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Supersymmetric electroweak corrections to bottom squark decay into a lighter top squark
and charged Higgs boson
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The Yukawa corrections of orderO(aewmt(b)
2 /mW

2 ), O(aewmt(b)
3 /mW

3 ), andO(aewmt(b)
4 /mW

4 ) to the width of
bottom squark decay into a lighter top squark plus a charged Higgs boson are calculated in the minimal
supersymmetric standard model. These corrections depend on the masses of the charged Higgs boson and
lighter top squark and the parameters tanb andm. For favorable parameter values, the corrections decrease or
increase the decay widths significantly. In particular, for high values of tanb ~530! the corrections exceed 10%

for both b̃1 andb̃2 decay. But for low values of tanb ~54,10! the corrections are small and the magnitudes are
less than 10%. The numerical calculations also show that using the running bottom quark mass, which includes
the QCD effects and resums all high order (tanb)-enhanced effects can vastly improve the convergence of the
perturbation expansion.

DOI: 10.1103/PhysRevD.65.035007 PACS number~s!: 14.80.Ly, 12.38.Bx, 14.80.Cp
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM!
@1,2# is an attractive extension of the standard model~SM!.
In this model every quark has two spin zero partners ca
squarks,q̃L and q̃R , one for each chirality eigenstate. The
current eigenstates mix to form the mass eigenstatesq̃1 and
q̃2 . The third generation squarks are of special interest. T
is mainly for the following reasons: Large Yukawa couplin
lead to strong mixing which induces large mass differen
between the lighter mass eigenstate and the heavier one.
implies in general a very complex decay pattern of
heavier states. The dominant decay modes of the hea
squarks are the decays into quarks plus charginos or neu
nos, decays into lighter squarks plus vector bosons, and
cays into lighter squarks plus Higgs bosons. All these squ
decays have been extensively discussed at the tree
@3–5#. The next generation of colliders, for example, t
CERN Large Hadron Collider~LHC!, will be able to produce
such kinds of particles with masses up to 2.5 TeV@6#, and a
e1e2 linear collider @7# will be able to make precise mea
surements of their properties. Thus a more accurate calc
tion of the decay mechanisms beyond the tree level is n
essary in order to provide a solid basis for experimen
analysis to observe these decays at the next generatio
colliders. Up to now, one-loop QCD and supersymme
~SUSY! QCD corrections to the squark decays have b
calculated@4,8#, and the Yukawa corrections to the squa
decays into quarks plus charginos or neutralinos were
given in Ref.@9#. Very recently, a complete one-loop com
putation of the electroweak radiative corrections to the ab
processes has been presented by Guasch, Hollik, and`
@10#. But the electroweak radiative corrections to the heav
squark decays into lighter squarks plus vector bosons
decays into lighter squarks plus Higgs bosons have not b
calculated yet, including the Yukawa corrections to the
processes. In this paper, we present calculations of
Yukawa corrections of order O(aewmt(b)

2 /mW
2 ),

O(aewmt(b)
3 /mW

3 ), andO(aewmt(b)
4 /mW

4 ) to the width of bot-
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tom squark decay into a lighter top squark plus a char
Higgs boson, i.e., the decayb̃i→ t̃ 11H2, where t̃ 1 is the
lighter top squark. These corrections are mainly induced
Yukawa couplings from Higgs boson–quark–quark co
plings, Higgs boson–squark–squark couplings, Hig
boson–Higgs boson–squark–squark couplings, charg
~neutralino-! quark-squark couplings, and squark-squa
squark-squark couplings.

Our results can be generalized straightforwardly to
decay t̃ 2→ t̃ 11(h0,A0). As for the heavier squark decay
into lighter squarks plus vector bosons, the electroweak
diative corrections are simple because of the smaller num
of renormalization parameters involved.

II. NOTATION AND TREE-LEVEL RESULT

In order to make this paper self-contained, we first su
marize our notation and present the relevant interac
Lagrangians of the MSSM and the tree-level decay rates
b̃i→ t̃ 11H2.

The current eigenstatesq̃L and q̃R are related to the mas
eigenstatesq̃1 and q̃2 by

S q̃1

q̃2
D5Rq̃S q̃L

q̃R
D , Rq̃5S cosu q̃ sinu q̃

2sinu q̃ cosu q̃
D ~1!

with 0<u q̃,p by convention. Correspondingly, the ma
eigenvaluesmq̃1

andmq̃2
~with mq̃1

<mq̃2
! are given by

S mq̃1

2
0

0 mq̃2

2 D 5Rq̃Mq̃
2~Rq̃!†, Mq̃

25S mq̃L

2
aqmq

aqmq mq̃R

2 D
~2!

with

mq̃L

2 5M
Q̃

2
1mq

21mZ
2 cos 2b~ I 3L

q 2eq sin2 uW!, ~3!
©2002 The American Physical Society07-1
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mq̃R

2 5M
$Ũ,D̃%

2
1mq

21mZ
2 cos 2beq sin2 uW , ~4!

aq5Aq2m$cotb,tanb% ~5!

for $up,down% type squarks. HereMq̃
2 is the squark mass

matrix. MQ̃,Ũ,D̃ andAt,b are soft supersymmetric breakin
parameters andm is the Higgs boson mixing parameter in th
superpotential. I 3L

q and eq are the third component of th
weak isospin and the electric charge of the quarkq, respec-
tively.

Defining Hk5(h0,H0,A0,G0,H6,G6) (k51, . . .,6),
one can write the relevant Lagrangian density in the (q̃1 ,q̃2)
basis in the following form~i , j 51,2; a and b are flavor
indices!:

Lrelevant5Hkq̄
b~ak

aPL1bk
aPR!qa1~Gk

ã! i j Hkq̃j
b* q̃i

a

1gq̄~aik
q̃ PR1bik

q̃ !x̃k
0q̃i1g t̄~ l ik

b̃ PR1kik
b̃ PL!x̃k

1b̃i
or

an
s

r-
h
-
m

a
n

ua

03500
1gb̄~ l ik
t̃ PR1kik

t̃ PL!x̃k
1ct̃ i

1~G5k
ã ! i j H

1Hkq̃j
b* q̃i

a1H.c., ~6!

with

~Gk
ã! i j 5@RãĜk

ã~Rb̃!T# i j , ~G5k
ã ! i j 5@RãĜ5k

ã ~Rb̃!T# i j

~k51, . . . ,6!, ~7!

whereĜk
ã and Ĝ5k

ã are the couplings in the (q̃L ,q̃R) basis,
and their explicit forms are shown in Appendix A. The not
tions ak

a ,bk
a (k51, . . . ,6) andaik

q̃ ,bik
q̃ (k51, . . .,4), and

l ik
q̃ ,kik

q̃ (k51,2) used in Eq.~6! are also defined in Appendix
A.

The tree-level amplitude ofb̃i→ t̃ 1H2, as shown in Fig.
1~a!, is given by
Mi
~0!5

ig

&mW
FRb̃S mb

2 tanb1mt
2 cotb2mW

2 sin 2b mt~At cotb1m!

mb~Ab tanb1m! 2mtmb /sin 2b
D ~Rt̃ !TG

i1

, ~8!
lec-
and the decay width is

G i
~0!5

uMi
~0!u2l1/2~m

b̃i

2
,m

t̃ 1

2
,mH2

2
!

16pm
b̃i

3 ~9!

with l(x,y,z)5(x2y2z)224yz.

III. YUKAWA CORRECTIONS

The Feynman diagrams contributing to the Yukawa c
rections tob̃i→ t̃ 1H2 are shown in Figs. 1~b!–1~f! and Fig.
2. We carried out the calculation in the ’t Hooft–Feynm
gauge and used dimensional reduction, which preserves
persymmetry, for regularization of the ultraviolet dive
gences in the virtual loop corrections using the on-mass-s
renormalization scheme@11#, in which the fine-structure con
stantaew and physical masses are chosen to be the renor
ized parameters, and the finite parts of the counterterms
fixed by the renormalization conditions. The coupling co
stantg is related to the input parameterse, mW , andmZ via
g25e2/sw

2 and sw
2 512mW

2 /mZ
2. As for the renormalization

of the parameters in the Higgs boson sector and the sq
sector, it will be described in detail below.

The relevant renormalization constants are defined as

mW0
2 5mW

2 1dmW
2 , mZ0

2 5mZ
21dmZ

2, ~10!

mq05mq1dmq , mq̃i0
2 5mq̃i

2 1dmq̃i

2 ,

Aq05Aq1dAq , m05m1dm,
-

u-

ell

al-
re

-

rk

u q̃05u q̃1du q̃ , tanb05~11dZb!tanb,

q̃i05~11dZi
q̃!1/21dZi j

q̃ q̃ j ,

H0
25~11dZH2!1/2H21dZHGG2,

G0
25~11dZG2!1/2G21dZGHH2

FIG. 1. Feynman diagrams contributing to supersymmetric e

troweak corrections tob̃i→ t̃ 1H2: ~a! tree-level diagram;~b!–~f!
one-loop vertex corrections. In~b! the subscriptk of Hk can take
values from 1 to 4. In~d! q5t for k51, . . . ,4 andq5b for k
55,6. In ~e! q5b for k51, . . . ,4 andq5t for k55,6.
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SUPERSYMMETRIC ELECTROWEAK CORRECTIONS TO . . . PHYSICAL REVIEW D65 035007
with q5t,b. Here we introduce the mixing ofH2 andG2

@12#, instead of the mixing ofH2 andW2 @13#,

Wm0
2 5~11dZW2!1/2Wm

21 iZWH]mH2,

H0
25~11dZH2!1/2H2, ~11!

for the following reason: the former can successfully can
the divergences for the case we are considering, but the l
is right only for the renormalization of the parametersb and
a, and in the case that the particles interacting with
charged Higgs boson are the on-shell fermions~where ap”
arising from ]mH2 and the vertexW2-fermion-fermion is
e-

03500
l
ter

e

inserted between two on-shell fermions, and turned into
fermion masses by Dirac equations, which is therefore si
lar to the structure of the Yukawa couplin
H2-fermion-fermion!.

Taking into account the Yukawa corrections, the ren
malized amplitude forb̃i→ t̃ 1H2 is given by

Mi
ren5Mi

~0!1dMi
~v !1dMi

~c! , ~12!

wheredMi
(v) and dMi

(c) are the vertex corrections and th
counterterm, respectively.

The calculations of the vertex corrections from Fig
1~b!–1~f! result in
dMi
~v !5

i

16p2 (
k51

6

(
j

~G5k
b̃ ! i j ~Gk

b̃! j 1B0~pt̃ 1
,mHk

,mq̃j
!1

i

16p2 (
k51

6

(
j

~Gk
b̃! i j ~G5k

b̃ ! j 1B0~pb̃i
,mHk

,mq̃j
!

2
i

16p2 (
k51

4

(
j ,l

~Gk
b̃! i j ~G5

b̃! j l ~Gk
t̃ ! l1C0~2pb̃i

,pH2,mHk
,mb̃j

,mt̃ l
!1

ig2

8p2 (
k51

4

$@mtmba5
b1~m

b̃i

2
2pb̃i

•pH2!b5
b#

3mx̃
k
0bik

b̃ a1k
t̃* C01bik

b̃ @mba5
bb1k

t̃* ~pb̃i
2pH2!1mtb5

bb1k
t̃* pb̃i

2mx̃
k
0b5

ba1k
t̃* ~2pb̃i

2pH2!#m~2p
b̃i

m
C111pH2

m C12!

2~mba5
bb1k

t̃* 1mtb5
bb1k

t̃* 2mx̃
k
0b5

ba1k
t̃* !bik

b̃ ~m
b̃i

2
C211mH2

2 C2222pb̃i
•pH2C231gm

mC24!1~a↔b!%

3~2pb̃i
,pH2,mx̃

k
0,mb ,mt!2

3i

16p2 (
j ,l

~hb
2Rl2

b̃ Ri2
b̃ Rj 1

t̃ R11
t̃ 1ht

2Ri1
b̃ Rl1

b̃ R12
t̃ Rj 2

t̃ !~G5
b̃! l j B0~pH2,mb̃l

,mt̃ j
!, ~13!
ou-
ion
. 2

nts
whereB0 and Ci ( j ) are two- and three-point Feynman int
grals @14#, respectively, andht(b) is the Yukawa coupling
defined by

ht5
gmt

&mW sinb
, hb5

gmb

&mW cosb
. ~14!

In the first term ofdMi
(v) , q5t for k51,...,4 andq5b for

k55,6, while in the second term,q5b for k51,...,4 andq
5t for k55,6.

The counterterm can be expressed as

dMi
~c!5 i ~du b̃1dZ21

b̃ !~G5
b̃!32 i ,11 i ~du t̃1dZ21

t̃ !~G5
b̃! i2

1 i @Rb̃~dĜ5
b̃!~Rt̃ !T# i11

i

2
~dZi

b̃1dZ1
t̃ 1dZH2!

3~G5
b̃! i11 idZGH~G6

b̃! i1 ~15!

with

~dĜ5
b̃!115

g

&mW
F S dg

g
2

1

2

dmW
2

mW
2 D ~mb

2 tanb1mt
2 cotb!

12mb tanbdmb12mt cotbdmt1mb
2d tanb

1mt
2 cotbG , ~16!
~dĜ5
b̃!125

g

&mW
F S dg

g
2

1

2

dmW
2

mW
2 1

dmt

mt
Dmt~At cotb1m!

1mt~dAt cotb1Atd cotb1dm!G , ~17!

~dĜ5
b̃!215

g

&mW
F S dg

g
2

1

2

dmW
2

mW
2 1

dmb

mb
Dmb~Ab tanb1m!

1mb~dAb tanb1Abd tanb1dm!G , ~18!

~dĜ5
b̃!225

2gmbmt

&mW sin 2b
S dg

g
2

1

2

dmW
2

mW
2 1

dmb

mb
1

dmt

mt

2cos 2bdZbD . ~19!

Here we consider only the corrections to the Yukawa c
plings. The explicit expressions for some renormalizat
constants calculated from the self-energy diagrams in Fig
are given in Appendix B, and other renormalization consta
are fixed as follows.
7-3



o
n
is

-

in

-

nt

of

ter
la-

s
n-

on

LI GANG JIN AND CHONG SHENG LI PHYSICAL REVIEW D65 035007
For dZGH , using the approach discussed in the tw
Higgs-doublet model in@12#, we derive below its expressio
in the MSSM, where the version of the Higgs potential
different from that of Ref.@12#. First, the one-loop renormal
ized two-point function is given by

iGGH~p2!5 i ~p22mH2
2

!dZHG1 ip2dZGH2 iTGH

1 iSGH~p2!, ~20!

whereTGH is the tadpole function, which is given by

TGH5
g

2mW
@TH2

sin~a2b!1TH1
cos~a2b!#. ~21!

Next, from the on-shell renormalization condition, we obta

dZGH5
1

mH2
2 @TGH2SGH~mH2

2
!#. ~22!

The explicit expressions forSGH and the tadpole counter
termsTHk

(k51,2) are given in Appendix B.
For renormalization of the parameterb, following the

analysis of Ref.@13#, we fixed the renormalization consta
by the requirement that the on-mass-shellH1t̄nt coupling
retain the same form as in Eq.~3! of Ref. @13# to all orders of

FIG. 2. Feynman diagrams contributing to renormalization c
stants. In~i! q5t(b) for k51, . . . ,4 andq5b(t) for k55,6.
03500
-

perturbation theory. However, by introducing the mixing
H2 andG2 instead ofH2 andW2, the expression fordZb
is changed to

dZb5
1

2

dmW
2

mW
2 2

1

2

dmZ
2

mZ
2 1

1

2

dmZ
22dmW

2

mZ
22mW

2 2
1

2
dZH1

1cotbdZGH . ~23!

For the counterterm of the squark mixing angleu q̃ , using
the same renormalization scheme as Ref.@9#, one has

du q̃5
Re@S12

q̃ ~mq̃1

2 !1S12
q̃ ~mq̃2

2 !#

2~mq̃1

2 2mq̃2

2 !
. ~24!

For the renormalization of soft SUSY breaking parame
Aq , we fixed its counterterm by keeping the tree-level re
tion of Aq , mq̃i

, and u q̃ @15#, and obtained the following
expression:

dAq5
mq̃1

2 2mq̃2

2

2mq
S 2 cos 2u q̃du q̃2sin 2u q̃

dmq

mq
D

1
sin 2u q̃

2mq
~dmq̃1

2 2dmq̃2

2 !1$cotb,tanb%dm

1d$cotb,tanb%m. ~25!

As for the parameterm, there are several scheme
@10,16,17# to fix its counterterm, and here we use the o
shell renormalization scheme of Ref.@17#, which gives

dm5 (
k51

2

@mx̃
k
1~dUk2Vk21Uk2dVk2!1dmx̃

k
1Uk2Vk2#,

~26!

where (U,V) are the two 232 matrices diagonalizing the
chargino mass matrix, and their counterterms (dU,dV) are
given by

dU5 1
4 ~dZR2dZR

T!U, ~27!

dV5 1
4 ~dZL2dZL

T!V. ~28!

The mass shiftsdmx̃
k
1 and the off-diagonal wave function

renormalization constantsdZR(L) can be written as

dmx̃
k
15 1

2 Re$mx̃
k
1@Pkk

L ~mx̃
k
1

2
!1Pkk

R ~mx̃
k
1

2
!#1Pkk

S,L~mx̃
k
1

2
!

1Pkk
S,R~mx̃

k
1

2
!% ~29!

~dZR! i j 5
2

mx̃
i
1

2
2mx̃

j
1

2 Re@P i j
R~mx̃

j
1

2
!mx̃

j
1

2

1P i j
L ~mx̃

j
1

2
!mx̃

i
1mx̃

j
11P i j

S,R~mx̃
j
1

2
!mx̃

i
1

1P i j
S,L~mx̃

j
1

2
!mx̃

j
1#, ~30!

-

7-4
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~dZL! i j 5~dZR! i j ~L↔R!. ~31!

The explicit expressions for the chargino self-energy ma
cesPL(R) andPS,L(R) are given in Appendix B.

Finally, the renormalized decay width is then given by

G i5G i
~0!1dG i

~v !1dG i
~c! ~32!

with

dG i
~a!5

l1/2~m
b̃i

2
,m

t̃ 1

2
,mH2

2
!

8pm
b̃i

3 Re$Mi
~0!* dMi

~a!% ~a5v,c!.

~33!

IV. NUMERICAL RESULTS AND CONCLUSION

In the following we present some numerical results for
Yukawa corrections to bottom squark decay into a lighter
squark plus a charged Higgs boson. In our numerical ca
lations the SM parameters were taken to beaew(mZ)
51/128.8, mW580.375 GeV, mZ591.1867 GeV@18#, and
mt5175.6 GeV. In order to improve the convergence of

FIG. 3. The tree-level decay width~a! of b̃1→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofmt̃ 1

for tanb54, 10, and 30,
assumingmA05150 GeV,m5M25400 GeV,At5Ab51 TeV, and
MQ̃5MŨ5MD̃ .
03500
i-

e
p
u-

e

perturbation expansion, especially for large tanb, we take
the running massmb(Q) evaluated by the next-to-leadin
order formula@19#

mb~Q!5U6~Q,mt!U5~mt ,mb!mb~mb!, ~34!

where we have assumed that there are no other colored
ticles with masses between the scalesQ and mt , and
mb(mb)54.25 GeV@20#. The evolution factorU f is

U f~Q2 ,Q1!5S as~Q2!

as~Q1! D
d~ f !F11

as~Q1!2as~Q2!

4p
J~ f !G ,

d~ f !5
12

3322 f
, J~ f !52

89822504f 140f 2

3~3322 f !2 ,

~35!

whereas(Q) is given by the solutions of the two-loop reno
malization group equations@21#. When Q5400 GeV, the
running massmb(Q);2.5 GeV. In addition, we also im-
proved the perturbation calculations by the following r
placement in the tree-level couplings@19#:

FIG. 4. The tree-level decay width~a! of b̃2→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofmt̃ 1

for tanb54, 10, and 30,
assumingmA05150 GeV,m5M25400 GeV,At5Ab51 TeV, and
MQ̃5MŨ5MD̃ .
7-5
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mb~Q!→ mb~Q!

11Dmb~MSUSY!
, ~36!

where

Dmb5
2as

3p
Mg̃m tanbI ~mb̃1

,mb̃2
,Mg̃!

1
ht

2

16p2 mAt tanbI ~mt̃ 1
,mt̃ 2

,m!

2
g2

16p2 mM2 tanb@cos2 u t̃ I ~mt̃ 1
,M2 ,m!

1sin2 u t̃ I ~mt̃ 2
,M2 ,m!1 1

2 cos2 u b̃I ~mb̃1
,M2 ,m!

1 1
2 sin2 u b̃I ~mb̃2

,M2 ,m!# ~37!

with

FIG. 5. The tree-level decay width~a! of b̃1→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofmH2 for tanb54, 10, and
30, assumingmt̃ 1

5170 GeV, m5M25400 GeV, At5Ab51 TeV,
andMQ̃5MŨ5MD̃ .
03500
I ~a,b,c!5
1

~a22b2!~b22c2!~a22c2! S a2b2 log
a2

b2

1b2c2 log
b2

c2 1c2a2 log
c2

a2D . ~38!

The two-loop leading-logarithm relations@22# of the neu-
tral Higgs boson masses and mixing angles in the MS
were used. FormH1 the tree-level formula was used. Oth
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 use the relationM15(5/3)(g82/g2)M2.0.5M2
@2,23# to determineM1 . The gluino massMg̃ in Eq. ~37! was
related toM2 by Mg̃5(as(Mg̃)/a2)M2 @5#.

~ii ! For the parametersm
Q̃,Ũ,D̃

2
and At,b in squark mass

matrices, we assumedMQ̃5MŨ5MD̃ and At5Ab to sim-
plify the calculations.

Some typical numerical results of the tree-level dec

FIG. 6. The tree-level decay width~a! of b̃2→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofmH2 for tanb54, 10, and
30, assumingmt̃ 1

5170 GeV, m5M25400 GeV, At5Ab51 TeV,
andMQ̃5MŨ5MD̃ .
7-6
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widths and the Yukawa corrections are given in Figs. 3
below.

Figures 3 and 4 show themt̃ 1
dependence of the results o

b̃1 and b̃2 decays, respectively. Here we takemA0

5150 GeV, m5M25400 GeV, andAt5Ab51 TeV. The
leading terms of the tree-level amplitude are given by

Mi
~0!;

ig

&mW

@mt~At cotb1m!Ri1
b̃ R12

t̃

1mb~Ab tanb1m!Ri2
b̃ R11

t̃ #, ~39!

where cosub̃;(0.54,0.67,0.70) and cosu t̃;(20.71,20.71,
20.71) for tanb5(4,10,30), respectively. In the case ofi
51, the two terms in Eq.~39! have opposite signs, and the
magnitudes get close with increasing tanb and thus cancel to
a large extent for large tanb. Therefore, the tree-level deca
widths have the feature G0(tanb54).G0(tanb510)
.G0(tanb530) in most of the parameter range, as shown

FIG. 7. The tree-level decay width~a! of b̃1→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofm for tanb54, 10, and 30,
assuming mt̃ 1

5170 GeV, M25400 GeV, At5Ab51 TeV, mA0

5150 GeV, andMQ̃5MŨ5MD̃ .
03500
9

n

Fig. 3~a!. In the case ofi 52, for tanb54, 10, and 30 the two
terms in Eq.~39! have the same sign, soG0 is larger than for
i 51. From Figs. 3~b! and 4~b! one can see that the relativ
corrections are sensitive to the value of tanb. For tanb
530, the magnitudes of the corrections can exceed 1
whenmt̃ 1

.160 GeV forb̃1 decay andmt̃ 1
.260 GeV forb̃2

decay. In particular, in the case ofb̃1 decay, the correction
can even reach 40%, because the corresponding tree-
decay width has already become very small. There are
at mt̃ 1

5311 and 390 GeV on the solid line in Fig. 4~b!,
which come from the singularities at the threshold poi
mb̃2

5mx̃
1
11mt and mb̃1

5mx̃
1
11mt . However, for tanb54

and 10, the corrections to the two bottom squark decays
always small and range from25% to 5%. In general, for low
tanb the top quark contribution is enhanced while for hig
tanb the bottom quark contribution becomes large, and
medium tanb there are no enhanced effects from Yukaw
couplings. So the corrections for tanb54 are generally
larger than those for tanb510, as shown in Figs. 3~b! and
4~b!.

FIG. 8. The tree-level decay width~a! of b̃2→ t̃ 1H2 and its
Yukawa corrections~b! as functions ofm for tanb54, 10, and 30,
assuming mt̃ 1

5170 GeV, M25400 GeV, At5Ab51 TeV, mA0

5150 GeV, andMQ̃5MŨ5MD̃ .
7-7
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Figure 5~Fig. 6! gives the tree-level decay width and th

Yukawa corrections as functions ofmH2 in the case ofb̃1

decay ~b̃2 decay!. We assumedmt̃ 1
5170 GeV, m5M2

5400 GeV, andAt5Ab51 TeV. The features of the tree
level decay widths in Figs. 5~a! and 6~a! are similar to those
of Figs. 3~a! and 4~a!, respectively. From Figs. 5~b! and 6~b!
we can see that the corrections decrease or increase the
widths depending on tanb. Figure 5~b! shows that the cor-
rections for tanb54 are always positive and range betwe
6% and 3%. For tanb510 the corrections are negligibl
small. For high tanb (530) the corrections exceed 10%
whenmH2,180 GeV. There is a dip atmH2;178 GeV on
the solid curve due to the singularity of the charged Hig
boson wave function renormalization constant at the thre
old pointmH25mt1mb . Figure 6~b! shows that the correc
tions are a few percent for tanb54, 10, and 30. There are
dip and a peak on the solid curve, which arise from
singularities at the threshold pointsmb̃2

5mb̃1
1mA0 and

mH25mt1mb , respectively.
In Figs. 7 and 8 we present the tree-level decay wid

and the Yukawa corrections as functions ofm in the cases of
b̃1→ t̃ 11H2 and b̃2→ t̃ 11H2, respectively, assumingmt̃ 1

5170 GeV, M25400 GeV, At5Ab51 TeV, and mA0

5150 GeV. Whenm takes certain values, the tree-level d
cay widths become very small (,1023 GeV), as shown in
Figs. 7~a! and 8~a!, and the corrections near these values
not have a physical meaning. So we cut off the correctio
since perturbation theory breaks down there. From Fig. 7~a!
@Fig. 8~a!# we can see that there is a high peak~a deep dip!
for tanb530 andm;30 GeV. This is because when tanb
530 andm;30 GeV the second term in Eq.~39! is enhanced
~suppressed! greatly for sinub̃;1 (cosub̃;0) as a result of

FIG. 9. The Yukawa corrections ofb̃2→ t̃ 1H2 as a function of
tanb, assuming mt̃ 1

5170 GeV, m5M25400 GeV, At5Ab

51 TeV, mA05150 GeV, andMQ̃5MŨ5MD̃ . The dashed line
corresponds to the corrections using the on-shell bottom qu
mass, the dotted line to the improved result using only the Q
running massmb(Q), and the solid line to the improved resu
using the replacement Eq.~36!.
03500
cay

s
h-

e

s

-

o
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the off-diagonal elements ofM
b̃

2
in Eq. ~2! approaching zero.

Figures 7~b! and 8~b! show that the Yukawa corrections de
pend strongly onm. In particular, whenG0 becomes very
small, the corrections have rapid variations between posi
and negative values with changes in the sign of the tree-le
amplitude. In general, when the tree-level decay widths
tanb54 and 10 are not close to zero, the corrections
always small. Comparing Fig. 7~b! with Fig. 8~b!, we find
that the Yukawa corrections for tanb530 are more signifi-

cant for b̃1 decay than forb̃2 decay.
Finally, in Fig. 9 we show the Yukawa corrections as

function of tanb from three methods of perturbative expa
sion: ~i! the strict on-shell scheme~the dashed line!, where
the bottom quark pole mass 4.7 GeV was used,~ii ! the QCD-
improved scheme~the dotted line!, in which only the QCD
running bottom quark massmb(Q) in Eq. ~34! was used, and
~iii ! the improved scheme~the solid line!, in which the re-
placement Eq.~36! was used. Here we assumedmt̃ 1

5170 GeV, m5M25400 GeV, At5Ab51 TeV, and mA0

5150 GeV. One can see that the three methods all g
small corrections (udG/G0u,5%) for tanb,15. However,
the magnitude of the corrections in case~i! increases rapidly
for tanb.15, and when tanb.33 the corrections result in a
physically meaningless negative width. But the convergen
in the cases~ii ! and ~iii ! are much better, and especially
the case~iii ! the magnitude of the corrections is still less th
40% for high values of tanb (540).

In conclusion, we have calculated the Yukawa correctio
to the width of the bottom squark decay into a lighter t
squark plus a charged Higgs boson in the MSSM. Th
corrections depend on the masses of the charged Higgs
son and the lighter top squark and the parameters tanb and
m. For favorable parameter values, the corrections decre
or increase the decay widths significantly. In particular,
high values of tanb (530) the corrections exceed 10% fo

both b̃1 and b̃2 decay. But for low values of tanb (54,10)
the corrections are small and the magnitudes are less
10%. The numerical calculations also show that using
running bottom quark mass, which includes the QCD effe
and resumes all high order (tanb)-enhanced effects, as give
in Ref. @19#, can greatly improve the convergence of t
perturbation expansion.
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APPENDIX A

The following couplings are given to orderO(ht ,hb).

rk
D
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1. Squark–squark–Higgs boson

~a! Squark-squark-h0:

Ĝ1
q̃5S 2&mqhqH ca

2sa
J 2

1

&
hqS AqH ca

2sa
J 1m H sa

ca
J D

2
1

&
hqS AqH ca

2sa
J 1m H sa

ca
J D 2&mqhqH ca

2sa
J D ~A1!

for $down
up % type squarks, respectively. We use the abbreviationssa5sina, ca5cosa. a is the mixing angle in theCP-even

neutral Higgs boson sector.
~b! Squark-squark-H0:

Ĝ2
q̃5S 2&mqhqH sa

ca
J 2

1

&
hqS AqH sa

ca
J 2m H ca

sa
J D

2
1

&
hqS AqH sa

ca
J 2m H ca

sa
J D 2&mqhqH sa

ca
J D . ~A2!

~c! Squark-squark-A0:

Ĝ3
q̄5 i

gmq

2mWS 0 2AqH cotb
tanbJ 2m

AqH cotb
tanbJ 1m 0

D . ~A3!

~d! Squark-squark-G0:

Ĝ4
q̃5 i

gmq

2mWS 0 2Aq1m H cotb
tanbJ

Aq2m H cotb
tanbJ 0

D . ~A4!

~e! Squark-squark-H6:

Ĝ5
b̃5~Ĝ5

t̃ !T5
g

&mW
S mb

2 tanb1mt
2 cotb mt~At cotb1m!

mb~Ab tanb1m! 2mtmb /sin 2b
D . ~A5!

~f! Squark-squark-G6:

Ĝ6
b̃5~Ĝ6

t̃ !T5
g

&mW
S mt

22mb
2 mt~At2m cotb!

mb~m tanb2Ab! 0
D . ~A6!

2. Quark–quark –Higgs boson

ak
q5S 1

&
hqH 2ca

sa
J ,2

1

&
hqH sa

ca
J ,2

i

&
hqH cosb

sinb J ,
ig

2mW
H 2mt

mb
J ,H hb sinb

ht cosbJ ,
g

&mW
H 2mb

mt
J D , ~A7!

bk
q5S 1

&
hqH 2ca

sa
J ,2

1

&
hqH sa

ca
J ,2

i

&
hqH cosb

sinb J ,
ig

2mW
H mt

2mb
J ,hqH cosb

ht sinbJ ,
g

&mW
H mt

2mb
J D . ~A8!
035007-9
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3. Quark-squark-neutralino

aik
q̃ 52Ri2

q̃ YqHNk4

Nk3
J , bik

q̃ 52Ri1
q̃ YqH Nk4*

Nk3*
J . ~A9!

HereN is the 434 unitary matrix diagonalizing the neutra
gaugino-Higgsino mass matrix@2,23#, and the Yukawa factor
Yq5hq /g.

4. Quark-squark-chargino

l ik
q̃ 5Ri2

q̃ YqH Vk2

Uk2
J , kik

q̃ 5Ri1
q̃ HYbUk2

YtVk2
J . ~A10!

Here U and V are the 232 unitary matrices diagonalizing
the charged gaugino-Higgsino mass matrix@2,23#.

5. Squark–squark–Higgs boson–Higgs boson

~a! Squark-squark-H2-Hk (k51, . . .,4):

Ĝ5k
b̃ 5~Ĝ5k

t̃ !T5
g2

2&mW
2 S mt

2Sk1mb
2Tk 0

0 2mtmb /sin 2b Vk
D

~A11!

with

Sk5~cosa cosb/sin2 b,sina cosb/sin2 b,

2 i cot2 b,i cotb!, ~A12!
03500
Tk5~2sina sinb/cos2 b,cosa sinb/cos2b,

3 i tan2 b,i tanb!, ~A13!

Vk5„sin~b2a!,cos~b2a!,0,i …. ~A14!

~b! Squark-squark-H2-H1:

Ĝ55
q̃ 5S 2H hb

2 sin2 b

ht
2 cos2 bJ 0

0 2hq
2H cos2 b

sin2 b J D . ~A15!

~c! Squark-squark-H2-G1:

Ĝ56
q̃ 52

g2

2mW
2 S H 2mb

2 tanb

mt
2 cotb J 0

0 mq
2H cotb

2tanbJ D .

~A16!

APPENDIX B

We defineq5t and b, q8 the SU(2)L partner ofq, and
q95q for k51, . . . ,4 andq95q8 for k55, 6. Then we have
dmW
2

mW
2 5

g2

16p2mW
2 @mb

21mt
22A0~mt

2!2A0~mb
2!2mt

2B02~mt
22mb

2!B1#~mW
2 ,mb ,mt!,

dmZ
2

mZ
2 5

3g2

8p2mW
2 (

q5t,b
$ 1

3 @~ I 3L
q 2eq sin2 uW!21eq

2 sin4 uW#@2mq
222A0~mq

2!2mq
2B0#22mq

2eq sin2 uW

3~ I 3L
q 2eq sin2 uW!B0%~mZ

2,mq ,mq!,

dZH25
3

16p2 H 2@~a5
t b5

b1b5
t a5

b!~mH1
2 G11B11mb

2G0!1mtmb~a5
t a5

b1b5
t b5

b!G0#~mH1
2 ,mb ,mt!

2(
j ,l

~G5
b̃! j l ~G5

t̃ ! l j G0~mH1
2 ,mb̃l

,mt̃ j
!J ,

THk
5

3

16p2 (
q5t,b

H 2~ak
q1bk

q!mqA0~mq
2!2(

j
~Gk

q̃! j j A0~mq̃i

2 !J ,

SGH52
3

16p2 S 2$~a5
t b6

b1b5
t a6

b!@mH1
2 B11A0~mt

2!1mb
2B0#1mtmb~a5

t a6
b1b5

t b6
b!B0%~mH1

2 ,mb ,mt!

2(
j ,l

~G5
t̃ ! j l ~G6

b̃! l j B0~mH1
2 ,mb̃l

,mt̃ j
!1 (

q5t,b
(

j
~G56

q̃ ! j j A0~mq̃j

2 ! D ,
7-10
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dmq

mq
5

1

16p2 H (
k51

6 Fmq9
mq

ak
qak

q9B02
1

2
~ak

qbk
q91bk

qak
q9!B1G~mq

2,mq9 ,mHk
!1g2(

k51

4

(
j

Fmx̃
k
0

mq
ajk

q̃ bjk
q̃* B02

1

2
~ uajk

q̃ u2

1ubjk
q̃ u2!B1G ~mq

2,mx̃
k
0,mq̃j

!1g2(
k51

2

(
j

Fmx̃
k
1

mq
l jk
q̃8kjk

q̃8* B02
1

2
~ u l jk

q̃8u21ukjk
q̃8u2!B1G ~mq

2,mx̃
k
1 ,mq̃j8

!J ,

dmq̃i

2 5
1

16p2 S (
k51

6

(
j

~Gk
q̃! i j ~Gk

q̃9! j i B0~mq̃i

2 ,mq̃
j9
,mHk

!22g2(
k51

4

$~ uaik
q̃ u21ubik

q̃ u2!@mq̃i

2 B11A0~mx̃
k
0

2
!1mq

2B0#

12mqmx̃
k
0 Re~aik

q̃ bik
q̃* !B0%~mq̃i

2 ,mq ,mx̃
k
0!22g2(

k51

2

$~ u l ik
q̃ u21ukik

q̃ u2!@mq̃
i8

2
B11A0~mx̃

k
1

2
!1mq8

2 B0#

12mq8mx̃
k
1 Re~ l ik

q̃ kik
q̃* !B0%~mq̃i

2 ,mq8 ,mx̃
k
1!D ,

dZq̃i
5

1

16p2 H 2 (
k51

6

(
j

~Gk
q̃! i j ~Gk

q̃9! j i G0~mq̃i

2 ,mq̃
j9
,mHk

!12g2(
k51

4

@~ uaik
q̃ u21ubik

q̃ u2!~B11mq̃i

2 G11mq
2G0!

12mqmx̃
k
0 Re~aik

q̃ bik
q̃* !G0#~mq̃i

2 ,mq ,mx̃
k
0!12g2(

k51

2

@~ u l ik
q̃ u21ukik

q̃ u2!~B11mq̃
i8

2
G11mq8

2 G0!

12mq8mx̃
k
1 Re~ l ik

q̃ kik
q̃* !G0#~mq̃i

2 ,mq8 ,mx̃
k
1!J ,

S12
q̃ ~p2!5

1

16p2 S (
k51

6

(
j

~Gk
q̃!1 j~Gk

q̃9! j 2B0~p2,mq̃
j9
,mHk

!22g2(
k51

4

$~a1k
q̃ a2k

q̃* 1b1k
q̃ b2k

q̃* !@p2B11A0~mx̃
k
0

2
!1mq

2B0#

1mqmx̃
k
0~a1k

q̃ b2k
q̃* 1a2k

q̃* b1k
q̃ !B0%~p2,mq ,mx̃

k
0!22g2(

k51

2

@~ l 1k
q̃ l 2k

q̃* 1k1k
q̃ k2k

q̃* !

3~p2B11A0~mx̃
k
1

2
!1mq8

2 B0!1mq8mx̃
k
1~ l 1k

q̃ k2k
q̃* 1 l 2k

q̃* k1k
q̃ !B0#~p2,mq8 ,mx̃

k
1!D ,

du q̃1dZ21
q̃ 5

1

2~mq̃1

2 2mq̃2

2 !
@S12

q̃ ~mq̃2

2 !2S12
q̃ ~mq̃1

2 !#,

P i j
L ~p2!52

3

16p2 (
k51

2

@ l ki
t̃ l k j

k̃ B1~p2,mb ,mt̃ k
!1kki

b̃ kk j
b̃ B1~p2,mt,mb̃k

!#,

P i j
R~p2!52

3

16p2 (
k51

2

@kki
t̃ kk j

t̃ B1~p2,mb ,mt̃ k
!1 l ki

b̃ l k j
b̃ B1~p2,mt ,mb̃k

!#,

P i j
S,L~p2!5

3

16p2 (
k51

2

@mbkki
t̃ l k j

t̃ B0~p2,mb ,mt̃ k
!1mtl ki

b̃ kk j
b̃ B0~p2,mt ,mb̃k

!#,

P i j
S,R~p2!5

3

16p2 (
k51

2

@mbl ki
t̃ kk j

t̃ B0~p2,mb ,mt̃ k
!1mtkki

b̃ l k j
b̃ B0~p2,mt ,mb̃k

!#.

HereA0 andB1 are one- and two-point Feynman integrals@14#, respectively, andGi5]Bi /]p2.
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