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TheO(aewmt(b)
2 /mW

2 ) andO(aewmt(b)
4 /mW

4 ) supersymmetric electroweak corrections to the cross section for
W6H7 associated production at the CERN LHC are calculated in the minimal supersymmetric standard model.
Those corrections arise from the quantum effects which are induced by the Yukawa couplings from the Higgs
sector and the genuine supersymmetric electroweak couplings involving supersymmetric particles, i.e.,
chargino–top~bottom!–bottom-squark-~top-squark! couplings, neutralino–top~bottom!–top-squark ~bottom-
squark! couplings and charged Higgs-boson–top-squark–bottom-squark couplings. The Yukawa corrections
can decrease the total cross sections significantly for low tanb(,4) whenmH1(,300) GeV, which exceed
212%. For high tanb the Yukawa corrections become negligibly small. The genuine supersymmetric elec-
troweak corrections can increase or decrease the total cross sections depending on the supersymmetric param-
eters, which are at most a few percent, except the region near the threshold. We also show that the genuine
supersymmetric electroweak corrections depend strongly on the choice of tanb, At , MQ̃ , andm. For large
values ofAt , or large values ofm and tanb, one can get larger corrections. The corrections can become very
small, in contrast, for larger values ofMQ̃ .

PACS number~s!: 12.60.Jv, 12.15.Lk, 14.70.Fm, 14.80.Cp
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I. INTRODUCTION

One of the most important objectives of the CERN Lar
Hadron Collider~LHC! is the search for Higgs boson. I
various extensions of the Higgs sector of the standard m
~SM!, for example, in the two-Higgs-doublet mode
~THDM! @1#, particularly the minimal supersymmetric sta
dard model~MSSM! @2#, there are physical charged Higg
bosons, which do not belong to the spectrum of the SM
therefore their discovery would be instant evidence of n
physics. In much of the parameter space preferred by
MSSM, namely,mH6.mW and 1,tanb,mt /mb @3,4#, the
LHC will provide the greatest opportunity for the discove
of charged Higgs boson. Previous studies have shown
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 @5#, and for a heavier charged Higgs boson t
dominate production process isgb→tH2 @6,7,8#. In addition
to the processes mentioned above, in Ref.@9# Dicus et al.
also studied the production of a charged Higgs boson in
sociation with aW boson viabb̄ annihilation at the tree leve
andgg fusion at one loop at hadron colliders. Since the le
tonic decays ofW boson would serve as a spectacular trigg
for the charged Higgs boson search, these processes
attractive. But the authors of Ref.@9# only considered the
case where the value of tanb to be in the range 0.3–2.3
Recently Barrientos Bendezu and Kniehl@10# further studied
these processes and presented theoretical predictions fo
W6H7 production cross section at the LHC and the Ferm
lab Tevatron run II, where they generalize the analysis
0556-2821/2000/62~9!/095012~30!/$15.00 62 0950
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Ref. @9# for arbitrary values of tanb and to update it. They
found that theW6H7 production would have a sizeabl
cross section and its signal should have a significant rat
the LHC unlessmH7 is very large.

As analyzed in Refs.@7,11#, the search for heavy charge
Higgs bosons withmH1.mt1mb at a hadron collider is
seriously complicated by QCD backgrounds. For examp
the processes suggested in Ref.@10# suffer from the irreduc-

ible background due to top quark pair productionqq̄→t t̄

andgg→t t̄ with subsequent decay through the intermedi

statebb̄W1W2, and heavy charged Higgs boson produc
in association withW6 gauge bosons cannot be resolved
the LHC, via semileptonicW1W2 decays, for charged Higg
boson masses in the range between 2mt and 600 GeV at
neither low nor high tanb @11#. However, recent analyse
@12,13# have shown that the decay modeH1→t1n, indeed
dominant for light charged Higgs bosons below the t
threshold for any accessible tanb @14#, provides an excellen
signature for a heavy charged Higgs boson in searches a
LHC. The discover region forH6 is far greater than had
been thought for a large range of the (mH6,tanb) parameter
space, extending beyondmH6;1 TeV and down to at leas
tanb;3, and potentially to tanb;1.5, assuming the lates
results for the SM parameters and parton distribution fu
tions as well as using kinematic selection techniques and
tau polarization analysis@13#. Recently the relative experi
mental simulation has been performed@15#, and confirmed
above analyses.

Since the contributions to theW6H7 production cross
section due tobb̄ annihilation at the tree level are great
©2000 The American Physical Society12-1
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than ones due togg fusion which proceeds at one-loop, it
important to calculate the one-loop radiative corrections
theW6H7 production viabb̄ annihilation for more accurate
theoretical predictions for the cross sections. In this paper
present the calculations of theO(aewmt(b)

2 /mW
2 ) and
09501
o

e

O(aewmt(b)
4 /mW

4 ) supersymmetric ~SUSY! electroweak
~EW! corrections to thisW6H7 associated production pro
cess at the LHC in the MSSM. These corrections arise fr
the quantum effects which are induced by potentially la
Yukawa couplings from the Higgs sector and the chargin
;
ts
FIG. 1. Feynman diagrams contributing to supersymmetric electroweak corrections tobb̄→W2H1: ~a! and~b! are tree level diagrams
~c!–~x! are one-loop corrections. The dashed line 1 representsH, h, A; the dashed line 2 representsH, h, A, G0; the dashed line 3 represen

H1, G1. For diagram~r!, the dashed line in the loop representsH, h, A, G0, H1, G1, t̃ , b̃.
2-2
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FIG. 1 ~Continued!.
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top~bottom!–bottom-squark~top-squark! couplings, neutra-
lino-top~bottom!–top-squark~bottom-squark! couplings and
charged Higgs-boson–top-squark–bottom-squark coupl
which will contribute at theO(aewmt(b)

4 /mW
4 ) to the self-

energy of the charged Higgs boson. The relevant QCD c
rections are expected to be larger, but not yet available.

The arrangement of this paper is as follows. In Sec. II
give the analytic results. In Sec. III we present some num
cal examples and discuss the implications of our resu
Some notations used in this paper and the lengthy exp
sions of the form factors are summarized in Appendixes
and B.

II. CALCULATIONS

The Feynman diagrams for the charged Higgs boson
duction viab(p1)b̄(p2)→W6(k)H7(p3), which include the
supersymmetric~SUSY! EW corrections to the process, a
shown in Figs. 1 and 2. We carried out the calculation in
’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@16#, in which the
fine-structure constantaew and physical masses are chosen
be the renormalized parameters, and finite parts of the co
terterms are fixed by the renormalization conditions. T
coupling constantg is related to the input parameterse, mW ,
09501
gs
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and mZ via g25e2/sw
2 and sw

2 512mW
2 /mZ

2. As far as the
parametersb anda, for the MSSM we are considering, the
have to be renormalized, too. In the MSSM they are
independent. Nevertheless, we follow the approach of M
dez and Pomarol@17# in which they consider them as inde
pendent renormalized parameters and fixed the corresp
ing renormalization constants by a renormalization condit
that the on-mass-shellH1 l̄ n l and h l̄ l couplings keep the
forms of Eq. ~3! of Ref. @17# to all order of perturbation
theory.

We define the Mandelstam variables as

ŝ5~p11p2!25~k1p3!2,

t̂5~p12k!25~p22p3!2,

û5~p12p3!25~p22k!2. ~1!

The relevant renormalization constants are defined as

mW0

2 5mW
2 1dmW

2 , mZ0

2 5mZ
21dmZ

2,

tanb05~11dZb!tanb,

sina05~11dZa!sina,

W0
6m5~11dZW!1/2W6m1 iZH6W6

1/2 ]mH7,
2-3
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FIG. 2. Feynman diagrams contributing to renormalization constants: The dashed line representsH, h, A, G0, H1, G1, t̃ , b̃ for diagram
~a!, andHi in diagrams~d!–~f! representsH, h, A.
H0
65~11dZH6!1/2H6,

Z0
m5~11dZZ!1/2Zm1 iZZA

1/2]mA,

A05~11dZA!1/2A,
09501
H05~11dZH!1/2H1ZHh
1/2h,

h05~11dZh!1/2h1ZhH
1/2H. ~2!

Taking into account the O(aewmt(b)
2 /mW

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

4 ) SUSY EW corrections, the renormalize

amplitude forbb̄→W2H1 can be written as

M ren5M0
~s!1M0

~ t !1@dM̂V1~s!1dM̂S~s!1dM̂V2~s!#~Hi !

1@dM̂V1~s!1dM̂S~s!1dM̂V2~s!#~A!1dM̂V1~ t !

1dM̂S~ t !1dM̂V2~ t !1dMbox, ~3!

where M0
(s) and M0

(t) are the tree-level amplitudes arisin
from Figs. 1~a! and 1~b!, respectively, which are given by

M0
~s!52 i(

i

ghba2iw11

&~ ŝ2mHi

2 !
(
j 51

4

M j

1
ighbb12

&~ ŝ2mA
2 !

~M12M21M32M4! ~4!

and

M0
~ t !5

ig

&~ t̂2mt
2!

~2hbb12M22hbmbb12M5

1htmtb11M62hbb12M12!. ~5!

Here hb[gmb /&mW cosb and ht[gmt /&mW sinb are
the Yukawa couplings from the bottom and top quarks,p1

and p2 denote the momentum of incoming quarksb and b̄,
respectively, whilek and p3 are used for the outgoingW2

boson andH1 boson, respectively. The notationa i j , b i j ,
andw i j used in the above expressions is defined in Appen
A, and Hi stands for Higgs bosonsh with i 51 andH with
i 52. Mi are the standard matrix elements, which are defi
by
09501
ix

d

M15 v̄~p2!PRu~p1!p1•«~k!,

M25 v̄~p2!PLu~p1!p1•«~k!,

M35 v̄~p2!PRu~p1!p2•«~k!,

M45 v̄~p2!PLu~p1!p2•«~k!,

M55 v̄~p2!«” ~k!PRu~p1!,

M65 v̄~p2!«” ~k!PLu~p1!,

M75 v̄~p2!«” ~k!PRu~p1!p1•«~k!,

M85 v̄~p2!«” ~k!PLu~p1!p1•«~k!,

M95 v̄~p2!«” ~k!PRu~p1!p2•«~k!,

M105 v̄~p2!«” ~k!PLu~p1!p2•«~k!,

M115 v̄~p2!k”«” ~k!PRu~p1!,

M125 v̄~p2!k”«” ~k!PLu~p1!, ~6!

wherePL,R[(17g5)/2. The vertex and self-energy corre
tions to the tree-level process are included indM̂V,S, which
are given by
dM̂V1~s!~Hi !52
ighb

& H (
i 51,2

a2iw i1

ŝ2mHi

2 Fdhb

hb
1

1

2
dZL

b1
1

2
dZR

b1
1

2
dZHi G1

sin~b2a!sina

ŝ2mH
2 ~ tanadZa1ZhH

1/2!

2
cos~b2a!

ŝ2mh
2 ~sinadZa2cosaZHh

1/2!J (
j 51

4

M j1dMV1~s!~H !,

dM̂V1~s!~A!52
ighb sinb

&~ ŝ2mA
2 !

Fdhb

hb
1cos2 bdZb1

1

2
dZL

b1
1

2
dZR

b1
1

2
dZA1

imW

tanb cosuW
ZhH

1/2G~M12M21M32M4!

1dMV1~s!~A!,

dM̂S~s!~Hi !5
ighb

&
(

i 51,2

a2iw i1

~ ŝ2mHi

2 !2 @dmHi

2 2~ ŝ2mHi

2 !dZHi
2~ ŝ2mH

2 !ZHh
1/22~ ŝ2mh

2!ZhH
1/2#(

j 51

4

M j1dMS~s!~H !,

dM̂S~s!~A!5
ighb sinb

&~ ŝ2mA
2 !

@dmA
22~ ŝ2mA

2 !dZA#~M12M21M32M4!1dMS~s!~A!,
2-5
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dM̂V2~s!~Hi !52
ighb

& H (
i 51,2

a2iw i1

ŝ2mHi

2 S dg

g
1

1

2
dZW21

1

2
dZH11

1

2
ZHi D

2
cosa cos~b2a!

ŝ2mH
2 ~sinb cosbdZb2tanadZa2ZhH

1/21mWZHW
1/2 !

1
sina sin~b2a!

ŝ2mh
2 ~sinb cosbdZb2tanadZa1ZHh

1/21mWZHW
1/2 !J (

j 51

4

M j1dMV2~s!~H !,

dM̂V2~s!~A!52
ighb sinb

&~ ŝ2mA
2 !

Fdg

g
1

1

2
dZA1

1

2
dZH11

1

2
dZW2G~M12M21M32M4!1dMV2~s!~A!,

dM̂V1~ t !5
ig

&~ t̂2mt
2!

~2hbb12M22hbmbb12M51htmtb11M62hbb12M12!S dg

g
1

1

2
dZL

t 1
1

2
dZL

b1
1

2
dZW2D

1dMV1~ t !,

dM̂S~ t !5
ig

&~ t̂2mt
2!2

F S 2mt
2 dmt

mt

1mt
2dZL

t 2 t̂dZL
t D S 2hbb12M22hbmbb12M52htb12M121

1

2
htmtb11M6D

1
1

2
S 2 t̂

dmt

mt

1mt
2dZR

t 2 t̂dZR
t D htmtb11M6G1dMS~ t !,

dM̂V2~ t !5
ig2

2mW~ t̂2mt
2!

Fmt
2 cotbS dht

ht

2cos2 bdZb1
1

2
dZL

b1
1

2
dZR

t 1
1

2
dZH11

mW

cotb
ZHW

1/2 D M6

1mb tanbS dhb

hb

1sin2 bdZb1
1

2
dZL

t 1
1

2
dZR

b1
1

2
dZH12

mW

tanb
ZHW

1/2 D ~2M22M122mbM5!G1dMV2~ t !,

~7!
ed

-

y

with

dg

g
5

de

e
1

1

2

dmZ
2

mZ
2 2

1

2

dmZ
22dmW

2

mZ
22mW

2 ,

dhb

hb
5

dg

g
1

dmb

mb
2

1

2

dmW
2

mW
2 1cos2 bdZb ,

dht

ht
5

dg

g
1

dmt

mt
2

1

2

dmW
2

mW
2 2sin2 bdZb ,

dZb52
dg

g
1

1

2

dmW
2

mW
2 2

1

2
dZH12

mW

tanb
ZHW

1/2 ,

dZa52
dg

g
1

1

2

dmW
2

mW
2 2

1

2
dZh2cotaZHh

1/22sin2 bdZb .

~8!
09501
The de/e appearing in Eq.~8! does not contain the
O(aewmt(b)

2 /mW
2 ) corrections and needs not be consider

in our calculations. Also dMV1(s)(Hi), dMV1(s)(A),
dMS(s)(Hi), dMS(s)(A), dMV2(s)(Hi), dMV2(s)(A),
dMV1(t), dMS(t), dMV2(t), anddMbox represent the irreduc
ible corrections arising, respectively, from thebb̄H(h) ver-
tex diagrams shown in Figs. 1~c!–1~d!, the bb̄A vertex dia-
grams shown in Figs. 1~c!–1~d!, the H and h boson self-
energy diagrams in Figs. 1~i!–1~k!, the A boson self-energy
diagrams shown in Figs. 1~i!–1~k!, the H(h)W2H1 vertex
diagrams shown in Figs. 1~f!–1~h!, theAW2H1 vertex dia-
grams shown in Figs. 1~f!–1~h!, the btW2 vertex diagrams
Figs. 1~l!–1~o!, the top quark self-energy diagrams Fig. 1~r!,
the tb̄H1 vertex diagrams Figs. 1~p!–1~q!, and the box dia-
grams Figs. 1~s!–1~x!. All above dMV,S and dMbox can be
written in the form

dMV,S,box5 i(
i 51

12

f i
V,S,boxMi , ~9!

where thef i
V,S,box are form factors, which are given explicitl

in Appendix B.
2-6
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Calculating the self-energy diagrams in Fig. 2, we can get the explicit expressions of all the renormalization cons
follows:

dmt

mt
5(

i

2ht
2

32p2 @a1i
2 ~2B0

ttHi1B1
ttHi !1b1i

2 ~B0
ttAi1B1

ttAi !#2(
i

1

32p2mt
@~ht

2mtb1i
2 1hb

2mbb2i
2 !B1

tbHi
1

12hbhtb1ib2iB0
tbHi

1

#

1(
i , j

ht
2

32p2mt
@mtuNj 4u2~B

0
t t̃ i x̃ j

0

1B
1
t t̃ i x̃ j

0

!1mx̃
j
0u i1

t u i2
t ~Nj 4

2 1Nj 4*
2!B0

t t̃ i x̃ j
0

#

1(
i , j

1

32p2mt
$mt@ht

2~u i1
b !2uVj 1u21hb

2~u i2
b !2uU j 2u2#~B

0
tb̃i x̃ j

1

1B
1
tb̃i x̃ j

1

!1hbhtmx̃
j
1u i1

b u i2
b ~U j 2Vj 21U j 2* Vj 2* !B0

tb̃i x̃ j
1

%,

dZL
t 5(

i

hb
2b2i

2

16p2 B
1
tbHi

1

2(
i , j

ht
2~u i2

t !2

16p2 uNj 4u2~B
0
t t̃ i x̃ j

0

1B
1
t t̃ i x̃ j

0

!2(
i , j

hb
2~u i2

b !2

16p2 uU j 2u2~B
0
tb̃i x̃ j

1

1B
1
tb̃i x̃ j

1

!1d t,

dZR
t 5(

i

ht
2b1i

2

16p2 B
1
tbHi

1

2(
i , j

ht
2~u i1

t !2

16p2 uNj 4u2~B
0
t t̃ i x̃ j

0

1B
1
t t̃ i x̃ j

0

!2(
i , j

ht
2~u i1

b !2

16p2 uVj 2u2~B
0
tb̃i x̃ j

1

1B
1
tb̃i x̃ j

1

!1d t,

d t5(
i

ht
2

32p2 $a1i
2 @B1

ttHi22mt
2~B0

ttHi2B1
ttHi !#1b1i

2 @B1
ttAi12mt

2~B0
ttAi1B1

ttAi !#%1(
i

mt

16p2 @mt~ht
2b1i

2 1hb
2b2i

2 !B0
8tbHi

1

12hbhtmbb1ib2iB0
8tbHi

1

#2(
i , j

ht
2mt

16p2 @mtuNj 4u2~B
0
8t t̃ i x̃ j

0

1B
1
8t t̃ i x̃ j

0

!1mx̃
j
0u i1

t u i2
t ~Nj 4

2 1Nj 4*
2!B0

8t t̃ i x̃ j
0

#

2(
i , j

mt

16p2 $mt@ht
2~u i1

b !2uVj 1u21hb
2~u i2

b !2uU j 2u2#~B
0
8tb̃i x̃ j

1

1B
1
8tb̃i x̃ j

1

!1hbhtmx̃
j
1u i1

b u i2
b ~U j 2Vj 21U j 2* Vj 2* !B0

8tb̃i x̃ j
1

%,

dmW
2 5

g2

16p2 H ~mb
22mt

2!S 11
mb

22mt
222mW

2

2mW
2 B0

0btD 22mt
2B0

0tt2
1

2mW
2 @~mb

22mt
2!21~mb

21mt
2!mW

2 #B0
WbtJ ,

dZW5
g2

32p2mW
2 H ~mb

22mt
2!2

mW
2 ~B0

0bt2B0
Wbt!1@~mb

22mt
2!21~mb

21mt
2!mW

2 #B08
WbtJ ,

dmz
25

g2sW
2

18cW
2 p2 Fmb

2

2
~322sW

2 !~B0
Zbb1B0

0bb!2mt
2~324sW

2 !~B0
Ztt2B0

0tt!G
1

g2

32cW
2 p2 @mb

2~B0
Zbb22B0

0bb!2mt
2~B0

Ztt12B0
0tt!#,

dZH15
3

16p2 F2~ht
2b11

2 1hb
2b21

2 !~B1
H1bt1mb

2B08
H1bt1mH1

2 B18
H1bt!24hbhtmbmtb11b21B08

H1bt

1 (
i , j ,i 8, j 8

~u i i 8
b

!2~u j j 8
t

!2~hbQ i 8 j 81
5

1htQ i 8 j 81
6

!2B0
8H1b̃i t̃ jG ,

dmHk

2 5
3

16p2 H 22ht
2a1k

2 @mt
2~11B0

0tt12B0
Hktt

!1mHk

2 B1
Hktt

#22hb
2a2k

2 @mb
2~11B0

0bb12B0
Hkbb

!1mHk

2 B1
Hkbb

#

1 (
i , j ,i 8, j 8

@~htu i i 8
t u j j 8

t Q i 8 j 8k
1

!2B0
Hkt̃ i t̃ j1~hbu i i 8

b u j j 8
b Q i 8 j 8k

2
!2B0

Hkb̃i b̃ j #1(
i

hb
2m

b̃i

2
a2k

2 ~11B0
0b̃i b̃i !

1(
i

ht
2m

t̃ i

2
a1k

2 ~11B0
0 t̃ i t̃ i !J ,
095012-7
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dZHk
5

3

16p2 H 2ht
2a1k

2 ~B1
Hktt

12mt
2B0

8Hktt
1mHk

2 B1
8Hktt

!12hb
2a2k

2 ~B1
Hkbb

12mb
2B0

8Hkbb
1mHk

2 B1
8Hkbb

!

1 (
i , j ,i 8, j 8

@~htu i i 8
t u j j 8
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4
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dZAk
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3

16p2 H 2ht
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1mAk
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t 24sW
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!~B0
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ZhH
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22mH
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@2mb
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0bb12B0

Hbb!22mt
2~11B0

0tt12B0
Htt!2mH
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Hbb2B0

Htt!#
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3

16p2~mh
22mH

2 ! (
i , j ,i 8, j 8

@~hbu i i 8
b u j j 8

b
!2Q i 8 j 81

2 Q i 8 j 82
2 B0

Hb̃i b̃j1~htu i i 8
t u j j 8

t
!2Q i 8 j 81

1 Q i 8 j 82
1 B0

H t̃ i t̃ j #

2
3a11a12

16p2~mh
22mH

2 ! (i
@hb

2m
b̃i

2
~11B0

0b̃i b̃i !1ht
2m

t̃ i

2
~11B0

0 t̃ i t̃ i !#,

ZHh
1/25ZhH

1/2uh↔H , ~10!
s
with

Bn
i jk5~21!nH D

n11
2E

0

1

dyyn

3 lnFmi
2y~y21!1mj

2~12y!1mk
2y

m2 G J , ~11!

Bn8
i jk5~21!nE

0

1

dy
yn11~12y!

mi
2y~y21!1mj

2~12y!1mk
2y

.

~12!
09501
The notationsu i j
t , u i j

b , andQ i jk
n used in above expression

are defined in Appendix A.Ai stands forA with i 51 andG0

with i 52. Hi
1 stands forH1 with i 51 andG1 with i 52.

dmb /mb , dZL
b ,dZR

b can be obtained, respectively, from
dmt /mt ,dZL

t ,dZR
t by the transformation

hb↔ht ,mb↔mt ,mb̃i
↔mt̃ i

,a1i↔a2i ,b1i↔b2i ,

u i j
b ↔u i j

t ,Ni4→Ni3 ,Ui2→Vi2 .

The corresponding amplitude squared is
2-8
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( uM renu25( uM0
~s!1M0

~ t !u2

12 Re( F S ( dM D ~M0
~s!1M0

~ t !!†G .
~13!

The cross section for the processbb̄→W6H7 is

ŝ5E
t̂2

t̂1
1

16p ŝ2 ( uM renu2d t̂. ~14!

with

t̂65
mW

2 1mH2
2

2 ŝ

2

6
1

2
A@ ŝ2~mW1mH2!2#@ ŝ2~mW2mH2!2#. ~15!

The total hadronic cross section forpp→bb̄→W6H7 can
be obtained by folding the subprocess cross sectionŝ with
the parton luminosity

s~s!5E
~mW1mH2!/As

1

dz
dL

dz
ŝ~bb̄→W6H7 at ŝ5z2s!.

~16!

HereAs andAŝ are the c.m. energies of thepp andbb̄ states,
respectively, anddL/dz is the parton luminosity, defined a

dL

dz
52zE

z2

1 dx

x
f b/P~x,m! f b̄/P~z2/x,m!, ~17!

wheref b/P(x,m) and f b̄/P(z2/x,m) are the bottom quark an
bottom antiquark parton distribution functions, respective

III. NUMERICAL RESULTS AND CONCLUSION

We now present some numerical results for the SU
EW corrections toW6H7 associated production at the LHC
The SM input parameters in our calculations were taken
be aew(mZ)51/128.8, mW580.375 GeV and mZ
591.1867 GeV @18#, and mt5175.6 GeV and mb
54.7 GeV, which were taken according to Ref.@10# for
comparison. We used theCTEQ5M parton distributions
throughout the calculations@19#. The one-loop relations@20#
between the Higgs boson massesMh,H,A,H7 and the param-
etersa andb in the MSSM were used, andmH1 andb were
chosen as the two independent input parameters. O
MSSM parameters were determined as follows.

~i! For the parametersM1 , M2 andm in the chargino and
neutralino matrix, we takeM2 andm as the input parameters
and then used the relationM15(5/3)(g82/g2)M2.0.5M2
@2# to determineM1 .

~ii ! For the parametersm
Q̃,Ũ,D̃

2
and At,b in squark mass

matrices
09501
.

Y

o

er

Mq̃
25S MLL

2 mqMLR

mqMRL MRR
2 D ~18!

with

MLL
2 5m

Q̃

2
1mq

21mZ
2 cos 2b~ I q

3L2eq sin2 uW!,

MRR
2 5m

Ũ,D̃

2
1mq

21mZ
2 cos 2beq sin2 uW ,

MLR5MRL5S At2m cotb ~ q̃5 t̃ !

Ab2m tanb ~ q̃5b̃!
D , ~19!

to simplify the calculation we assumedMQ̃5MŨ5MD̃ and
At5Ab , and we usedMQ̃ and At as the input parameter
except the numerical calculations as shown in Fig. 6, wh
we tookmt̃ 1

, mb̃1
andAt5Ab as the input parameters. Som

typical numerical calculations of the Yukawa corrections a
the genuine SUSY EW corrections are given in Figs. 3, 4 a
Figs. 5–9, respectively.

In Fig. 3 we present the Yukawa corrections to the to
cross sections relative to the tree-level values as a functio
mH1 for tanb51.5, 2, 6 and 30. For tanb51.5 and 2 the
corrections decrease the total cross sections significa
which exceed26% for mH1,50 GeV and212% for mH1

,300 GeV, while the lightest Higgs boson mass values h
been smaller than 106 GeV and excluded by
CERNe1e2 collider LEP. For tanb(56) these corrections
also decrease the total cross sections, although relati
smaller, which exceed22.5% for mH1,500 GeV and ex-
ceed 25% for mH1,250 GeV. But for high tanb(530)
these corrections become positive, which increase the t
cross sections slightly. Note that there are the peaks
mH15180.3 GeV, which arise from the singularity of th
charged Higgs boson wave function renormalization cons
at the threshold pointmH15mt1mb .

In Fig. 4 we show the Yukawa corrections as a function
tanb for mH15100, 150, 200, and 300 GeV. For 2,tanb
,4 the corrections reduce the total cross sections by m
than 12% whenmH15200 GeV. WithmH15300 GeV the
corrections are only significant for 1,tanb,5. For mH1

FIG. 3. The Yukawa corrections versusmH1 for tanb51.5, 2,
6, and 30, respectively.
2-9
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5100 GeV, the lightest Higgs boson mass value has b
excluded by the LEP. WithmH15150 GeV, the lightest
Higgs mass value has not been excluded by the LEP only
tanb.5, where the magnitude of the corrections is at mos
few percent. For high tanb(.10) the corrections becom
negligibly small for all abovemH1 values.

Figure 5 gives the genuine SUSY EW corrections a
function of mH1 for tanb51.5, 2, 6, and 30, respectively
assuming M25300 GeV, m52100 GeV, At5Ab
5200 GeV, andMQ̃5MŨ5MD̃5500 GeV. From this fig-
ure one sees that the corrections are very small and n
gible, which is reasonable because the squark masse
now very large and also the couplings of the charged Hi
boson-squarks are small for the values ofAt,b , MQ̃,Ũ,D̃ and
m used in those numerical calculations. In contrast, in Fig
when we take the lighter squarks masses:mt̃ 1

5100 GeV and

mb̃1
5150 GeV, and putAt5Ab51 TeV, which are rela-

tively larger, assumingM25200 GeV, m5100 GeV, and
MQ̃5MŨ , the genuine SUSY EW corrections are enhanc
significantly, especially for low tanb(51.5) andmH1 below
250 GeV, which can exceed230%. But when mH1

.250 GeV the corrections increase the cross sections, w

FIG. 4. The Yukawa corrections versus tanb for mH15100,
150, 200, and 300 GeV, respectively.

FIG. 5. The genuine SUSY EW corrections versusmH1 for
tanb51.5, 2, 6, and 30, respectively, assumingM25300 GeV, m
52100 GeV,At5Ab5200 GeV, andMQ̃5MŨ5MD̃5500 GeV.
09501
en

or
a

a

li-
are
s

6

d

ch

can exceed 10%. However, for tanb51.5, above lightest
top-squark mass has been excluded by the Tevatron
some assumption of supersymmetric parameters, becaus
lightest neutrolino mass becomes now 35.7 GeV, for wh
the experimental bound on the lightest top-squark mas
greater than 100 GeV@21#. For tanb56 and 30 the correc-
tions are at most 10% and become small with an increas
mH1. The sharp dips atmH15250 GeV are again due to th
singularity of the charged Higgs boson wave function ren
malization constant at the threshold pointmH15mt̃ 1

1mb̃1

5250 GeV.
Figures 7, 8, and 9 give the genuine SUSY EW corr

tions versusAt5Ab , MQ̃5MŨ5MD̃ and m, respectively,
for tanb51.5 and 30. In each figure we fixedmH1

5200 GeV andM25300 GeV, and the top-squark mass
are larger than 170 GeV for the most ofAt values, which are
still allowed by the experimental bound at the LEP and
Tevatron.

Figure 7 shows that the corrections are negative
tanb51.5 and positive for tanb530, assumingMQ̃5MŨ
5MD̃5400 GeV andm5100 GeV. For both tanb51.5 and

FIG. 6. The genuine SUSY EW corrections versusmH1 for
tanb51.5, 6, and 30, respectively, assumingM25200 GeV, m
5100 GeV, At5Ab51 TeV, MQ̃5MŨ , mt̃ 1

5100 GeV, andmb̃1

5150 GeV.

FIG. 7. The genuine SUSY EW corrections versusAt5Ab for
tanb51.5 and 30, respectively, assumingmH15200 GeV, M2

5300 GeV,m5100 GeV, andMQ̃5MŨ5MD̃5400 GeV.
2-10
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30 the magnitude of the corrections increases with increa
At5Ab . WhenAt5Ab51 TeV the corrections can reach26
and 7.5 % for tanb51.5 and 30, respectively. Otherwis
whenAt5Ab decrease to 100 GeV, the corrections beco
negligibly small. This result is due to the fact that large v
ues ofAt5Ab not only enhance the couplings, but also gi
a large splitting between the masses oft̃ 1(b̃1) and t̃ 2(b̃2),
and in consequence lightert̃ 1 and b̃1 .

Figure 8 also show that the corrections are negative
tanb51.5 and positive for tanb530, assumingAt5Ab
5500 GeV andm5100 GeV. WhenMQ̃,Ũ,D̃5250 GeV the
corrections can reach23.6% for tanb51.5 and 7.3% for
tanb530. But the magnitude of the corrections drops bel
one percent whenMQ̃,Ũ,D̃ increase to 750 GeV. This is be
cause for larger values ofMQ̃,Ũ,D̃ the squarks have large
masses and their virtual effects decrease due to the de
pling effects.

In Fig. 9 we present the genuine SUSY EW corrections
a function ofm, assumingAt5Ab5500 GeV andMQ̃5MŨ
5MD̃5400 GeV. For tanb530 the magnitude of the correc
tions increase with an increase ofumu, which varies from 0 to

FIG. 8. The genuine SUSY EW corrections versusMQ̃5MŨ

5MD̃ for tanb51.5 and 30, respectively, assumingmH1

5200 GeV,M25300 GeV,m5100 GeV, andAt5Ab5500 GeV.

FIG. 9. The genuine SUSY EW corrections versusm for tanb
51.5 and 30, respectively, assumingmH15200 GeV, M2

5300 GeV,At5Ab5500 GeV, andMQ̃5MŨ5MD̃5400 GeV.
09501
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5 % whenumu ranges between 0–500 GeV. For tanb51.5 the
corrections are relatively small and increase slowly fro
about 0 to 3.5 % whenm ranges between2500–500 GeV.
This result indicates that large values ofm and tanb can
enhance the corrections significantly since the couplings
come stronger.

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

2 )
and O(aewmt(b)

4 /mW
4 ) SUSY EW corrections to the cros

sections forW6H7 associated production at the LHC in th
MSSM. The Yukawa corrections arising from the Higgs se
tor can decrease the total cross sections significantly for
tanb(,4) when mH1(,300) GeV, which exceed212%.
For high tanb the Yukawa corrections become negligib
small. The genuine SUSY EW corrections can increase
decrease the total cross sections depending on the S
parameters, which are at most a few percent, except the
gion near the threshold. We also show that the genu
SUSY EW corrections depend strongly on the choice
tanb, At , MQ̃ , andm. For large values ofAt , or large val-
ues ofm and tanb, one can get much larger corrections. T
corrections can become very small, in contrast, for lar
values ofMQ̃ .
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APPENDIX A

We present some notations used in this paper here.
introduce an anglew5b2a, and for each anglea, b, w, u t,
or ub, we define

a i j 5S cosa sina

2sina cosa D , b i j 5S cosb sinb

2sinb cosb D ,

w i j 5S cosw sinw

2sinw cosw
D ,

u i j
t 5S cosu t cosu t

2sinu t cosu tD , u i j
b 5S cosub sinub

2sinub cosubD .

We define six matrixQ jkl
i , i 5126 for the couplings be-

tween squarks and Higgs bosons:

Q i j 1
1 5

1

&
S 2mt cosa At cosa1m sina

At cosa1m sina 2mt cosa D ,

Q i j 2
1 5

1

&
S 2mt sina At sina2m cosa

At sina2m cosa 2mt sina D ,
2-11
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Q i j 1
2 5

21

&
S 2mb sina Ab sina1m cosa

Ab sina1m cosa 2mb sina D ,

Q i j 2
2 5

1

&
S 2mb cosa Ab cosa2m sina

Ab cosa2m sina 2mb cosa D ,

Q i j 1
3 5

1

&
S 0 At cosb1m sinb

2At cosb2m sinb 0 D ,

Q i j 2
3 5

1

&
S 0 At sinb2m cosb

2At sinb1m cosb 0 D ,

Q i j 1
4 5

1

&
S 0 Ab sinb1m cosb

2Ab sinb2m cosb 0 D ,
09501
Q i j 2
4 5

1

&
S 0 2Ab cosb1m sinb

Ab cosb2m sinb 0 D ,

Q i j 1
5 5S mb sinb 0

Ab sinb1m cosb mt sinb D ,

Q i j 2
5 5S 2mb cosb 0

2Ab cosb1m sinb 0D ,

Q i j 1
6 5S mt cosb At cosb1m sinb

0 mb cosb D ,

Q i j 2
6 5S mt sinb At sinb2m cosb

0 0 D .
APPENDIX B

The form factors defined in Eq.~9! are the following:

f 1
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~H !5(
i j

ghb
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2 a2 jw j 1

32&p2~ ŝ2mH j
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2,mb

2,mb
2,mb

2,mHi

2 !%

1(
i , j

2ghb
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22 ŝ!C1~ ŝ,mb
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f i
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ŝtt!#1 (

i , j ,k,l
(
i 8, j 8

ghb
3a2kw l1~u j j 8

b
!2~u i i 8

b
!2Q i 8 j 8k

2 Q j 8 i 8 l
2

16&p2~ ŝ2mHl
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2,û, t̂ ,mH

j
1

2
,mHi

2 mb
2,mt

2!%

1(
i

ghbb2i

16&p2
$hb

2b21b2i~C01C11C2!~mH1
2 ,mb

2, t̂ ,mt
2,mb

2,mAi

2 !1@hb
2b21b2i~mb

2~D122D11!1mW
2 D13
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2 ,ŝ,mt
2,mb

2,mt
2!

1@2hbhtmbmt~b1ib21D11b11b2iD11!1hb
2mb

2b21b2i
2 ~D11D11!1ht

2b11b1i~2mb
2D111mW

2 D132ûD12
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~D121D13!2û~D121D131D221D23!

1mH
i
1

2
D0!#~mb

2,mW
2 ,mH1

2 ,mb
2,û,ŝ,mH
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2 ,ŝ,mt
2,mb

2,mt
2!1@ht

3mb
2mtb11b1i

2 ~D01D11D21D3!1hb
2htmb

2mtb1ib21b2i~D11D21D3!

2hb
3mbb21b2i

2 ~22D001mb
2~D11D21D3!1mH

i
1

2
D0!1hb

2htmtb11b2i
2 ~22D001mb

2~D01D212D3!2mH1
2 D11û~D1
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2,û, t̂ ,mH
j
1

2
,mHi

2 mb
2,mt

2!

2(
i

ghbb2i

16&p2
@2ht

2mbb11b1iD221hbhtmtb21b1i~D21D221D23!2hb
2mbb21b2i~D121D21D221D23!#

3~mb
2,mH1

2 ,mb
2,mW
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2 ,ŝ,mb

2,mt
2,mb

2!1@hbb21D0022htmbmtb11D22hbmb
2b21~2D12D122D23

12D3!2hbmH1
2 b21D232hbmW

2 b21D121hbt̂b21~D1212D221D23!2hbmHi

2 ~D02D2!#

3~mb
2,mH1

2 ,mW
2 ,mb

2, t̂ ,ŝ,mHi
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All other form factorsf i not listed above vanish. HereA0 , Ci , Di , andDi j are the one-, three-, and four-point Feynm
integrals@22#. The definitions ofUi j , Vi j , Ni j , Oi j

L , andOi j
R can be found in Ref.@2#.
aw

43

S

. C
u,

v.
@1# For a review, see J. Gunion, H. Haber, G. Kane, and S. D
son,The Higgs Hunter’s Guide~Addison-Wesley, New York,
1990!.

@2# H. E. Haber and G. L. Kane, Phys. Rep.117, 75 ~1985!; J. F.
Gunion and H. E. Haber, Nucl. Phys.B272, 1 ~1986!.

@3# CMS Technical Proposal, Report No. CERN/LHC94-
LHCC/P1, 1994.

@4# CDF Collaboration, B. Kempgenset al., Phys. Rev. Lett.79,
35 ~1997!; D0 Collaboration, B. Abbottet al., ibid. 82, 4975
~1999!.

@5# Z. Kunszt and F. Zwirner, Nucl. Phys.B385, 3 ~1992!, and
references cited therein.

@6# J. F. Gunion, H. E. Haber, F. E. Paige, W.-K. Tung, and
Willenbrock, Nucl. Phys.B294, 621~1987!; R. M. Barnett, H.
E. Haber, and D. E. Soper,ibid. B306, 697~1988!; F. I. Olness
09501
-

.

and W.-K. Tung,ibid. B308, 813 ~1988!.
@7# V. Barger, R. J. N. Phillips, and D. P. Roy, Phys. Lett. B324,

236 ~1994!.
@8# C. S. Huang and S. H. Zhu, Phys. Rev. D60, 075012~1999!;

L. G. Jin, C. S. Li, R. J. Oakes, and S. H. Zhu, Eur. Phys. J
14, 91 ~2000!; L. G. Jin, C. S. Li, R. J. Oakes, and S. H. Zh
Phys. Rev. D62, 053008~2000!.

@9# D. A. Dicus, J. L. Hewett, C. Kao, and T. G. Rizzo, Phys. Re
D 40, 787 ~1989!.

@10# A. A. Barrientos Bendezu and B. A. Kniehl, Phys. Rev. D59,
015009~1998!.

@11# S. Moretti and K. Odagiri, Phys. Rev. D59, 055008~1999!.
@12# K. Odagiri, hep-ph/9901432; Phys. Lett. B452, 327 ~1999!.
@13# D. P. Roy, Phys. Lett. B459, 607 ~1999!.
@14# S. Raychaudhuri and D. P. Roy, Phys. Rev. D53, 4902~1996!.
2-29



N

r,

YANG, LI, JIN, AND ZHU PHYSICAL REVIEW D 62 095012
@15# M. Benekeet al., to appear in the Report of the ‘‘1999 CER
Workshop on SM physics~and more! at the LHC,’’
hep-ph/0003033.

@16# S. Sirlin, Phys. Rev. D22, 971~1980!; W. J. Marciano and A.
Sirlin, ibid. 22, 2695~1980!; 31, 213~E! ~1985!; A. Sirlin and
W. J. Marciano, Nucl. Phys.B189, 442 ~1981!; K. I. Aoki
et al., Prog. Theor. Phys. Suppl.73, 1 ~1982!.

@17# A. Mendez and A. Pomarol, Phys. Lett. B279, 98 ~1992!.
@18# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!.
@19# CTEQ Collaboration, H. L. Laiet al., Eur. Phys. J. C12, 375
09501
~2000!.
@20# J. Gunion and A. Turski, Phys. Rev. D39, 2701 ~1989!; 40,

2333~1990!; J. R. Espinosa and M. Quiros, Phys. Lett. B266,
389 ~1991!; M. Carena, M. Quiros, and C. E. M. Wagne
Nucl. Phys.B461, 407 ~1996!.

@21# S. Abelet al., hep-ph/0003154, and references therein.
@22# G. Passarino and M. Veltman, Nucl. Phys.B160, 151 ~1979!;

A. Axelrod, ibid. B209, 349 ~1982!; M. Clementset al., Phys.
Rev. D 27, 570 ~1983!; A. Denner, Fortschr. Phys.41, 4
~1993!; R. Mertig et al., Comput. Phys. Commun.64, 345
~1991!.
2-30


