~p1↔p2!

R25 ŝ~2D11
124,tttb2D11

123,bbbt2D11
132,bbtt2D12

213,bbbt2D12
214,tttb1D13

214,tttb1D13
124,tttb2D13

231,bbtt!18~D311
123,bbbt1D311

132,bbtt

1D311
124,tttb1D312

214,tttb1D312
213,bbbt1D313

231,bbtt2D313
214,tttb2D313

124,tttb!24~C11
(12)3,bbt1C11

(12)4,ttb2C12
(12)4,ttb!

T5
q,h5

igS
2g2

2A2p2

1

8
$mtg1@ ŝ~2D0

214,tttb1D0
124,tttb1D12

132,bbtt1D13
123,bbbt1D13

213,bbbt!2~2mW
2 2 ŝ22 t̂ !~D13

124,tttb1D13
214,tttb

2D12
231,bbtt!1R3

1#1mbg2@ ŝ~D0
123,bbbt2D0

213,bbbt1D0
231,bbtt2D13

124,tttb2D13
214,tttb1D12

231,bbtt!1~2mW
2 2 ŝ22 t̂ !

3~D0
132,bbtt1D12

132,bbtt1D13
123,bbbt1D13

213,bbbt!1R3
2#%

T6
q,h5T5

q,h~p1↔p2!

R3
658~D312

132,bbtt1D312
231,bbtt1D313

123,bbbt1D313
213,bbbt2D313

214,tttb2D313
124,tttb1D27

132,bbtt!22~2C12
2(13),bbt2C12

24,ttb1C0
24,ttb

1C11
(13)2,btt!72~C0

23,ttb1C12
2(14),ttb1C11

32,btt!

T7
q,h5

gS
2g2

2A2p2

1

4
@mtg1~R41D13

132,bbtt!1mbg2~R52D0
123,bbbt1D0

213,bbbt2D11
123,bbbt1D11

132,bbtt1D11
213,bbbt!#

T8
q,h5

gS
2g2

2A2p2

1

4
$mtg1@2R4~p1↔p2!2D13

132,bbtt#1mbg2@2R5~p1↔p2!2D11
231,bbtt#%

R452D0
214,tttb2D11

214,tttb2D12
124,tttb2D12

231,bbtt2D13
123,bbbt1D13

124,tttb

R55D0
132,bbtt1D11

231,bbtt2D12
231,bbtt1D13

124,tttb

T9
q,h5

gS
2g2

2A2p2

1

4
@mtg1~2D11

124,tttb1D11
214,tttb1D12

124,tttb2D12
214,tttb!1mbg2~D11

123,bbbt2D11
213,bbbt2D13

123,bbbt1D13
213,bbbt!#

T10
q,h5

gS
2g2

2A2p2

1

4
@mtg1~R61D12

124,tttb2D12
214,tttb1D13

214,tttb1D23
124,tttb1D24

124,tttb2D25
124,tttb2D26

124,tttb!1mbg2~R71R8!#
095001-10
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T11
q,h5

gS
2g2

2A2p2

1

4
$mtg1@R6~p1↔p2!1D13

214,tttb1D22
124,tttb1D23

124,tttb22D26
124,tttb#1mbg2@R7~p1↔p2!1R8#%

R652D11
124,tttb1D11

132,bbtt1D12
123,bbbt1D12

213,bbbt1D21
132,bbtt1D22

213,bbbt1D24
123,bbbt1D25

231,bbtt

R75D0
123,bbbt1D0

132,bbtt1D0
213,bbbt12D11

123,bbbt1D11
132,bbtt1D12

124,tttb12D12
213,bbbt1D12

214,tttb1D21
123,bbbt1D22

214,tttb1D23
124,tttb

1D23
214,tttb1D23

231,bbtt1D24
124,tttb1D24

213,bbbt2D25
124,tttb1D25

132,bbtt2D26
124,tttb22D26

214,tttb

R852D13
124,tttb1D13

132,bbtt2D13
214,tttb1D13

231,bbtt

T12
q,h5

gS
2g2

2A2p2

1

4
@mtg1~R91R101D0

124,tttb2D0
214,tttb1D11

124,tttb2D11
214,tttb!1mbg2~R11!#

T13
q,h5

gS
2g2

2A2p2

1

4
$mtg1@2R9~p1↔p2!1R102D23

124,tttb22D23
214,tttb12D26

214,tttb#1mbg2@2R11~p1↔p2!#%

R952D12
124,tttb2D12

132,bbtt1D13
124,tttb12D13

132,bbtt1D13
213,bbbt12D25

213,bbbt22D25
214,tttb12D26

132,bbtt

R105D23
124,tttb12D23

214,tttb2D24
132,bbtt1D24

231,bbtt1D26
123,bbbt2D26

124,tttb2D26
213,bbbt

R115D0
132,bbtt1D0

213,bbbt1D11
132,bbtt1D11

213,bbbt1D11
231,bbtt1D12

231,bbtt1D13
123,bbbt1D13

132,bbtt1D13
213,bbbt2D13

214,tttb2D13
231,bbtt

1D23
124,tttb1D23

214,tttb12D24
231,bbtt2D25

123,bbbt1D25
213,bbbt22D25

214,tttb12D26
123,bbbt2D26

124,tttb1D26
132,bbtt1D26

214,tttb

2D26
231,bbtt

T14
q,h5

gS
2g2

2A2p2

1

4
@mtg1~2D0

124,tttb2D11
124,tttb1D11

132,bbtt2D12
214,tttb1D13

123,bbbt1D13
214,tttb1D21

132,bbtt2D22
214,tttb1D23

124,tttb

2D23
214,tttb1D25

123,bbbt2D25
124,tttb12D26

214,tttb1D26
231,bbtt!1mbg2~D0

123,bbbt1D0
132,bbtt12D11

123,bbbt1D11
132,bbtt1D12

132,bbtt

1D12
213,bbbt2D13

124,tttb1D21
123,bbbt1D23

124,tttb1D24
132,bbtt2D25

124,tttb1D26
213,bbbt!#

T15
q,h5

gS
2g2

2A2p2

1

4
@mtg1~D11

124,tttb2D12
124,tttb2D12

214,tttb1D12
231,bbtt1D13

123,bbbt1D13
214,tttb1D23

124,tttb2D23
214,tttb2D24

214,tttb

1D24
231,bbtt1D25

132,bbtt1D25
214,tttb1D26

123,bbbt2D26
124,tttb1D26

214,tttb!1mbg2~D0
123,bbbt1D11

123,bbbt1D11
213,bbbt1D12

123,bbbt

2D13
124,tttb1D13

132,bbtt1D23
124,tttb1D24

123,bbbt1D25
213,bbbt2D26

124,tttb1D26
132,bbtt!#

T16
q,h5

gS
2g2

2A2p2

1

4
@mtg1~D12

132,bbtt1D13
124,tttb12D13

214,tttb12D22
132,bbtt1D22

231,bbtt1D23
123,bbbt1D23

124,tttb12D23
213,bbbt13D23

214,tttb

2D24
132,bbtt2D26

214,tttb!1mbg2~D0
132,bbtt12D12

132,bbtt12D12
231,bbtt1D13

123,bbbt1D13
213,bbbt1D22

132,bbtt12D22
231,bbtt

12D23
123,bbbt1D23

124,tttb1D23
213,bbbt12D23

214,tttb2D25
123,bbbt!#

T17
q,h5

gS
2g2

2A2p2

1

4
@mtg1~D12

132,bbtt1D13
124,tttb1D22

231,bbtt1D23
123,bbbt1D23

124,tttb2D23
214,tttb1D24

132,bbtt1D26
214,tttb!

1mbg2~D0
132,bbtt12D12

132,bbtt1D13
123,bbbt1D13

213,bbbt1D22
132,bbtt1D23

124,tttb1D23
213,bbbt1D25

123,bbbt!#
095001-11
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T18
q,h5

gS
2g2

2A2p2

1

8
$mtg1@2mH6

2
~D12

214,111b2D13
214,111b!2mbmt~D0

123,bbbt1D0
213,bbbt12D0

132,bbtt12D0
124,tttb1D11

123,bbbt!

1~mb
22mt

21mH6
2 !~D0

132,bbtt1D11
132,bbtt2D12

214,tttb1D13
214,tttb!1~ û2mH6

2 !D13
231,bbtt1mb

2~2D0
123,bbbt22D0

231,bbtt

1D0
124,tttb!2~mt

22mH6
2 !D0

124,tttb1~C11
(12)4,ttb2C12

(12)4,ttb2C0
13,ttb12C0

24,ttb2C0
12,ttt2C12

21,ttt24D27
132,bbtt24D27

213,bbbt

12D27
123,bbbt12D27

231,bbtt1R9!#1mbg2@~ û1mb
2!~D0

123,bbbt1D11
123,bbbt!2~ û2mH6

2 !~D0
132,bbtt1D11

132,bbtt!2~mb
2

2mH6
2 !D0

213,bbbt1~ t̂2mH6
2 !D13

231,bbtt1~C0
14,ttb1C0

24,ttb2C11
12,bbb2C12

(23)1,btt22C0
12,bbb1C12

31,btt1C0
24,bbt2C0

13,bbt

12D27
132,bbtt12D27

213,bbbt24D27
231,bbtt24D27

123,bbbt1R9!#12mt
2mbgp@H1 out,t in,b out#~D0

123,bbbt12D0
124,tttb

12D0
132,bbtt1D0

213,bbbt1D11
123,bbbt!%

R952C12
14,ttb1C12

24,ttb1C11
(13)2,btt2C12

2(13),bbt1C11
14,ttb24D27

214,tttb12D27
124,tttb

T19
q,h5

gS
2g2

2A2p2

1

4
@mtg1~2D0

124,tttb2D11
124,tttb2D11

214,tttb2D12
132,bbtt1D13

132,bbtt2D13
213,bbbt1D13

214,tttb2D23
214,tttb2D24

132,bbtt

2D24
214,tttb1D25

132,bbtt1D25
214,tttb2D26

213,bbbt1D26
214,tttb!1mbg2~2D11

123,bbbt1D12
123,bbbt1D13

214,tttb2D13
231,bbtt2D23

214,tttb

1D24
123,bbbt2D25

123,bbbt1D26
214,tttb2D26

231,bbtt!#

T20
q,h5

gS
2g2

2A2p2

1

4
@mtg1~2D11

214,tttb2D13
213,bbbt1D13

214,tttb2D21
214,tttb1D23

132,bbtt2D23
214,tttb2D25

213,bbbt12D25
214,tttb2D26

132,bbtt!

1mbg2~2D0
231,bbtt2D11

231,bbtt2D12
231,bbtt1D13

214,tttb1D22
123,bbbt2D23

214,tttb2D24
231,bbtt1D25

214,tttb2D26
123,bbbt!#

T21
q,h5

gS
2g2

2A2p2

1

4
@mtg1~D22

132,bbtt1D23
213,bbbt1D23

214,tttb2D25
214,tttb2D26

132,bbtt!1mbg2~D0
231,bbtt12D12

231,bbtt1D22
231,bbtt

1D23
123,bbbt1D23

214,tttb2D26
123,bbbt!#

T22
q,h5

gS
2g2

2A2p2

1

4
@mtg1~2D12

231,bbtt12D13
124,tttb12D13

214,tttb1D22
132,bbtt12D22

231,bbtt12D23
123,bbbt12D23

124,tttb1D23
213,bbbt

1D23
214,tttb1D25

214,tttb1D26
132,bbtt!1mbg2~D0

231,bbtt12D12
132,bbtt12D12

231,bbtt12D13
123,bbbt12D13

213,bbbt12D22
132,bbtt

1D22
231,bbtt1D23

123,bbbt12D23
124,tttb12D23

213,bbbt1D23
214,tttb1D26

123,bbbt!#

T23
q,h5

gS
2g2

2A2p2

1

8
$mtg1@2mb

2~D0
132,bbtt1D0

213,bbbt!1mbmt~2D0
231,bbtt12D0

214,tttb2D12
123,bbbt!12mH6

2
~D11

214,111b

2D13
214,111b!

1~ û2mH6
2 !~D0

231,bbtt1D11
231,bbtt!1~mb

22mt
21mH6

2 !~D13
132,bbtt1D13

214,tttb2D11
214,tttb!1~4D27

123,bbbt22D27
213,bbbt

14D27
214,tttb14D27

231,bbtt22D27
132,bbtt1C11

(12)4,ttb2C12
(12)4,ttb2C11

21,ttt2C0
24,bbt2C11

2(13),bbt1R10!#

1mbg2@2mb
2D0

123,bbbt1~ û2mH6
2 !~D0

123,bbbt2D13
132,bbtt!1~ t̂2mH6

2 !~D0
231,bbtt1D11

231,bbtt!1~ û1mb
2!D12

123,bbbt

1~4D27
132,bbtt22D27

214,tttb22D27
231,bbtt22D27

123,bbbt14D27
213,bbbt2C11

(23)1,btt2C0
24,ttb1C0

24,bbt2C12
32,btt1C0

23,bbt2C12
12,bbb

1C11
2(13),bbt1R10!#12mt

2mbgp@H1 out,t in,b out#~D12
123,bbbt22D0

231,bbtt22D0
214,tttb!%

R1054D27
124,tttb2C0

14,ttb2C12
14,ttb1C12

24,ttb2C11
24,ttb1C12

(13)2,btt
095001-12
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T24
q,h5

gS
2g2

2A2p2

1

8
$mtg1@2mb

2D0
132,bbtt22mt

2D0
214,tttb1~mb

22mt
21mH6

2 !D12
132,bbtt1~ û2mH6

2 !D12
231,bbtt

1~mb
22mt

22mH6
2 !D13

214,tttb2mtmbD13
123,bbbt2~C0

34,tbt22C0
24,ttb1C12

(12)4,ttb1C12
2(13),bbt26D27

214,tttb16D27
132,bbtt

1R11!#1mbg2@2mb
2D0

123,bbbt2~ û2mH6
2 !~D0

132,bbtt1D12
132,bbtt!1~ t̂2mH6

2 !~D0
231,bbtt1D12

231,bbtt!1~ û1mb
2!D13

123,bbbt

2~C11
(23)1,btt2C0

34,btb2C0
13,ttb2C11

31,btt1C0
23,ttb2C0

24,ttb1C11
32,btt2C12

2(13),bbt2C0
24,bbt16D27

123,bbbt1R11!#

12mt
2mbgp@H1 out,t in,b out#D13

123,bbbt%

R115C0
14,ttb2C11

(13)2,btt1C12
14,ttb2C12

24,ttb .

Here the shorthand

g65gs@H1 out,t in,b out#6gp@H1 out,t in,b out#

has been used.

2. Squark contributions

Triangle contributions:

M ss̄l
q̃,n

5~K1ss̄l1K2ss̄l!T1
q̃,n ~B4!

T1
q̃,n5(

i 51

2 igS
2

4p2 Fg@H0H6W7#

ŝ2mH
2 @g@H0 t̃ i t̃ i #~112mt̃ i

2
C0

12,t̃ i t̃ i t̃ i !1g@H0b̃i b̃i #~112mb̃i

2
C0

12,b̃i b̃i b̃i !#

1
g@h0H6W7#

ŝ2mh
2 @g@h0 t̃ i t̃ i #~112mt̃ i

2
C0

12,t̃ i t̃ i t̃ i !1g@h0b̃i b̃i #~112mb̃i

2
C0

12,b̃i b̃i b̃i !#G .

Box contributions:

M ss̄l
q̃,h

5(
i 51

6

Kiss̄lTi
q̃,h ~B5!

T1
q̃,h5 (

i , j 51

2 igS
2

2p2
~D12

132,b̃i b̃i t̃ j t̃ j2D12
132,t̃ j t̃ j b̃i b̃i1D22

132,b̃i b̃i t̃ j t̃ j2D22
132,t̃ j t̃ j b̃i b̃i1D24

132,b̃i b̃i t̃ j t̃ j2D24
132,t̃ j t̃ j b̃i b̃i1D36

132,b̃i b̃i t̃ j t̃ j2D36
132,t̃ j t̃ j b̃i b̃i

1D23
123,b̃i b̃i b̃i t̃ j2D23

123,t̃ j t̃ j t̃ j b̃i1D33
124,b̃i b̃i b̃i t̃ j2D33

124,t̃ j t̃ j t̃ j b̃i1D37
123,b̃i b̃i b̃i t̃ j2D37

123,t̃ j t̃ j t̃ j b̃i2D37
124,b̃i b̃i b̃i t̃ j

1D37
124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW

6#g@H6 t̃ j b̃i #

T2
q̃,h5 (

i , j 51

2 igS
2

2p2
~D26

132,b̃i b̃i t̃ j t̃ j2D26
132,t̃ j t̃ j b̃i b̃i1D38

132,b̃i b̃i t̃ j t̃ j2D38
132,t̃ j t̃ j b̃i b̃i1D23

123,b̃i b̃i b̃i t̃ j2D23
123,t̃ j t̃ j t̃ j b̃i1D33

124,b̃i b̃i b̃i t̃ j2D33
124,t̃ j t̃ j t̃ j b̃i

1D39
123,b̃i b̃i b̃i t̃ j2D39

123,t̃ j t̃ j t̃ j b̃i2D39
124,b̃i b̃i b̃i t̃ j1D39

124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW
6#g@H6 t̃ j b̃i #

T3
q̃,h5 (

i , j 51

2

2
igS

2

4p2
~22D27

132,b̃i b̃i t̃ j t̃ j12D27
132,t̃ j t̃ j b̃i b̃i22D311

132,b̃i b̃i t̃ j t̃ j12D311
132,t̃ j t̃ j b̃i b̃i1C0

34,b̃i t̃ j b̃i2C0
34,t̃ j b̃i t̃ j1C11

(12)3,b̃i b̃i t̃ j

2C11
(12)3,t̃ j t̃ j b̃i22D27

123,b̃i b̃idj t̃ j12D27
123,t̃ j t̃ j t̃ j b̃i22D311

123,b̃i b̃i b̃i t̃ j12D311
123,t̃ j t̃ j t̃ j b̃i12D311

124,b̃i b̃i b̃i t̃ j22D311
124,t̃ j t̃ j t̃ j b̃i22D313

124,b̃i b̃i b̃i t̃ j

12D313
124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW

6#g@H6 t̃ j b̃i #
095001-13
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T4
q̃,h5 (

i , j 51

2

2
igS

2

4p2
~22D313

132,b̃i b̃i t̃ j t̃ j12D313
132,t̃ j t̃ j b̃i b̃i1C0

34,b̃i t̃ j b̃i2C0
34,t̃ j b̃i t̃ j1C11

(12)3,b̃i b̃i t̃ j2C11
(12)3,t̃ j t̃ j b̃i22D27

123,b̃i b̃i b̃i t̃ j

12D27
123,t̃ j t̃ j t̃ j b̃i22D312

123,b̃i b̃i b̃i t̃ j12D312
123,t̃ j t̃ j t̃ j b̃i12D312

124,b̃i b̃i b̃i t̃ j22D312
124,t̃ j t̃ j t̃ j b̃i22D313

124,b̃i b̃i b̃i t̃ j

12D313
124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW

6#g@H6 t̃ j b̃i #

T5
q̃,h5 (

i , j 51

2 igS
2

4p2
~C0

24,b̃i b̃i t̃ j2C0
24,t̃ j t̃ j b̃i2C11

(13)2,b̃i t̃ j t̃ j1C11
(13)2,t̃ j b̃i b̃i12D27

132,b̃i b̃i t̃ j t̃ j22D27
132,t̃ j t̃ j b̃i b̃i12D312

132,b̃i b̃i t̃ j t̃ j22D312
132,t̃ j t̃ j b̃i b̃i

12D313
123,b̃i b̃i b̃i t̃ j22D313

123,t̃ j t̃ j t̃ j b̃i12D313
124,b̃i b̃i b̃i t̃ j22D313

124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW
6#g@H6 t̃ j b̃i #

T6
q̃,h5 (

i , j 51

2 igS
2

4p2
~2D312

132,b̃i b̃i t̃ j t̃ j22D312
132,t̃ j t̃ j b̃i b̃i2C12

1(23),b̃i b̃i t̃ j1C12
1(23),t̃ j t̃ j b̃i12D313

123,b̃i b̃i b̃i t̃ j22D313
123,t̃ j t̃ j t̃ j b̃i12D313

124,b̃i b̃i b̃i t̃ j

22D313
124,t̃ j t̃ j t̃ j b̃i !g@ t̃ j b̃iW

6#g@H6 t̃ j b̃i #.

3. Helicity factors

The factorsKiss̄l contain all the helicity information of the amplitude. They are obtained by contracting kinema
tensors with the helicity four-vectors defined in Sec. II A. In the following these factors are listed. The symbollT denotes a
transverse polarization of theW boson, i.e.lT561:

K1,ss̄05K2,ss̄05
@4ŝu p̃Wu22~ t̂2û!2#@2u p̃Wu2Aŝ1EW~ û2 t̂ !#

32~ ŝu p̃WumW!
,

K3,ss̄05
1

8mW
S 22u p̃WuAŝ1

EW~ t̂2û!

u p̃Wu D ~ss̄11!,

K4,ss̄05K3,ss̄0~ t̂↔û!,

K5,ss̄05K6,ss̄05
EW

mW
S 1

8

~ t̂2û!2

ŝu p̃Wu
2

1

2
u p̃Wu D ,

K7,ss̄052 i ~ ŝ/2!sK5,ss̄0 ,

K8,ss̄05 i ~ ŝ/2!s̄K5,ss̄0 ,

K9,ss̄050,

K10,ss̄05
i

16mW
S EW~ t̂2û!

u p̃Wu
22Aŝu p̃Wu D ŝ~s1s̄ !,

K11,ss̄05K10,ss̄0~ t̂↔û!,

K12,ss̄05K13,ss̄052K8,ss̄0 ,

K14,ss̄05
i @2u p̃Wu2Aŝ2EW~ t̂2û!#~2AŝEW2 t̂1û!

32u p̃WumW
~s1s̄ !,

K15,ss̄05
i @2u p̃Wu2Aŝ1EW~ t̂2û!#~2AŝEW2 t̂1û!

32u p̃WumW
~s1s̄ !,
095001-14
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K16,ss̄05K7,ss̄0mW
2 /~EWAŝ!, K17,ss̄05K8,ss̄0mW

2 /~EWAŝ!,

K18,ss̄05~2/ŝ!K10,ss̄0 , K19,ss̄052K15,ss̄0~ t̂↔û!,

K20,ss̄052K14,ss̄0~ t̂↔û!, K21,ss̄052K16,ss̄0 ,

K22,ss̄052K17,ss̄0 , K23,ss̄052K18,ss̄0~ t̂↔û!,

K24,ss̄052
imW~ t̂2û!

4u p̃WuAŝ
~s1s̄ !.

In the following an additional shorthand is used:

pt
25

t̂ û2mW
2 mH6

2

ŝ
,

K1,ss̄lT
52K2,ss̄lT

5
i

32S 4Aŝu p̃Wu2
~ t̂2û!2

u p̃WuAŝ
D ptA2lT,

K3,ss̄lT
52K4,ss̄lT

52
i

8

A2ptAŝ~ss̄11!lT

u p̃Wu
,

K5,ss̄lT
52

i

8 S ~ t̂2û!lT

Aŝu p̃Wu
12s D ptA2,

K6,ss̄lT
5K5,ss̄lT

~s→2s̄ !,

K7,ss̄lT
5

1

2
S 1

4
ŝss̄2

1

8

Aŝ~ t̂2û!slT

u p̃Wu D ptA2,

K8,ss̄lT
5K7,ss̄lT

~s→2s̄,s̄→2s!,

K9,ss̄lT
5

1

8
A2ŝpt~ss̄11!,

K10,ss̄lT
52K11,ss̄lT

5 i ~ ŝ/2!K3,ss̄lT
,

K12,ss̄lT
5 i ~ ŝ/2!sK5,ss̄lT

,

K13,ss̄lT
5K12,ss̄lT

~s→2s̄ !,

K14,ss̄lT
52K15,ss̄lT

52
1

32

~2AŝEW2 t̂1û!AŝptA2~s1s̄ !lT

u p̃Wu
,

K16,ss̄lT
5

1

16
F S 2

EW~ t̂2û!

u p̃Wu
12u p̃WuAŝDslT1~ t̂2û!22AŝEWGptA2,

K17,ss̄lT
5K16,ss̄lT

~s→2s̄ !,
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K18,ss̄lT
5K23,ss̄lT

5
1

8

ptAŝA2~s1s̄ !lT

u p̃Wu
,

K19,ss̄lT
52K20,ss̄lT

5K15,ss̄lT
~ t̂↔û!,

K21,ss̄lT
5

1

16
F S EW~ t̂2û!

u p̃Wu
12u p̃WuAŝDslT1~ t̂2û!12AŝEWGptA2,

K22,ss̄lT
5K21,ss̄lT

~s→2s̄ !,

K24,ss̄lT
52A2~EW /Aŝ!K18,ss̄lT

.

APPENDIX C: MSSM COUPLINGS

In the following all couplings of the third generation quarks and squarks to MSSM Higgs particles, which are rele
the process, are collected. The factorg25e/sw denotes theSU(2) coupling constant of the weak interaction,sw5sinuw ,
cw5cosuw and tw5tanuw with the weak mixing angleuw . The scalar and pseudoscalar couplings in the Higgs-bos
fermion interactions are distinguished by adding subscriptss andp to the coupling symbols. Analogously, the subscriptsv and
a distinguish the vector and axial vector coupling of quarks to theW boson.

1. Quark couplings to Higgs bosons

Neutral Higgs bosons:

gs@H0tt#52g2

mt

2mW

sina

sinb
, gs@H0bb#52g2

mb

2mW

cosa

cosb
, ~C1!

gs@h0tt#52g2

mt

2mW

cosa

sinb
, gs@h0bb#51g2

mb

2mW

sina

cosb
, ~C2!

gp@H0tt#5gp@h0tt#50, gp@H0bb#5gp@h0bb#50, ~C3!

gp@A0tt#5 ig2

mt

2mW
cotb, gp@A0bb#5 ig2

mb

2mW
tanb, ~C4!

gs@A0tt#5gs@A0bb#50. ~C5!

Charged Higgs bosons:

gs@H1 out,t in,b out#5g2

mbtanb1mtcotb

2A2mW

5gs@H2 out,b in,t out#, ~C6!

gp@H1 out,t in,b out#52g2

mbtanb2mtcotb

2A2mW

52gp@H2 out,b in,t out#. ~C7!

2. Squark couplings to Higgs bosons

Neutral Higgs bosons:

g@H0 t̃ 1 t̃ 1#5g2F mt

2mWsinb
@~Atsina2m cosa!sin2u t̃22mtsina#1

mZcos~a1b!

6cw
@~528cw

2 !cos2u t̃24sw
2 #G , ~C8!
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g@H0 t̃ 2 t̃ 2#5g2F mt

2mWsinb
@2~Atsina2m cosa!sin 2u t̃22mtsina#

1
mZcos~a1b!

6cw
@2~528cw

2 !cos2u t̃1~124sw
2 !#G , ~C9!

g@H0b̃1b̃1#5g2F mb

2mWcosb
@~Abcosa2m sina!sin2u b̃22mbcosa#1

mZcos~a1b!

6cw
@~4cw

2 21!cos2u b̃12sw
2 #G ,

~C10!

g@H0b̃2b̃2#5g2F mb

2mWcosb
@2~Abcosa2m sina!sin 2u b̃22mbcosa#

1
mZcos~a1b!

6cw
@2~4cw

2 21!cos2u b̃1~112cw
2 !#G , ~C11!

g@h0q̃i q̃i #5g@H0,q̃i ,q̃i # ~sina→cosa, cosa→2sina!. ~C12!

Charged Higgs bosons:

g@H6 t̃ 1b̃1#5
g2

2A2mW

$12mtmb~ tanb1cotb! sinu b̃sinu t̃sin 2b@mb
2~11tan2b!1mt

2~11cot2b!22mW
2 #

3cosu b̃cosu t̃22mb~m1Abtanb! sinu b̃cosu t̃22mt~m1Atcotb! cosu b̃sinu t̃%, ~C13!

g@H6 t̃ 1b̃2#5
g2

2A2mW

$22mtmb~ tanb1cotb! cosu b̃sinu t̃1sin 2b@mb
2~11tan2b!1mt

2~11cot2b!

22mW
2 # sinu b̃cosu t̃12mb~m1Abtanb! cosu b̃cosu t̃22mt~m1Atcotb! sinu b̃sinu t̃%, ~C14!

g@H6 t̃ 2b̃1#5
g2

2A2mW

$22mtmb~ tanb1cotb! sinu b̃cosu t̃1sin 2b@mb
2~11tan2b!1mt

2~11cot2b!

22mW
2 # cosu b̃sinu t̃12mb~m1Abtanb! sinu b̃sinu t̃2mt~m1Atcotb! cosu b̃cosu t̃%, ~C15!

g@H6 t̃ 2b̃2#5
g2

2A2mW

$2mtmb~ tanb1cotb! cosu b̃cosu t̃1sin 2b@mb
2~11tan2b!1mt

2~11cot2b!22mW
2 #

3sinu b̃sinu t̃12mb~m1Abtanb! cosu b̃sinu t̃12mt~m1Atcotb! sinu b̃cosu t̃%. ~C16!

3. Couplings to gauge bosons

Quarks and squarks:The indicesa,b,a,b are color indices;i and j denote squark mass eigenstates:

gv@qaqbga#5gS

lab
a

2
, ga@qqg#50, ~C17!

g@ q̃aq̃bga#52gS

lab
a

2
, ~C18!

g@ q̃aq̃bgagb#5gS
2H la

2
,
lb

2 J
ab

, ~C19!

gv@ tbbaW6#5
g2

2A2
dab , ga@ tbbaW6#5

g2

2A2
dab , ~C20!
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g@ t̃ i b̃ jW
6#52

g2

A2
Ri j , ~C21!

g@ t̃ i
bb̃ j

agaW6#5A2g2gSRi j

lab
a

2
. ~C22!

The Ri j are the following functions of the squark mixing angles:

S R11 R12

R21 R22
D 5S cosu t̃cosu b̃ sinu t̃cosu b̃

cosu t̃sinu b̃ sinu t̃sinu b̃
D . ~C23!

Higgs bosons:

g@h0H6W7#5
g2

2
sin~b2a!, ~C24!

g@H0H6W7#52
g2

2
cos~b2a!, ~C25!

g@A0H6W7#52 i
g2

2
. ~C26!

APPENDIX D: FEYNMAN GRAPHS

Feynman graphs with opposite direction of charge flow are not depicted.

1. Quark graphs

2. Squark-graphs
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