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SUSY-QCD corrections to top and bottom squark decays into Higgs bosons
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We calculate theO(as) SUSY-QCD corrections to the widths of top and bottom squark decays into Higgs
bosons within the minimal supersymmetric standard model. We give the complete analytical formulas, paying
particular attention to the on-shell renormalization of the soft SUSY-breaking parameters. We also perform a
detailed numerical analysis of both top and bottom squark decays into all Higgs bosonsh0, H0, A0, andH6.
We find that the SUSY-QCD corrections are significant, mostly negative, and of the order of a few ten percent.
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I. INTRODUCTION

Supersymmetry~SUSY! requires the existence of tw
scalar partnersq̃L and q̃R to each quarkq. In the case of the
scalar partners of the top quark one expects a large mi
betweent̃ L and t̃ R due to the large top quark mass@1#. The
mixing of b̃L and b̃R may also be substantial if tanb
5v2 /v1 is large~wherev1 andv2 are the vacuum expecta
tion values of the two Higgs doublets!. Strong mixing in-
duces large mass differences between the lighter mass e
stateq̃1 and the heavier oneq̃2 , q̃5 t̃ , or b̃. This implies in
general a very complex decay pattern of the heavier state
addition to the ‘‘conventional’’ decays into neutralino
charginos, and gluinos (i , j 51,2; k51, . . . ,4),

t̃ i→t x̃k
0 , b x̃ j

1 , b̃i→b x̃k
0 , t x̃ j

2 , ~1!

t̃ i→t g̃, b̃i→b g̃, ~2!

decays into vector bosons and Higgs particles can bec
kinematically possible (i , j 51,2):

t̃ 2→ t̃ 1Z0, t̃ i→b̃ jW
1, b̃2→b̃1Z0, b̃i→ t̃ jW

2, ~3!

t̃ 2→ t̃ 1~h0,H0,A0!, t̃ i→b̃ jH
1,

b̃2→b̃1~h0,H0,A0!, b̃i→ t̃ jH
2. ~4!

All these squark decays were first discussed at the tree l
in @2# within the minimal supersymmetric standard mod
~MSSM! @3#. A recent, more complete and systematic ana
sis of these decays at the tree-level in@4# revealed that the
bosonic decays of Eqs.~3! and~4! can be dominant in a wide
range of the MSSM parameters due to the large Yuka
couplings and mixings oft̃ and b̃. This could have an im-
portant impact on the search fort̃ 2 and b̃2 and the determi-
nation of the MSSM parameters at future colliders. Theref
it is important to study how SUSY-QCD corrections affe
this tree-level result.
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Within recent years SUSY-QCD corrections to a varie
of processes were calculated. For the decays of Eq.~1! this
was done in@5–7#, for the decays of Eq.~2! in @7,8#, and for
the decays of Eq.~3! in @9#. The SUSY-QCD corrections fo
the decays into Higgs bosons, Eq.~4!, were briefly discussed
in @10#. The QCD corrections to the related Higgs bos

decays (h0,H0,A0)→q̃i q̄̃ j andH6→q̃i q̄̃ j8 were calculated in
@11,10#. A thorough study of the corrections to the decays
Eq. ~4!, including a detailed numerical analysis, is, howev
still missing in the literature.

In this article we discuss theO(as) SUSY-QCD correc-
tions to the decay widths of Eq.~4! in the on-shell renormal-
ization scheme within the MSSM. We give the comple
formulas for these corrections and point out some subtle
which occur in the on-shell renormalization schem
Whereas a numerical analysis was made only fort̃ 2→ t̃ 1
1(h0,A0) in @10#, we perform a detailed analysis on top an
bottom squark decays into all Higgs bosonsh0, H0, A0, and
H6.

II. TREE-LEVEL FORMULAS AND NOTATION

We first summarize the tree-level results and our notati
The squark mass matrix in the basis (q̃L ,q̃R) is given by@1#

M q̃
2
5S mq̃L

2
aqmq

aqmq mq̃R

2 D 5~R q̃!†S mq̃1

2
0

0 mq̃2

2 DR q̃, ~5!

with

mq̃L

2
5MQ̃

2
1mZ

2 cos 2b~ I 3L
q 2eq sin2 uW!1mq

2 , ~6!

mq̃R

2
5M

$Ũ,D̃%
2

1mZ
2 cos 2b eq sin2 uW1mq

2 , ~7!

aq5Aq2m $cotb, tanb% ~8!

for $up, down% type squarks.MQ̃,Ũ,D̃ and At,b are soft
SUSY-breaking parameters andm is the Higgs mixing pa-
rameter in the superpotential.I 3

q andeq are the third compo-
©1999 The American Physical Society07-1



a

s

e

y

el

on

ed

ed
arks

op

A. BARTL et al. PHYSICAL REVIEW D 59 115007
nents of the weak isospin and the electric charge of the qu
q. The squark mixing matrixR q̃ is

R q̃5S cosu q̃ sinu q̃

2 sinu q̃ cosu q̃
D , ~9!

with 0<u q̃,p by convention. The weak eigenstatesq̃L and
q̃R are related to their mass eigenstatesq̃1 and q̃2 ~with
mq̃1

<mq̃2
) by

S q̃1

q̃2
D 5R q̃S q̃L

q̃R
D . ~10!

In the (q̃1 ,q̃2) basis the squark interaction with Higg
bosonsHk5$h0,H0,A0,H6% can be written as (i , j 51,2; k
51 . . . 4; a andb flavor indices!

Lq̃q̃H5Gi jk
a Hk

†q̃ j
b†q̃i

a . ~11!

The couplingsGi jk
a are

Gi jk
q̃ 5@R q̃Ĝk

q̃~R q̃!T# i j ~k51,2,3!, ~12!

Gi j 4
t̃ 5@R t̃ Ĝ4~R b̃!T# i j , Gi j 4

b̃ 5@R b̃~Ĝ4!T~R t̃ !T# i j ,
~13!

with Ĝk , k51 . . . 4, being the respective couplings in th

(q̃L ,q̃R) basis as given in the Appendix. Note thatGi j 4
b̃

5Gji 4
t̃ andGi j 3

q̃ 5@Ĝ3
q̃# i j . The tree-level width of the deca

q̃i
a→q̃ j

bHk , Fig. 1~a!, is thus given by@2#

G0~ q̃i
a→q̃ j

bHk!5
uGi jk

a u2k~mi
2 ,mj

2 ,mH
2 !

16pmi
3

, ~14!

where mi[mq̃
i
a, mj[mq̃

j
b, mH[mHk

, and k(x,y,z)5@(x

2y2z)224yz#1/2. For k51,2,3 we have of coursea5b

and i 52, j 51. For k54 we have (q̃i
a ,q̃ j

b)5( t̃ i ,b̃ j ) or

(b̃i , t̃ j ). In the following, we will omit flavor indices when
possible~flavor 5a if not given otherwise!.

III. SUSY-QCD CORRECTIONS

The O(as) corrected decay amplitude in the on-sh
renormalization scheme can be expressed as

Gi jk
corr5Gi jk1dGi jk

(v)1dGi jk
(w)1dGi jk

(c) , ~15!

where the superscriptv denotes the vertex correction@Fig.
1~b!#, w the squark wave-function correction@Fig. 1~c!#, and
c the counterterm due to the shift from the bare to the
shell couplings. TheO(as) corrected decay widthG is then
given by

G5G01dG (v)1dG (w)1dG (c)1dG real, ~16!

with
11500
rk

l

-

dG (a)5
k~mi

2 ,mj
2 ,mH

2 !

8p mi
3

Re$Gi jk* dGi jk
(a)% ~a5v, w, c!,

~17!

and dG real the correction due to real gluon emission@Fig.
1~e!# which has to be included in order to cancel the infrar
divergences. We use dimensional reduction@12# as the regu-
larization scheme. Analogous calculations were perform
for the crossed channels of Higgs boson decays into squ
in @11,10#.

A. Vertex corrections

The vertex correction due to the gluon-squark-squark lo
in Fig. 1~b! is

dGi jk
(v,g)5

as

3p
Gi jk@B0~mi

2,0,mi
2!1B0~mj

2,0,mj
2!

2B0~mHk

2 ,mi
2 ,mj

2!12XC0#, ~18!

with X5mi
21mj

22mHk

2 . B0 and C0 are the standard

two- and three-point functions@13# for which we fol-
low the conventions of @14#. In this case, C0

FIG. 1. Feynman diagrams relevant for theO(as) SUSY-QCD
corrections to squark decays into Higgs bosons.
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5C0(mi
2 ,mHk

2 ,mj
2 ;l2,mi

2 ,mj
2). As usual, we introduce a gluo

massl to regularize the infrared divergence.
The graph with the gluino-quark-quark loop in Fig. 1~b!

leads to

dG21l
(v,g̃)52

2

3

as

p
mg̃ cos 2u q̃ sl

a @B0~mq̃2

2 ,mg̃
2 ,mq

2!

1B0~mq̃1

2 ,mg̃
2 ,mq

2!1~4mq
22mHl

2 !C0# ~19!

for the decays intoh0 andH0 ( l 51,2),
i

11500
dG213
(v,g̃)52

2

3

as

p
s3

a$mq sin 2u q̃@B0~mq̃2

2 ,mg̃
2 ,mq

2!

2B0~mq̃1

2 ,mg̃
2 ,mq

2!1~mq̃2

2
2mq̃1

2
!C0#

1mg̃@B0~mq̃2

2 ,mg̃
2 ,mq

2!1B0~mq̃1

2 ,mg̃
2 ,mq

2!

2mA
2C0#%, ~20!

for the decay intoA0, and
dGi j 4
(v,g̃)5

2

3

as

p
$@~mqaA111mqbA22!s4

a1~mqaA221mqbA11!s4
b#B0~mH1

2 ,mt
2 ,mb

2!

1@~mqaA112mg̃A21!s4
a1~mqaA222mg̃A12!s4

b#B0~mi
2 ,mg̃

2 ,mqa
2

!1@~mqbA222mg̃A21!s4
a

1~mqbA112mg̃A12!s4
b#B0~mj

2 ,mg̃
2 ,mqb

2
!1@mqb~mqa

2
2mi

21mg̃
2
!~A22s4

a1A11s4
b!1mqa~mqb

2
2mj

21mg̃
2
!

3~A11s4
a1A22s4

b!1mg̃~mH1
2

2mqa
2

2mqb
2

!~A21s4
a1A12s4

b!22mg̃mqamqb~A12s4
a1A21s4

b!#C0%, ~21!

with Anm5R in
aR jm

b for the decay into a charged Higgs boson.
In Eqs.~19!–~21! C05C0(mi

2 ,mHk

2 ,mj
2 ;mg̃

2 ,mqa
2 ,mqb

2 ); sk
q are the Higgs couplings to quarks:

LqqH5s1
qh0q̄q1s2

qH0q̄q1s3
qA0q̄g5q

1H1 t̄ ~s4
bPR1s4

t PL!b1H2b̄~s4
t PR1s4

bPL!t, ~22!

with

s1
t 52

gmt

2mW sinb
cosa, s2

t 52
gmt

2mW sinb
sina, s3

t 5 i
gmt

2mW
cotb, s4

t 5
gmt

A2mW

cotb,

s1
b5

gmb

2mW cosb
sina, s2

b52
gmb

2mW cosb
cosa, s3

b5 i
gmb

2mW
tanb, s4

b5
gmb

A2mW

tanb. ~23!
n

d

The vertex correction due to the four-squark interaction
Fig. 1~b! is

dGi jk
(v,q̃)52

as

3p (
n,m51,2

S in
a S jm

b GnmkB0~mHk

2 ,mq̃
m
b

2
,mq̃

n
a

2
!,

~24!

with

S in
a 5S cos 2u q̃ 2sin 2u q̃

2sin 2u q̃ 2cos 2u q̃
D

in

a

. ~25!

B. Wave-function correction

The wave-function correction is

dGi jk
(w)5 1

2 @dZ̃ii
a1dZ̃j j

b #Gi jk
a 1dZ̃i 8 i

a Gi 8 jk
a

1dZ̃j 8 j
b Gi j 8k

a , iÞ i 8, j Þ j 8, ~26!
nwhere theZ̃nm
a are the squark wave-function renormalizatio

constants forq̃a. They stem from the gluon, gluino, an
squark loops of Fig. 1~c!1 and are given by

dZ̃nn
(g,g̃)52Re$Ṡnn

(g,g̃)~mq̃n

2
!%,

dZ̃n8n
(g̃,q̃)

5
Re$Sn8n

(g̃,q̃)
~mq̃n

2
!%

mq̃n8

2
2mq̃n

2 , nÞn8, ~27!

with Ṡnn(m
2)5]Snn(p2)/]p2up25m2. The contribution due

to gluon exchange is

1The gluon loop due to theq̃q̃gg interaction gives no contribution
because it is proportional tol2 ln l→0.
7-3
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Ṡnn
(g)~mq̃n

2
!52

2

3

as

p
@B0~mq̃n

2 ,0,mq̃n

2
!

12mq̃n

2
Ḃ0~mq̃n

2 ,l2,mq̃n

2
!#, ~28!

and those due to gluino exchange are

Ṡnn
(g̃)~mq̃n

2
!5

2

3

as

p
@B0~mq̃n

2 ,mg̃
2 ,mq

2!

1~mq̃n

2
2mq

22mg̃
2
!Ḃ0~mq̃n

2 ,mg̃
2 ,mq

2!

22mqmg̃~21!nsin 2u q̃Ḃ0~mq̃n

2 ,mg̃
2 ,mq

2!#,

~29!

S12
(g̃)~mq̃n

2
!5S21

(g̃)~mq̃n

2
!

5
4

3

as

p
mg̃mq cos 2u q̃B0~mq̃n

2 ,mg̃
2 ,mq

2!. ~30!
he

11500
The four-squark interaction gives

S12
(q̃)~mq̃n

2
!5S21

(q̃)~mq̃n

2
!5

as

6p
sin 4u q̃@A0~mq̃2

2
!2A0~mq̃1

2
!#,

~31!

whereA0(m2) is the standard one-point function in the co
vention of @14#.

C. Shift from bare to on-shell parameters

We next fix the shift from the bare to the on-shell co
plings dGi jk

(c) in Eq. ~15!. We follow the procedure that wa
first given in @11#. From Eqs.~12! and ~9! we get for the
squark decays intoh0 or H0 ( l 51,2)

dG21l
q̃(c)5@R q̃dĜl

q̃~R q̃!T1dR q̃Ĝl
q̃~R q̃!T1R q̃Ĝl

q̃d~R q̃!T#21

5cos 2u q̃ @dĜl
q̃#212~G11l

q̃ 2G22l
q̃ !du q̃ , ~32!

with dĜl
q̃ obtained by varying Eqs.~A1!–~A3!, e.g.,
dĜ2
t̃ 52

g

2mWsb
S 4mtsadmt d~mtAt!sa2mca dmt

d~mtAt!sa2mca dmt 4mtsadmt
D , ~33!

dĜ2
b̃52

g

2mWcb
S 4mbcadmb d~mbAb!ca2msadmb

d~mbAb!ca2msadmb 4mbcadmb
D , ~34!

with sb5sinb, cb5cosb, sa5sina, ca5cosa, anda the Higgs mixing angle.dĜ1
q̃ is obtained from Eqs.~33! and ~34! by

dĜ1
q̃5~dĜ2

q̃ with a→a1p/2!. ~35!

For the couplings to theA0 boson we have explicitly

dG213
q̃(c)5

ig

2mW
@d~mqAq!$cotb,tanb%1mdmq#, ~36!

where cotb (tanb) is for q̃5 t̃ (b̃).
For the decayt̃ i→b̃ jH

1 (k54) we get

dGi j 4
t̃ (c)5@R t̃dĜ4~R b̃!T# i j 2~21! iGi 8 j 4

t̃ du t̃2~21! jGi j 84
t̃ du b̃ ,

iÞ i 8

j Þ j 8
~37!

with

dĜ45
g

A2mW
S 2mbdmb tanb12mtdmt cotb d~mbAb!tanb1mdmb

d~mtAt!cotb1mdmt 2~dmtmb1mtdmb!/sin 2b D , ~38!
and analogously the expression forb̃i→ t̃ jH
2 according to

Eq. ~13!.
dmq is the shift from the bare to the pole mass of t

quark q and has two contributions@Fig. 1~d!#. The gluon
exchange contribution is
dmq
(g)52

2

3

as

p
mq@B0~mq

2 ,0,mq
2!2B1~mq

2 ,0,mq
2!2r /2#,

~39!

and the gluino contribution is
7-4
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dmq
(g̃)52

as

3p
$mq@B1~mq

2 ,mg̃
2 ,mq̃1

2
!1B1~mq

2 ,mg̃
2 ,mq̃2

2
!#

1mg̃ sin 2u q̃ @B0~mq
2 ,mg̃

2 ,mq̃1

2
!

2B0~mq
2 ,mg̃

2 ,mq̃2

2
!#%. ~40!

The parameterr in Eq. ~39! exhibits the dependence on th
regularization scheme. Asr does not cancel in the final re
sult, we have to use dimensional reduction@12# (r 50)
which preserves supersymmetry at least at two-loop ord

For the renormalization ofmqAq we define the on-shel
parametersMQ̃,Ũ,D̃ andAt,b in terms of squark pole masse
mq̃i

and on-shell mixing anglesu q̃ ~which will be defined
below! using the tree-level relations~5!–~9!. We thus get
@11#

d~mqAq!5 1
2 ~dmq̃1

2
2dmq̃2

2
!sin 2u q̃1~mq̃1

2
2mq̃2

2
!cos 2u q̃du q̃

1m$cotb,tanb%dmq , ~41!

where again cotb (tanb) is for q̃5 t̃ (b̃). dmq̃i

2 is given by

dmq̃i

2
5Re@S i i

(g)~mq̃i

2
!1S i i

(g̃)~mq̃i

2
!1S i i

(q̃)~mq̃i

2
!#, ~42!

with ( iÞ i 8)

S i i
(g)~mq̃i

2
!52

2

3

as

p
mq̃i

2
$2B0~mq̃i

2 ,0,mq̃i

2
!1B1~mq̃i

2 ,0,mq̃i

2
!%,

~43!

S i i
(g̃)~mq̃i

2
!52

4

3

as

p
$A0~mq

2!1mq̃i

2
B1~mq̃i

2 ,mg̃
2 ,mq

2!

1@mg̃
2
1~2 ! img̃mq sin 2u q̃#B0~mq̃i

2 ,mg̃
2 ,mq

2!%,

~44!

S i i
(q̃)~mq̃i

2
!5

as

3p
$cos2 2u q̃A0~mq̃i

2
!1sin2 2u q̃A0~mq̃i 8

2
!%.

~45!

We also have to renormalize the squark mixing angle. T
problem was first solved in@15#: there the countertermdu q̃

was fixed in the processe1e2→q̃1q̄̃2 such that it cancels the
off-diagonal part of the squark wave-function correction

du q̃5du q̃
(q̃)

1du q̃
(g̃) is thus given by

du q̃
(q̃)

5
as

6p

sin 4u q̃

mq̃1

2
2mq̃2

2 @A0~mq̃2

2
!2A0~mq̃1

2
!#, ~46!
11500
.

is

.

du q̃
(g̃)

5
as

3p

mg̃mq

I 3L
q ~mq̃1

2
2mq̃2

2
!
@B0~mq̃2

2 ,mg̃
2 ,mq

2!ṽ11

2B0~mq̃1

2 ,mg̃
2 ,mq

2!ṽ22#, ~47!

where ṽ i j comes from the Z0q̃i q̃ j* couplings, ṽ11

54(I 3L
q cos2 uq̃2sW

2 eq), and ṽ2254(I 3L
q sin2 uq̃2sW

2 eq) with
sW

2 5sin2uW. We will use this scheme in what follows. Ther
are also other possibilities of defining the on-shell squ
mixing angle. In@10#, for instance,du q̃ was fixed such that
the renormalized self-energy of the squarks remains diag
on the q̃1 mass shell. Similar conditions were used
@16,17#. For comparison we list the countertermsdu q̃ in
these schemes in terms of the squark self-energyS12:

du q̃~@15# !5
1

ṽ112 ṽ22

Re$ṽ11S12~mq̃2

2
!2 ṽ22S12~mq̃1

2
!%

mq̃1

2
2mq̃2

2

~used in this paper!,

du q̃~@10#!5
Re$S12~mq̃1

2
!%

mq̃1

2
2mq̃2

2 ,

~48!

du q̃~Q2!~@16# !5
Re$S12~Q2!%

mq̃1

2
2mq̃2

2 ,

du q̃~@17# !5
1

2

Re$S12~mq̃1

2
!1S12~mq̃2

2
!%

mq̃1

2
2mq̃2

2 .

The differences between them are ultraviolet finite. In Fig
we comparedu t̃ of @10,16,17# to that of our scheme~ @15#!.
As can be seen, the numerical differences between the v
ous schemes are very small (,1%).

There is yet another subtlety that has to be taken i
account: At tree-level and in the DR̄renormalization scheme

FIG. 2. Differences ind cosu t̃ between @10,16,17# and our
scheme@15# as a function of cosu t̃ , for mt̃ 1

5250 GeV, mt̃ 2

5600 GeV, andmg̃5600 GeV. Ford cosu t̃(Q
2) @16# we have

takenQ25mt̃ 2

2 .
7-5
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SU(2)L symmetry requires that the parameterMQ̃ in the t̃

and b̃ mass matrices have the same value. This is, howe
not the case at loop-level in the on-shell scheme due to
ferent shiftsdMQ̃

2 in the t̃ and in the b̃ sectors@11,18#.

In this paper we takeMQ̃
2 (q̃)5mq̃1

2 cos2 uq̃1mq̃2

2 sin2 uq̃

2mZ
2 cos 2b(I3L

q 2eq sin2 uW)2mq
2 as the on-shell parameter i

the q̃ sector (q̃5 t̃ ,b̃). This leads to a shift ofMQ̃
2

@11#:

MQ̃
2

~ b̃!5MQ̃
2

~ t̃ !1dMQ̃
2

~ t̃ !2dMQ̃
2

~ b̃!, ~49!

with

dMQ̃
2

~ q̃!5dmq̃1

2 cos2 u q̃1dmq̃2

2 sin2 u q̃

2~mq̃1

2
2mq̃2

2
!sin 2u q̃du q̃22mqdmq . ~50!

The underlying SU(2)L symmetry is reflected in the fact tha
the shiftdMQ̃

2 ( t̃ )2dMQ̃
2 (b̃) is finite.

D. Real gluon emission

In order to cancel the infrared divergence we include
emission of real~hard and soft! gluons@Fig. 1~e!#:

dG real5G~ q̃i
a→q̃ j

bHkg!52
asuGi jk

a u2

3p2mi

@ I 01I 11mi
2 I 00

1mj
2 I 111X I01#. ~51!

Again, X5mi
21mj

22mHk

2 . The phase space integralsI n and

I nm have (mi ,mj ,mHk
) as arguments and are given in@14#.

We have checked explicitly that the corrected decay widthG
of Eq. ~16! is ultraviolet and infrared finite.

IV. NUMERICAL RESULTS AND DISCUSSION

Let us now turn to the numerical analysis. As input p
rameters we usemt̃ 1

, mt̃ 2
, cosu t̃ , tanb, m, mA , and mg̃ .

From these we calculate the values of the soft SUS
breaking parametersMQ̃( t̃ ), MQ̃(b̃), MŨ,D̃ , and At,b ac-
cording to Eqs.~5!–~9! together with Eqs.~49! and ~50!,
taking MD̃51.12MQ̃( t̃ ) andAb5At for simplicity to fix the
bottom squark sector. Moreover, we takemt5175 GeV,
mb55 GeV, mZ591.2 GeV, sin2 uW50.23, a(mZ)
51/129, andas(mZ)50.12. For the running ofas we use
as(Q)512p/@(3322nf)ln(Q2/Lnf

2 )# with nf the number of

quark flavors. We takeas5as(mq̃
i
a) for the q̃i

a decay except

for the shift in Eqs.~49! and ~50! for which we takeas

5as„MQ̃( t̃ )…. For the radiative corrections to theh0 andH0

masses and their mixing anglea (2p/2<a,p/2 by con-
vention! we use the formulas of@19#;2 for those tomH1 we

2Notice that @19,20# have the opposite sign convention for th
parameterm.
11500
r,
if-

e

-

-

follow @20#. In order to respect the experimental ma
bounds from the CERNe1e2 collider LEP2 @21# and Fer-
milab Tevatron @22# we impose mh0.90 GeV, mt̃ 1 ,b̃1

.85 GeV, and mg̃.300 GeV. Moreover, we require
dr( t̃ 2b̃),0.0012 @23# from electroweak precision mea
surements using the one-loop formulas of@24# and At

2

,3„MQ̃
2 ( t̃ )1MŨ

2
1mH2

2
…, Ab

2,3„MQ̃
2 (b̃)1MD̃

2
1mH1

2
… with

mH2

2 5(mA
21mZ

2)cos2 b21
2mZ

2 and mH1

2 5(mA
21mZ

2)sin2 b

21
2mZ

2 @25# from the tree-level vacuum stability.
As a reference point we takemt̃ 1

5250 GeV, mt̃ 2

5600 GeV, cosu t̃50.26 (u t̃.75°), tanb53, m
5550 GeV,mA5150 GeV, andmg̃5600 GeV. This leads
to mb̃1

5564 GeV,3 mb̃2
5627 GeV, cosub̃50.99, At,b

52243 GeV, mh05100 GeV, mH05162 GeV, sina
520.58, andmH15164 GeV. Thust̃ 2 can decay intot̃ 1

1(h0,H0,A0), andb̃1,2 can decay intot̃ 1H2.
We first discuss the parameter dependence of the wi

of t̃ 2 decays into neutral Higgs bosons by varying one of
input parameters of the reference point. We define
SUSY-QCD corrections as the difference between the c
rected widthG of Eq. ~16! and the tree-level widthG0 of Eq.
~14!.

Figure 3 shows the tree-level and the SUSY-QCD c
rected widths of the decayst̃ 2→ t̃ 11(h0,H0,A0) as a func-
tion of mt̃ 2

. The relative correctionsdG/G0[(G2G0)/G0

are about 210% for the decay intoh0 and 29% to
262% for the decay intoA0. The corrections for t̃ 2

→ t̃ 1H0 are 29%, 245%, and145% for mt̃ 2
5420, 670,

and 900 GeV, respectively. The spikes in the corrected de
widths for mt̃ 2

5775 GeV are due to thet̃ 2→tg̃ threshold.
The different shapes of the decay widths can be unders

3Notice that at tree-level one hasmb̃1
5560 GeV becauseMQ̃

5558 GeV for both thet̃ andb̃ mass matrices; atO(as), however,

one getsMQ̃( t̃ )5558 GeV andMQ̃(b̃)5563 GeV.

FIG. 3. Tree-level~dashed lines! andO(as) SUSY-QCD cor-

rected~solid lines! decay widths oft̃ 2→ t̃ 11(h0,H0,A0) as a func-
tion of mt̃ 2

, for mt̃ 1
5250 GeV, cosu t̃50.26, m5550 GeV,

tanb53, mA5150 GeV, andmg̃5600 GeV. The grey area is ex
cluded by the boundmh0.90 GeV.
7-6
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by the wide range of the parameters entering the Higgs c
plings to top squarks. In the rangemt̃ 2

5300 GeV to 900

GeV, we haveAt5144 GeV to 2889 GeV and sina
520.52 to 20.73 (mh0581 GeV to 114 GeV, andmH0

5163 GeV to 170 GeV!.
Figure 4 shows the cosu t̃ dependence of the tree-level an

the corrected widths oft̃ 2→ t̃ 11(h0,H0,A0) decays. Again
the shapes of the decay widths reflect their dependenc
the underlying SUSY parameters in a characteristic way
particular we haveAt51033, 183,2666 GeV and sina
520.748, 20.565, 20.726 for cosu t̃520.7, 0, 0.7, re-
spectively. Apart from the points where the tree-level dec
amplitudes vanish the relative corrections range fr
240% to 20%.

In Fig. 5 we show the tree-level and the SUSY-QCD c
rected decay widths as a function ofmA . For mA5100, 200,
300 GeV we havemh0585, 104, 105 GeV,mH05128, 207,
304 GeV, and sina520.87, 20.45, 20.37, respectively.
The corrections toG0( t̃ 2→ t̃ 1h0) range from 215% to

FIG. 4. Tree-level~dashed lines! andO(as) SUSY-QCD cor-

rected~solid lines! decay widths oft̃ 2→ t̃ 11(h0,H0,A0) as a func-
tion of cosu t̃ , for mt̃ 1

5250 GeV, mt̃ 2
5600 GeV, m

5550 GeV, tanb53, mA5150 GeV, andmg̃5600 GeV. The
grey areas are excluded by the constraints given in the t

dr( t̃ –b̃).0.0012 in ~a!, mh0,90 GeV in ~b!, and unstable
vacuum in~c!.

FIG. 5. Tree-level~dashed lines! andO(as) SUSY-QCD cor-

rected~solid lines! decay widths oft̃ 2→ t̃ 11(h0,H0,A0) as a func-
tion of mA , for mt̃ 1

5250 GeV, mt̃ 2
5600 GeV, cosu t̃50.26, m

5550 GeV, tanb53, andmg̃5600 GeV. The grey area is ex
cluded by the boundmh0.90 GeV.
11500
u-

on
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27% for mA5100 GeV to 400 GeV. Those toG0( t̃ 2

→ t̃ 1H0) are250% to222% formA*114 GeV, and those
to G0( t̃ 2→ t̃ 1A0) are about225%.

As for the dependence on the gluino mass, as can be
in Fig. 6, the gluino decouples very slowly: in the ran
mg̃5300 GeV to 1500 GeVdG/G0 varies from (29%,
237%, 228%) to (27%, 216%, 214%) for the de-
cays t̃ 2→ t̃ 11(h0,H0,A0), apart from thet̃ 2→tg̃ threshold
at mg̃5425 GeV. As for the dependence on tanb, we get
G( t̃ 2→ t̃ 1h0)52.68, 2.09, 1.42 GeV withdG/G0.210%,
27%, 25% for tanb53, 10, 30, respectively. Likewise
we get G50.67, 1.61, 2.45 GeV withdG/G0.227%,
219%, 217% for the decay into H0 and G
52.1, 2.64, 2.92 GeV with dG/G0.222%, 219%,
218% for the decay intoA0, respectively.

Let us now turn to the bottom squark decays. We s
again from the reference point given above. For the de
b̃1→ t̃ 1H2 we getG53.88 GeV withdG/G05224%, and
for the decayb̃2→ t̃ 1H2 we getG50.08 GeV withdG/G0

5187%. As in our examples the width of the latter decay
usually quite small~becauseb̃2.b̃R and t̃ 1; t̃ R) we will
discuss only the parameter dependence of theb̃1 decay.

Figure 7 shows the tree-level and the SUSY-QCD c
rected widths of this decay as a function ofmt̃ 1

. The SUSY-

QCD corrections are about225%. Notice that at the tree
level we have mb̃1

5556 GeV to 566 GeV for mt̃ 1

585 GeV to 400 GeV, whereas atO(as) we havemb̃1

5561 GeV to 570 GeV. Therefore, the thresholds at
tree-level and one-loop level are slightly different. The d
pendence on the top squark mixing angle is shown in Fig
for tanb53 and 10, and the other parameters as giv
above.~For ucosu t̃u*0.72 the decayb̃1→ t̃ 1H2 is kinemati-
cally not allowed.! In case of tanb53, the SUSY-QCD cor-
rections range from about240% to 26%, withdG/G0.0
for cosu t̃ &20.6. In case of tanb510 dG/G0 is much larger.
For cosu t̃*0.5 and tanb510 we even get a negative co
rected decay width. This is mainly due to a large contribut
stemming from the termd(mbAb);m tanbdmb of Eq. ~41!
and was already mentioned in@11#. The same problem can

t:

FIG. 6. O(as) SUSY-QCD corrections~in %! to the widths of

t̃ 2→ t̃ 11(h0,H0,A0) as a function ofmg̃ , for mt̃ 1
5250 GeV,

mt̃ 2
5600 GeV, cosu t̃50.26, m5550 GeV, tanb53, and mA

5150 GeV.
7-7
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occur for the decaysb̃2→b̃11(h0,H0,A0) and t̃ 2→b̃1H1

which may be important for large tanb ~due to the large
bottom Yukawa coupling and the largeb̃1–b̃2 mass split-
ting!.

We have also studied the dependence onmA . In the case
tanb53 ~10! we have found thatdG/G0(b̃1→ t̃ 1H2)
;220% (240%) for mA5100 GeV to 285 GeV and the
other parameters as given above.

As for the dependence on the gluino mass,dG/G0(b̃1

→ t̃ 1H2) ranges from 226% to 214% (247% to
239%) for mg̃5300 GeV to 1500 GeV and tanb53 ~10!.
In @10# a numerical analysis for the decayst̃ 2→ t̃ 1
1(h0,A0) was made. Whereas we agree with their figure
t̃ 2→ t̃ 1A0, we find a difference of about 10% in both th
tree-level and the corrected widths oft̃ 2→ t̃ 1h0. This may be
due to a different treatment of the radiative corrections to
h0 mass and mixing anglea.4

FIG. 7. Tree-level~dashed line! andO(as) SUSY-QCD cor-

rected~solid line! decay widths ofb̃1→ t̃ 1H2 as a function ofmt̃ 1
,

for mt̃ 2
5600 GeV, cosu t̃50.26, m5550 GeV, tanb53, mA

5150 GeV, andmg̃5600 GeV. The inset zooms on the differe
thresholds at the tree- and one-loop level.
11500
r

e

V. CONCLUSIONS

We have calculated theO(as) SUSY-QCD corrections to
the decay widths of q̃2→q̃11(h0,H0,A0) and q̃i

→q̃ j8H
6 (q̃5 t̃ ,b̃) in the on-shell scheme. We have take

into account appropriate shifts for the soft SUSY-break
parameters defined in terms of on-shell squark masses
mixing angles. It has turned out that the SUSY-QCD corr
tions are mostly negative and of the order of a few ten p
cent and should therefore be taken into account.
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FIG. 8. Tree-level~dashed lines! andO(as) SUSY-QCD cor-

rected ~solid lines! decay widths ofb̃1→ t̃ 1H2 as a function of
cosu t̃ , for mt̃ 1

5250 GeV, mt̃ 2
5600 GeV, m5550 GeV, mA

5150 GeV,mg̃5600 GeV, and tanb53,10. The grey area is ex
cluded for tanb53 by the boundmh0.90 GeV.
APPENDIX: SQUARK-SQUARK-HIGGS COUPLINGS

~a! squark-squark-h0

Ĝ1
q̃5S gmZ

cW
CLsa1b2A2mqhqH ca

2sa
J 2

1

A2
hqS AqH ca

2sa
J 1mH sa

2ca
J D

2
1

A2
hqS AqH ca

2sa
J 1mH sa

2ca
J D gmZ

cW
CRsa1b2A2mqhqH ca

2sa
J D ~A1!

for $down
up % type squarks, respectively. We use the abbreviations cW5cosuW, sa5sina, ca5cosa, sa1b5sin(a1b), CL5I 3L

q

2eq sin2 uW, and CR5eq sin2 uW. a is the mixing angle in theCP even neutral Higgs boson sector.hq are the Yukawa
couplings:

ht5
gmt

A2mW sinb
, hb5

gmb

A2mW cosb
. ~A2!

4We thank A. Djouadi and W. Hollik for correspondence on this point.
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~b! squark-squark-H0

Ĝ2
q̃5S 2

gmZ

cW
CLca1b2A2mqhqH sa

ca
J 2

1

A2
hqS AqH sa

ca
J 2mH ca

sa
J D

2
1

A2
hqS AqH sa

ca
J 2mH ca

sa
J D 2

gmZ

cW
CRca1b2A2mqhqH sa

ca
J D . ~A3!

~c! squark-squark-A0

Ĝ3
q̃5 i

gmq

2mWS 0 2AqH cotb

tanbJ 2m

AqH cotb

tanbJ 1m 0
D . ~A4!

~d! squark-squark-H6

Ĝ45
g

A2mW
S mb

2 tanb1mt
2 cotb2mW

2 sin 2b mb~Ab tanb1m!

mt~At cotb1m!
2mtmb

sin 2b
D . ~A5!
,

,

.

B

.

.

a
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