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Improved full one-loop corrections to A0\ f̃ 1 f̄̃ 2 and f̃ 2\ f̃ 1A0

C. Weber,* H. Eberl,† and W. Majerotto‡
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We calculate thefull electroweak one-loop corrections to the decay of theCP-odd Higgs bosonA0 into
scalar fermions in the minimal supersymmetric extension of the standard model~MSSM!. For this purpose
many parameters of the MSSM have to be properly renormalized in the on-shell renormalization scheme. We
have also included the supersymmetric QCD corrections. For the decay into bottom squarks and tau sleptons,
especially for large tanb, the corrections can be very large, making the perturbation expansion unreliable. We
solve this problem by an appropriate definition of the tree-level coupling in terms of running fermion masses
and running trilinear couplingsAf . We also discuss the decay of heavy scalar fermions into light scalar
fermions andA0. We find that the corrections can be sizable and therefore cannot be neglected.
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I. INTRODUCTION

The search for a Higgs boson is the primary goal of
present and future high energy experiments at the Ferm
Tevatron, CERN Large Hadron Collider~LHC! or ane1e2

Linear Collider. Whereas the standard model~SM! predicts
just one Higgs boson, with the present lower bound of
massmH>114.4 GeV~at 95% confidence level! @1#, exten-
sions of the SM allow for more Higgs bosons. In particul
the minimal supersymmetric standard model~MSSM! con-
tains five physical Higgs bosons: two neutralCP-even (h0

and H0), one neutralCP-odd (A0), and two charged one
(H6) @2,3#. The existence of a charged Higgs boson o
CP-odd neutral one would give clear evidence for phys
beyond the SM. For a discovery precise predictions for
decay modes and their branching ratios are necessary. I
persymmetric~SUSY! particles are not too heavy, the Higg
bosons can also decay into SUSY particles~neutra-

linos x̃ i
0 , charginos x̃k

6 , sfermions f̃ m), H0,A0→x̃ i
0x̃ j

0

3( i , j 51, . . . ,4),H0,A0→x̃k
1x̃ l

2 (k,l 51,2), H0,A0

→ f̃ mf̄̃ n (m,n51,2), H6→x̃k
1x̃ i

0 , H6→ f̃ mf̄̃ n8. At the tree
level, these decays were studied in@4,5#. In particular, the
branching ratios for the decays into sfermions,H0,A0

→ f̃ mf̄̃ n, can be sizable depending on the parameter sp
@6,7#. The SUSY QCD corrections to the decays into sferm
ons have also been calculated@8,9#. The corrections to the
decays into neutralinos@10# or charginos @11# due to
fermion/sfermion exchanges have also been found n
negligible.

In this paper, we study in detail the decay of theCP-odd

Higgs bosonA0 into two sfermions,A0→ f̃ 1 f̄̃ 2. In particular,
the third generation sfermionst̃ i ,b̃i , and t̃ i are interesting
because one expects them to be lighter than the other
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mions due to their large Yukawa couplings and left-rig

mixings. SinceA0 couples only tof̃ L- f̃ R ~left-right states of

f̃ ), and due to theCP nature ofA0, A0→ f̃ i f̄̃ i vanishes.~This
is valid also beyond the tree level for real parameters in
MSSM.! We will calculate thefull electroweak corrections in
the on-shell scheme. Owing to the fact that almost all para
eters of the MSSM have to be renormalized in this proc
and hence a large number of graphs has to be computed
calculation is very complex. Despite this complexity, w
have performed the calculation in an analytic way. We ha

also studied the crossed channelf̃ 2→ f̃ 1A0. Some important
numerical results, especially for the decays ofA0 into the
third generation squarks and the corresponding crossed c
nels, have already been shown in@12#.

This paper has three new elements. First, we give in
Appendixes all analytical formulas needed for the calcu
tion. Second, we describe in detail our method for improv
the full one-loop calculation. As pointed out in@12#, in the

case of the decay ofA0→b̃1b̄̃2 or A0→ t̃1t̄̃2 the decay
widths can receive large corrections, especially for la
tanb. This makes the perturbation expansion unreliable.
some cases the width can even become negative in the
shell renormalization scheme. We present here a detailed
scription of how this problem can be solved by an approp
ate definition of the tree-level coupling in terms of runnin
fermion masses and running trilinear couplingAf( f 5b,t).
For consistency between the on-shell and the dimensio
reduction (DR) running parameters an iteration procedure
necessary. Moreover, in addition to the numerical res
shown in @12# we present here new results forA0→ t̃ 1 t̄̃ 2,

A0→b̃1b̄̃2, A0→ t̃1t̄̃2 and the corresponding crosse
channels.

The paper is organized as follows. In Sec. II we summ
rize the tree-level formulas. In Sec. III the full electrowe
corrections are presented for which the explicit analytic f
mulas are given in Appendixes B, C, and D. In Sec. IV
detailed description of the method to improve the one-lo
calculation is presented. In Sec. V the numerical treatmen
©2003 The American Physical Society11-1
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well as numerical results are shown. Section VI summari
our conclusions.

II. TREE-LEVEL RESULT

The sfermion mixing is described by the sfermion ma
matrix in the left-right basis (f̃ L , f̃ R), and in the mass basi
( f̃ 1 , f̃ 2), f̃ 5 t̃ ,b̃ or t̃,

M f̃
2
5S mf̃ L

2
afmf

afmf mf̃ R

2 D 5~Rf̃ !†S mf̃ 1

2
0

0 mf̃ 2

2 D Rf̃ , ~2.1!

whereRia
f̃ is a 232 rotation matrix with rotation angleu f̃ ,

which relates the mass eigenstatesf̃ i , i 51,2 (mf̃ 1
,mf̃ 2

), to

the gauge eigenstatesf̃ a , a5L,R, by f̃ i5Ria
f̃ f̃ a and

mf̃ L

2
5M

$Q̃, L %̃
2

1~ I f
3L2efsin2uW!cos 2bmZ

21mf
2 , ~2.2!

mf̃ R

2
5M

$Ũ, D̃, E%̃
2

1efsin2uWcos 2bmZ
21mf

2 , ~2.3!

af5Af2m~ tanb!22I f
3L

. ~2.4!

MQ̃ , ML̃ , MŨ , MD̃ and MẼ are soft SUSY breaking
masses,Af is the trilinear scalar coupling parameter,m is the
Higgsino mass parameter, tanb5v2 /v1 is the ratio of the
vacuum expectation values of the two neutral Higgs dou
states@2,3#, I f

3L denotes the third component of the we
isospin of the fermionf , ef is the electric charge in terms o
the elementary chargee0, anduW is the Weinberg angle.

The mass eigenvalues and the mixing angle in terms
primary parameters are

mf̃ 1,2

2
5

1

2
~mf̃ L

2
1mf̃ R

2
7A~mf̃ L

2
2mf̃ R

2
!214af

2mf
2!, ~2.5!

cosu f̃5
2afmf

A~mf̃ L

2
2mf̃ 1

2
!21af

2mf
2

~0<u f̃,p!, ~2.6!

and the trilinear breaking parameterAf can be written as

mfAf5mLR
2 1mfm~ tanb!22I f

3L
~2.7!

with mLR
2 [(mf̃ 1

2
2mf̃ 2

2 )sinu f̃cosu f̃ .

At the tree level the decay width ofA0→ f̃ 1 f̄̃ 2 is given by

G tree~A0→ f̃ 1 f̄̃ 2!5
NC

f k~mA0
2 ,mf̃ 1

2 ,mf̃ 2

2
!

16pmA0
3 uG123

f̃ u2 ~2.8!

with k(x,y,z)5A(x2y2z)224yz and the color factorNC
f

53 for squarks andNC
f 51 for sleptons, respectively.Gi j 3

f̃

denotes theA0- f̃ i* - f̃ j coupling as given in Appendix A.
09301
s
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III. FULL ELECTROWEAK CORRECTIONS

The full one-loop corrected decay width is given by

G~A0→ f̃ 1 f̄̃ 2!5
NC

f k~mA0
2 ,mf̃ 1

2 ,mf̃ 2

2
!

16pmA0
3

3@ uG123
f̃ u212 R~G123

f̃
•DG123

f̃ !#. ~3.1!

The ~UV finite! correctionsDG123
f̃ consist of the vertex cor-

rectionsdG123
f̃ (v) ~Fig. 12 below!, wave-function corrections

and the coupling counterterm correctionsdG123
f̃ (c) owing to the

shift from the bare to the on-shell values,

DG123
f̃ 5dG123

f̃ (v)1dG123
f̃ (w)1dG123

f̃ (c) . ~3.2!

The renormalization procedure with the fixing of the cou
terterms is given in@12#. The explicit formulas for the vertex

correctionsdG123
f̃ (v) as well as the various contributions to th

wave-function correctionsdG123
f̃ (w) ,

dG123
f̃ (w)5

1

2
R@dZ11

f̃ 1dZ22
f̃ 1dZ33

H #G123
f̃ , ~3.3!

can be found in Appendixes B and C. For the explicit form
las for the self-energies needed for the calculation of

counterterm correction,dG123
f̃ (c) @see Eq.~23! of @12##, we

refer to Appendix D.
Due to the diagrams with photon exchange we also h

to consider real photon emission corrections to cancel
infrared divergences~Fig. 12!. Therefore the corrected~UV-
and IR-convergent! decay width is

Gcorr~A0→ f̃ 1 f̄̃ 2![G~A0→ f̃ 1 f̄̃ 2!1G~A0→ f̃ 1 f̄̃ 2g!.
~3.4!

Throughout the paper we use the SUSY invariant dim
sional reduction as regularization scheme. For convenie
we perform the calculation in the ’t Hooft–Feynman gaug
j51.

IV. IMPROVEMENT OF ONE-LOOP CORRECTIONS

It has already been pointed out in@12# that in the case of
bottom squarks and tau sleptons, especially for large tab,

the corrections to the decay widthsA0→b̃1b̄̃2 and A0

→ t̃1t̄̃2 can be very large in the on-shell renormalizati
scheme. If the corrections are negative, the one-loop
rected width can even become negative and therefore
physical. Hence the perturbation expansion around the
shell tree level is no longer reliable. It has been shown
@13,14# that, in the case of decays into bottom squarks,
source of these large corrections is mainly the counterte
for mb and the trilinear couplingAb , in particular the SUSY
QCD corrections. However, despite the absence of str
interactions for the decay into tau sleptons, the correcti
become extremely large. We show that this problem can
1-2
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solved by defining an appropriate tree level in terms of r
ning values formf andAf . The expansion around this ne
tree level then no longer suffers from bad convergence.

A. Correction to mb

First we review the improvement of the perturbation e
pansion by usingDR running bottom quark masses, follow
ing @14–16#.

If the Yukawa couplinghb is given at the tree level in
terms of the pole massmb , the one-loop corrections becom
very large due to gluon and gluino exchange contribution
09301
-

-

o

the countertermdmb . The large counterterm caused by th
gluon loop is absorbed by using SM 2-loop renormalizat
group equations in the modified minimal subtraction (MS)
scheme@14–16#. Thus we obtain the SM running bottom
quark massm̂b(Q)SM:

m̂b~Q!SM
MS5S m̂b~Q!SM

MS

m̂b~mb!SM
MSD m̂b~mb!SM

MS. ~4.1!

The ratio@m̂b(Q)SM
MS/m̂b(mb)SM

MS# can be expressed as
m̂b~Q!SM
MS

m̂b~mb!SM
MS

55
c5„as

(2)~Q!/p…

c5„as
(2)~mb!/p…

~mb,Q<mt!,

c6„as
(2)~Q!/p…

c6„as
(2)~mt!/p…

c5„as
(2)~mt!/p…

c5„as
(2)~mb!/p…

~Q.mt!,
on-
re-
on-
in

e

g

ts

the
ase
-

s
i-

ra-
where we have used the functions

c5~x!5S 23

6
xD 12/23

~111.175x! ~mb,Q<mt!,

c6~x!5S 7

2
xD 4/7

~111.398x! ~Q.mt!,

and the 2-loop renormalization group equations foras @16#,

as
(2)~Q!5

12p

~3322nf !ln~Q2/Lnf

2 !

3S 12
6~153219nf !

~3322nf !
2

ln ln~Q2/Lnf

2 !

ln~Q2/Lnf

2 !
D ,

~4.2!

with nf55 or 6 formb,Q<mt or Q.mt , respectively. For
the SMDR running bottom quark mass at the scaleQ5mb

we use theMS equation

m̂b~mb!SM
MS5mbF11

4

3

as
(2)~mb!

p
1KqS as

(2)~mb!

p D 2G21

~4.3!

with Kq512.4 and then convert toDR using one-loop run-
ning as(Q):

m̂b~Q!SM5S m̂b~Q!SM
MS

m̂b~mb!SM
MSD m̂b~mb!SM

MS2
as~Q!

3p
mb .

~4.4!
In the MSSM, for large tanb the counterterm tomb can be
very large due to the gluino-mediated graph@13,17,18#. Here
we absorb the gluino contribution as well as the sizable c
tributions from neutralino and chargino loops and the
maining electroweak self-energies into the Higgs-bos
sfermion-sfermion tree-level coupling. In this way we obta
the full DR running bottom quark mass

m̂b~Q!MSSM5m̂b~Q!SM1dmb~Q!. ~4.5!

The explicit form of the electroweak contribution to th
countertermdmb(Q) is given in Appendix D 4.

B. Correction to Ab,t

The second source of a very large correction~in the on-
shell scheme! is the counterterms for the trilinear couplin
Ab,t @see Eq.~2.7!#,

dAb,t5
dmLR

2

mb,t
2

mLR
2

mb,t

dmb,t

mb,t
1dm tanb1md tanb.

~4.6!

Again, the big bottom quark mass correctiondmb contributes
to dAb , but the counterterm of the left-right mixing elemen
of the sfermion mass matrix,dmLR

2 , also gives a very large
correction for higher values of tanb. In particular, in the
case of the decay into staus, this is the main source for
bad convergence of the tree-level expansion. As in the c
of the large correction tomb we redefine the Higgs-boson
sfermion-sfermion tree-level coupling in terms ofDR run-
ning Âb,t(mA0). Because of the fact that the counterterm
dAb,t ~for large tanb) can become several orders of magn
tude larger than the on-shellAb,t we useÂb,t(mA0) as input
@14#. In order to be consistent we have to perform an ite
1-3
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tion procedure to get all the correct running and on-sh
masses, mixing angles and other parameters. This proce
is described below.

V. METHOD OF IMPROVEMENT

In this section we will explain in detail how we can im
prove the perturbation calculation for the bottom squark a
stau cases by usingDR running values formb andAb,t in the
Higgs-boson-sfermion-sfermion tree-level couplings. Sin
we takeDR running values forÂb and Ât as input and all
other parameters on shell we will have to pay attention to
bottom squark and stau sector in order to get consistently
needed running and on-shell masses, mixing angles and o
parameters. Here we adopt the procedure developed in@14#
and also extend it to the electroweak case.

A. Calculation of running and on-shell parameters

1. Top squark sector

We start our calculation in the top squark sector. Beca
all input parameters in the top squark sector are on shel
obtain the on-shell massesmt̃ 1

, mt̃ 2
and the top squark mix

ing angleu t̃ by diagonalizing the top squark mass matrix
the t̃ L- t̃ R basis; see Sec. II. The running top squark mas
m̂t̃ i

and mixing angleû t̃ are calculated at the scaleQ5Qt̃

5Amt̃ 1
mt̃ 2

by adding the appropriate counterterms to t
on-shell values in

m̂t̃ i

2
~Qt̃ !5mt̃ i

2
1dmt̃ i

2 , ~5.1!

dmt̃ i

2
5RP i i

t̃ ~mt̃ i

2
!, ~5.2!

û t̃~Qt̃ !5u t̃1du t̃ . ~5.3!

The electroweak parts of the sfermion self-energiesP i i
f̃ (mf̃ i

2 )

are given in Appendix D 6 and the SUSY QCD contributio

P i i
SUSY QCD(mf̃ i

2 ) are given in Eqs.~25!–~27! in @8#. Here and

in the following all running parametersX̂(Q) are related to
their on-shell valuesX by X̂(Q)5X1dX, with dX being the
full one-loop counter term—also including the SUSY QC
parts. The mixing angle is fixed by@19#

du f̃5
1

4
~dZ12

f̃ 2dZ21
f̃ !

5
1

2~mf̃ 1

2
2mf̃ 2

2
!

R~P12
f̃ ~mf̃ 2

2
!1P21

f̃ ~mf̃ 1

2
!!. ~5.4!

For DR runningm̂t we use the formulas from Sec. IV A with
the obvious substitutionsmb→mt and Kq510.9 for the
topquark-case. Next we evaluate the running parame
M̂ Q̃(Q) and M̂ Ũ(Q) by inserting the running value
09301
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m̂t̃ i

2 (Q),û t̃(Q),m̂t(Q)MSSM, m̂Z(Q)5mZ1dmZ , b̂(Q)5b

1db and ûW5uW2(1/sinuW)(dmW/mW2dmZ /mZ) into the
equations

MQ̃
2

5mt̃ 1

2 cos2u t̃1mt̃ 2

2 sin2u t̃2mt
2

2mZ
2cos 2b~ I t

3L2etsin2uW!, ~5.5!

MŨ
2

5mt̃ 1

2 sin2u t̃1mt̃ 2

2 cos2u t̃2mt
2

2mZ
2cos 2betsin2uW . ~5.6!

For the running value ofAt we use@see Eq.~2.7!#

Ât5~m̂t̃ 1

2
2m̂t̃ 2

2
!
sin 2û t̃

m̂t

1m̂ cotb̂, ~5.7!

where we have taken the runningm̂(Q)5m1(dX)22
@20,21#.

2. Bottom squark sector

In the bottom squark sector we have given all parame
on shell except the parameter for the trilinear couplin
Âb(Q), which is running. First we calculatem̂b(Qb̃)MSSM

from Eq. ~4.5! at the scaleQb̃5Amb̃1
mb̃2

. From the top
squark sector we already know the running values
MQ̃ ,tanb and m. Then we diagonalize the bottom squa
mass matrix usingm̂b(Qb̃)MSSM,M̂ Q̃ ,tanb̂,m̂ and on-shell
MD̃ , which is near its running valueM̂ D̃ , to obtain the start-
ing values for m̂b̃i

and û b̃ . The on-shell bottom squark

massesmb̃i
and the mixing angleu b̃ are calculated from their

running values by subtracting the appropriate counterter
i.e. mb̃i

2
5m̂b̃i

2 (Q)2dmb̃i

2 , u b̃5 û b̃(Q)2du b̃ . Now we can

compute the running value forMD̃ . Using the relation@see
Eq. ~2.3!#

MD̃
2

5mb̃1

2 sin2u b̃1mb̃2

2 cos2u b̃2mb
22mZ

2cos 2bebsin2uW

~5.8!

we getM̂ D̃5(MD̃
2

1dMD̃
2 )1/2'MD̃1dMD̃

2 /(2MD̃) with

dMD̃
2

5dmb̃1

2 sin2u b̃1dmb̃2

2 cos2u b̃1~mb̃1

2
2mb̃2

2
!sin 2u b̃du b̃

22mbdmb2dmZ
2cos 2bebsin2uW

12mZ
2sin 2bdbebsin2uW2mZ

2cos 2bebd sin2uW

~5.9!

and dmb5m̂b(Qb̃)MSSM2mb . Because the parameters in
volved in these calculations are very entangled, e.g.M̂ D̃
1-4
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depends on thedmb̃i
which themselves depend onMD̃ , we

have to perform an iteration procedure.

3. Iteration procedure

Here we will describe in detail the procedure for obta
ing all necessary on-shell and running parameters. For c
venience, we briefly denote all masses, parameters,
plings etc. for a certainn>1 in the iteration byX̂(n). As
starting valuesX̂(0) we take on-shell masses and paramet
~exceptÂb which is running! and the couplings derived from
these quantities. The only exceptions are the standard m
running fermion massesm̂f

(0)5m̂f(Q)SM. m̂f stands for the

full DR running fermion masses,m̂f(Q)MSSM.
The single steps of the iteration procedure are the follo

ing:
~1! The running top squark masses and the top squ

mixing angle are calculated as explained above
m̂t̃ i

2(n)
5mt̃ i

2
1dmt̃ i

2(n)(X̂(n21)) and û t̃
(n)

5u t̃1du t̃
(n)(X̂(n21)).

~2! m̂t
(n)5m̂t,SM1dmt

(n)(X̂(n21)).

~3! m̂Z
(n)5mZ1dmZ

(n)(X̂(n21)) and sin2ûW
(n)5sin2uW

1d sin2uW
(n) with d sin2uW

(n)52cos2uW(dmW/mW2dmZ /

mZ)(X̂(n21)).
~4! The running value of tanb, tanb̂ (n)5tanb

1d tanb (n), with

d tanb (n)5~1/mZsin 2b!Im PA0Z0~X̂(n21)!tanb @22#.

~5! m̂ (n)5m1dm (n) with dm (n)5dX22(X̂(n21)).
~6! The soft SUSY breaking massesM̂ Q̃,Ũ

(n) are calculated

from m̂t̃ i

(n) , û t̃
(n) , m̂t(Qt̃)

(n), m̂Z
(n) , sin2ûW

(n) and tanb̂ (n).

~7! We compute the runningÂt by using running values in
Eq. ~5.7!: Ât

(n)5(m̂t̃ 1

2(n)
2mt̃ 2

2(n)) sin 2û t̃
(n)/m̂t

(n) 1m̂(n)cotb̂(n).

~8! In the bottom squark sector we obtaindmb
(n) from the

running values already calculated in steps 1–7, likem̂b̃i

(n) ,

û b̃
(n) or m̂f

(n) , and the remaining masses, couplings etc. fr

X̂(n21).
~9! m̂b

(n)5m̂b,SM1dmb
(n) .

~10! We obtain the running bottom squark masses,m̂b̃i

(n) ,

and the mixing angle,û b̃
(n) , by solving the mass eigenvalu

problem with the running values ofM̂ Q̃
(n) , M̂ D̃

(n21) , m̂b
(n) ,

Âb , m̂ (n) and tanb̂ (n).
~11! The on-shell bottom squark massesmb̃i

2(n)
5m̂b̃i

2(n)

2dmb̃i

2(n)(Qb̃
(n)) at the scaleQb̃

(n)
5Am̂b̃1

(n)
m̂b̃2

(n), and u b̃
(n)

5 û b̃
(n)

2du b̃
(n) .

~12! dMD̃
2(n)

5dmb̃1

2(n)sin2ub̃1dmb̃2

2(n)cos2ub̃1(mb̃1

2
2mb̃2

2 )

3sin 2ub̃dub̃
(n)

22mb(m̂b
(n)2mb) 2dmZ

2(n) cos 2beb sin2uW12mZ
2

3sin 2bdb(n)ebsin2uW2mZ
2cos 2bebd sin2uW

(n) . ~Remember
that the values without a caret are on-shell ones.!

~13! M̂ D̃
(n)

5MD̃1(1/2)dMD̃
2(n)/MD̃ .
09301
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~14! In the sneutrino sector we calculate the runni
sneutrino massm̂ñt

2(n)
5mñt

2
1dmñt

2(n)(X̂(n21)) and M̂ L̃
2 (n)

5m̂ñt

2(n)
2 1

2 m̂Z
(n)cos 2b̂(n); see also Eq.~5.5!.

~15! In the stau sector the values for runningm̂t
(n) ,m̂t̃ i

(n)

etc. are calculated as in steps 8–13 in the bottom squ
sector with the evident substitutionb̃→ t̃ for the correspond-
ing parameters andMQ̃→ML̃ ,MD̃→MẼ .

~16! All couplings are recalculated with the new runnin
parameters→X̂n.

The iteration starts withn51 and ends when certain pa
rameters are calculated precisely enough for a given a
racy, i.e.u12 x̂(n)/ x̂(n21)u,« for x̂5$m̂b ,M̂ D̃ ,m̂t ,M̂ Ẽ%. For
« we choose«51028. We have checked the consistency
this procedure by computing the on-shellMD̃ and running
MQ̃ from the bottom squark sector by using

MD̃
2

5mb̃1

2 sin2u b̃1mb̃2

2 cos2u b̃2mb
22mZ

2cos 2bebsin2uW ,

~5.10!

M̂ Q̃
2

5m̂b̃1

2 cos2û b̃1m̂b̃2

2 sin2û b̃2m̂b
2

2m̂Z
2cos 2b̂~ I b

3L2ebsin2ûW!, ~5.11!

which are equal~up to higher order corrections! to the on-
shell inputMD̃ and runningMQ̃ from the top squark sector

For easier reading the single steps of the iteration pro
dure of the top and bottom squark sectors are depicted in
flowchart in Fig. 1.

FIG. 1. Simplified flowchart for the iteration procedure. F
details, see Sec. V A.
1-5
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B. Numerical results

In the following numerical examples, we take for the sta
dard model parameters mZ591.1876 GeV, mW

580.423 GeV, sin2uW512mW
2 /mZ

2 , a(mZ)51/127.934,mt

5174.3 GeV, mb54.7 GeV, mt51.8 GeV and
$mu ,md ,me ,mc ,ms ,mm%5$4,8,0.511,1300,200,106% MeV
for 1st and 2nd generation fermions.M 8 is fixed by the
gaugino unification relationM 85(5/3)tan2uWM ; therefore
the gluino mass is related to M by mg̃
5@as(mg̃)/a#sin2uWM. In order to reduce the number of pa
rameters in the input parameter set, we assumeMQ̃[MQ̃3

5 (10/9)MŨ3
5 (10/11)MD̃3

5 ML̃3
5 MẼ3

5 MQ̃1,2
5 MŨ1,2

5MD̃1,2
5ML̃1,2

5MẼ1,2
for the first, second and third gener

tion soft SUSY breaking masses as well asA[At5Ab5At
for all ~s!fermion generations, if not stated otherwise.

1. Top squark case

In Fig. 2 we show the tree-level and the corrected wid

to A0→ t̃ 1 t̄̃ 2 for tanb515 and $mA0,A,M ,MQ̃%5$700,
2500,120,300% GeV as a function of the Higgsino mass p
rameterm. The electroweak corrections are almost const

FIG. 3. Tree-level width~dotted line!, full electroweak corrected
decay width~dashed line! and full one-loop~electroweak and SUSY
QCD! corrected width~solid line! of A0→ t̃ 1 t̄̃ 2 as functions ofmt̃ 1

.

FIG. 2. Tree-level width~dotted line!, full electroweak corrected
decay width~dashed line! and full one-loop~electroweak and SUSY
QCD! corrected width~solid line! of A0→ t̃ 1 t̄̃ 2 as functions ofm.
09301
-

s

t

about27%. At m'2242 GeV one can identify the pseudo

threshold coming fromt̃ 2→tx̃4
0.

Figure 3 shows the tree-level, the full electroweak and
full one-loop corrected~electroweak and SUSY QCD! decay
widths of A0→ t̃ 1 t̄̃ 2 as functions of the lighter top
squark mass,mt̃ 1

, where MQ̃ is varied from 200 to 450

GeV. As input parameters we choose$mA0,m,A,M %
5$900,250,300,120% GeV and tanb57. Again, in a large
region of the parameter space the electroweak corrections
comparable to the SUSY QCD ones. The pseudothresho
mt̃ 1

'304 GeV originates from t̃ 2→tx̃3
0 in the wave-

function correction.
In Fig. 4 the dependence of the crossed channel de

width, G( t̃ 2→ t̃ 1A0), as a function of tanb is given. We see
that the electroweak corrections have different signs co
pared to the SUSY QCD ones and go up to 10%. As in
parameters we have chosen$mA0,m,A,M ,MQ̃%5$170,500,
2390,250,350% GeV as well asMŨ3

5450 GeV to get an
acceptable top squark mass splitting.

Figure 5 shows the decay widthG( t̃ 2→ t̃ 1A0) as a func-
tion of mt̃ 1

, varying MQ̃3
from 200 to 460 GeV. To get a

FIG. 4. tanb dependence of the tree-level~dotted line!, full
electroweak corrected~dashed line! and full one-loop corrected
~solid line! decay widths oft̃ 2→ t̃ 1A0.

FIG. 5. mt̃ 1
dependence of the tree-level~dotted line!, full elec-

troweak corrected~dashed line! and full one-loop corrected~solid

line! decay widths oft̃ 2→ t̃ 1A0.
1-6
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larger mass splitting for the top squarks, we relax the con
tions for 3rd generation squarks and take$MŨ3

,MD̃3
%

5$500,300% GeV. All other SUSY breaking masses a
fixed at 300 GeV. For the remaining input parameters
choose$mA0,m,A%5$120,2400,2350% GeV and tanb57.

2. Bottom squark case

In Fig. 6 we show two kinds of perturbation expansi

for G(A0→b̃1b̄̃2) with $mA0,m,A,M ,MQ̃%5$800,2300,
2500,200,300% GeV. First we show the tree-level width
given in terms of on-shell input parameters~dotted line!. The
dashed and dash-dot-dotted lines correspond to the on-
electroweak and full~electroweak plus SUSY QCD! one-
loop widths, respectively. For both corrections one c
clearly see the invalidity of the on-shell perturbation expa
sion, which leads to an improper negative decay width. T

FIG. 6. Two kinds of perturbation expansion: the dotted li
corresponds to the on-shell tree-level width, the dashed and d
dot-dotted lines correspond to electroweak SUSY QCD on-s
one-loop widths, respectively. The dash-dotted line correspond
the improved tree-level and the solid line to the~full ! improved
one-loop widths.

FIG. 7. Perturbation expansion around the improved tree-le

decay width~dotted line! of G(A0→b̃1b̄̃2) as a function of the
trilinear couplingA. Dashed and solid lines correspond to the i
proved SUSY QCD and full improved one-loop widths, respe
tively.
09301
i-

e
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second method of perturbation expansion is given by
dash-dotted and the solid lines, which correspond to the
proved tree-level and improved full one-loop decay width
respectively. Here we take the same input parameters a
the first case but with runningA52500 GeV.

In Fig. 7 we show the decay widthG(A0→b̃1b̄̃2) as a
function of DR running A for $mA0,m,M ,MQ̃%5$800,
2300,300,300% GeV and tanb530. The dotted line corre-
sponds to the improved tree-level width, the dashed line c
responds to the improved SUSY QCD one-loop width a
the solid line shows the full improved one-loop width. F
negativeA the electroweak corrections decrease the de
width by ;20%, whereas for positiveA the SUSY QCD
corrections almost vanish and the electroweak ones go u
30%.

Figure 8 shows the behavior of the decay widthG(b̃2

→b̃1A
0) for large tanb. As in Fig. 6 two kinds of perturba-

tion expansion are given. The dotted and dash-dot-do
lines correspond to the tree-level and full one-loop dec

h-
ll
to

el

-

FIG. 8. tanb dependence ofG(b̃2→b̃1A0) for two kinds of
perturbation expansion. The dotted and dash-dot-dotted lines c
spond to on-shell tree-level and full one-loop widths, respectiv
the dash-dotted line corresponds to improved tree-level width
the solid line shows the full improved one-loop width.

FIG. 9. On-shell tree-level~dotted line! and full electroweak

on-shell corrected decay~dashed line! widths of A0→ t̃1t̄̃2 as a
function of tanb. The dash-dotted and solid lines correspond
improved tree-level and full improved one-loop decay widths.
1-7
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widths in the pure on-shell scheme. For large tanb one can
clearly see the invalidity of the perturbation series, leading
a negative decay width. In the second case we show
expansion around the tree-level decay width, given in te
of runningAb andmb . The dash-dotted line corresponds
the improved tree-level width and the solid one to the o
loop width. Up to tanb;30 the corrections stay relativel
small, which indicates that already the~improved! tree level
is a good approximation forG(b̃2→b̃1A0). As input param-
eters we take the values$mA0,m,A,M ,MQ̃%5$150,
2220,500,200,300% GeV andMD̃3

5500 GeV for kinemati-
cal reasons.

3. Stau case

In Fig. 9 theA0 decay into two staus is given as a functio
of tanb. Despite the absence of SUSY QCD corrections
perturbation expansion around the on-shell tree-level w
~dotted line! leads to an improper negative decay wid
~dashed line! coming from largeO(hb

2) corrections. As input
parameters we take $mA0,m,A,M ,MQ̃%5$800,400,
2500,120,300% GeV. The dash-dotted line corresponds
the improved tree-level width and the solid line shows
improved one-loop width for the same input parameters
above and runningA52500 GeV.

Figure 10 shows the decay width ofG(A0→ t̃1t̄̃2) as a
function of the mass of the decaying Higgs bosonA0 for the
improved perturbation expansion. The dotted and the s
lines correspond to the~improved! tree-level and full one-
loop widths, respectively. In the whole region of the para
eter space shown the~electroweak! corrections decrease th
on-shell width by 15%. As input parameters we choo
$m,A,M ,MQ̃%5$2450,2500,120,260% GeV and tanb57.

In Fig. 11 we show theA dependence ofG( t̃2→ t̃1A0) in
the improved case. For negative values ofA the corrections
increase the on-shell width by;20% whereas for positive
values ofA the corrections are negative and go up to 15
The input parameters are taken as follows:$mA0,m,M ,MQ̃%
5$150,400,300,300% GeV and MẼ3

5500 GeV for an ac-

ceptable stau mass splitting. For tanb we take the value 30

FIG. 10. mA0 dependence of the improved tree-level~dotted
line! and full one-loop corrected~solid line! decay widths of

G(A0→ t̃1t̄̃2).
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VI. CONCLUSIONS

We have calculated thefull electroweak one-loop correc
tions to the decay widthsA0→ f̃ 1 f̄̃ 2 and f̃ 2→ f̃ 1A0 in the
on-shell scheme. We have presented all formulas required
the computation. It has been necessary to renormalize alm
all parameters of the MSSM. We have also included
SUSY QCD corrections which were calculated in@8#. For the
decay into bottom squarks and tau sleptons for large tanb an
improvement of the on-shell perturbation expansion is n
essary. We have worked out an iterative method to impr
the one-loop calculation. Thereby, the tree-level coupling
redefined in terms ofDR running masses and runningAf .
We find that the corrections are significant and in a w
range of the parameter space comparable to the SUSY
corrections.
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APPENDIX A: NOTATION AND COUPLINGS

For the neutral and charged Higgs fields we use the n
tion Hk

05$h0,H0,A0,G0%, Hk
15$H1,G1,H2,G2% and Hk

2

[(Hk
1)* 5$H2,G2,H1,G1%. t/ t̃ stands for an up-type

~s!fermion andb/b̃ for a down-type one. Following@2,3# the
Higgs-boson-sfermion-sfermion couplings for neutral Hig

bosons,Gi jk
f̃ , can be written as

Gi jk
f̃ [G~Hk

0 f̃ i* f̃ j !5@Rf̃GLR,k
f̃ ~Rf̃ !T# i j . ~A1!

The 3rd generation left-right couplingsGLR,k
f̃ for up- and

down-type sfermions are

FIG. 11. A dependence of the improved tree-level~dotted line!

and improved one-loop~solid line! decay widths fort̃2→ t̃1A0.
1-8



GLR,1
t̃ 5

2A2htmtca1gZmZ~ I t
3L2etsW

2 !sa1b 2
ht

A2
~Atca1msa!

, ~A2!
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S
2

ht

A2
~Atca1msa! 2A2htmtca1gZmZetsW

2 sa1b
D

GLR,1
b̃ 5S A2hbmbsa1gZmZ~ I b

3L2ebsW
2 !sa1b

hb

A2
~Absa1mca!

hb

A2
~Absa1mca! A2hbmbsa1gZmZebsW

2 sa1b
D , ~A3!

GLR,2
f̃ 5GLR,1

f̃ with a→a2p/2, ~A4!

GLR,3
t̃ 52A2htS 0 2

i

2
~Atcb1msb!

i

2
~Atcb1msb! 0

D , ~A5!

GLR,3
b̃ 52A2hbS 0 2

i

2
~Absb1mcb!

i

2
~Absb1mcb! 0

D , ~A6!

GLR,4
f̃ 5GLR,3

f̃ with b→b2p/2, ~A7!

where we have used the abbreviationssx[sinx, cx[cosx andsW[sinuW. a denotes the mixing angle of the$h0,H0% system,
andht andhb are the Yukawa couplings

ht5
gmt

A2mWsinb
, hb5

gmb

A2mWcosb
. ~A8!

The couplings of charged Higgs bosons to two sfermions are given by (l 51,2)

Gi jl
f̃ f̃ 8[G~Hl

6 f̃ i* f̃ j8!5Gjil
f̃ 8 f̃5~Rf̃GLR,l

f̃ f̃ 8 ~Rf̃ 8!T! i j , ~A9!

GLR,1
t̃ b̃ 5S hbmbsinb1htmtcosb2

gmW

A2
sin 2b hb~Absinb1m cosb!

ht~Atcosb1m sinb! htmbcosb1hbmtsinb
D , ~A10!

GLR,1
b̃ t̃ 5S hbmbsinb1htmtcosb2

gmW

A2
sin 2b ht~Atcosb1m sinb!

hb~Absinb1m cosb! htmbcosb1hbmtsinb
D 5~GLR,1

t̃ b̃ !T, ~A11!

GLR,2
f̃ f̃ 8 5GLR,1

f̃ f̃ 8 with b→b2
p

2
. ~A12!

f 8 denotes the isospin partner of the fermionf, i.e. t85b,b̃i85 t̃ i etc. Note that only the angleb explicitly given in the matrices
above has to be substituted; the dependence ofb in the Yukawa couplings has to remain the same.

The Hk
0Hl

0 f̃ i* f̃ j interaction is given by
093011-9
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L52
1

2 (
f

@hf
2ckl

f̃ d i j 1g2~ckl
b̃ 2ckl

t̃ !ei j
f̃ #Hk

0Hl
0 f̃ i* f̃ j , ~A13!

with

ckl
b̃ 5S sin2a 2

1

2
sin 2a 0 0

2
1

2
sin 2a cos2a 0 0

0 0 sin2b 2
1

2
sin 2b

0 0 2
1

2
sin 2b cos2b

D , ~A14!

ckl
t̃ 5S cos2a

1

2
sin 2a 0 0

1

2
sin 2a sin2a 0 0

0 0 cos2b
1

2
sin 2b

0 0
1

2
sin 2b sin2b

D , ~A15!

ei j
f̃ 5

1

2cW
2 @~ I f

3L2efsW
2 !Ri1

f̃ Rj 1
f̃ 1efsW

2 Ri2
f̃ Rj 2

f̃ #. ~A16!

For theHk
1Hl

2 f̃ i* f̃ j interaction,

L52
1

2 (
f

@hf
2dkl

f̃ ~Ri2
f̃ Rj 2

f̃ 1Ri1
f̃ 8Rj 1

f̃ 8!1g2~dkl
b̃ 2dkl

t̃ ! f i j
f̃ #Hk

1Hl
2 f̃ i* f̃ j , ~A17!

we use the coupling matrices

dkl
b̃ 5S sin2b 2

1

2
sin 2b 0 0

2
1

2
sin 2b cos2b 0 0

0 0 sin2b 2
1

2
sin 2b

0 0 2
1

2
sin 2b cos2b

D , ~A18!

dkl
t̃ 5S cos2b

1

2
sin 2b 0 0

1

2
sin 2b sin2b 0 0

0 0 cos2b
1

2
sin 2b

0 0
1

2
sin 2b sin2b

D , ~A19!
093011-10
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f i j
f̃ 5

1

2cW
2 @~2I f

3Lcos 2uW2efsW
2 !Ri1

f̃ Rj 1
f̃ 1efsW

2 Ri2
f̃ Rj 2

f̃ #.

~A20!

For the Higgs-boson-fermion-fermion couplings the inter
tion Lagrangian reads

L5 (
k51

2

sk
f Hk

0 f̄ f 1 (
k53

4

sk
f Hk

0 f̄ g5f

1(
l 51

2

@Hl
1 t̄ ~yl

bPR1yl
tPL!b1H.c.# ~A21!

with the couplings

s1
t 52g

mtcosa

2mWsinb
52

ht

A2
cosa,

s1
b5g

mbsina

2mWcosb
5

hb

A2
sina,

s2
t 52g

mtsina

2mWsinb
52

ht

A2
sina,

s2
b52g

mbcosa

2mWcosb
52

hb

A2
cosa,

s3
t 5 ig

mtcotb

2mW
5 i

ht

A2
cosb,

s3
b5 ig

mbtanb

2mW
5 i

hb

A2
sinb,

s4
t 5 ig

mt

2mW
5 i

ht

A2
sinb,

s4
b52 ig

mb

2mW
52 i

hb

A2
cosb,

y1
t 5g

mtcotb

A2mW

5htcosb,

y1
b5g

mbtanb

A2mW

5hbsinb,

y2
t 5g

mt

A2mW

5htsinb, y2
b52g

mb

A2mW

52hbcosb.

~A22!

The interaction Lagrangian for Higgs bosons and gaugino
given by
09301
-

is

L52
g

2 (
k51

2

Hk
0x̄̃ l

0Flmk
0 x̃m

0 2 i
g

2 (
k53

4

Hk
0x̄̃ l

0Flmk
0 g5x̃m

0

2g(
k51

2

Hk
0x̄̃ i

1~Fi jk
1 PR1F jik

1 PL!x̃ j
1

1 ig(
k53

4

Hk
0x̄̃ i

1~Fi jk
1 PR1F jik

1 PL!x̃ j
1

2g(
k51

2

@Hk
1 x̄̃ i

1~Filk
R PR1Filk

L PL!x̃1
01 H.c.# ~A23!

with

Flmk
0 5

ek

2
@Zl3Zm21Zm3Zl22tanuW~Zl3Zm11Zm3Zl1!#

1
dk

2
@Zl4Zm21Zm4Zl22tanuW~Zl4Zm11Zm4Zl1!#

5Fmlk
0 , ~A24!

Fi jk
1 5

1

A2
~ekVi1U j 22dkVi2U j 1!, ~A25!

and

Filk
R 5dk12FVi1Zl41

1

A2
~Zl21Zl1tanuW!Vi2G ,

Filk
L 52ek12FUi1Zl32

1

A2
~Zl21Zl1tanuW!Ui2G .

~A26!

U,V and Z are rotation matrices that diagonalize th
chargino and neutralino mass matrices.dk and ek take the
values

dk5$2cosa,2sina,cosb,sinb%,

ek5$2sina,cosa,2sinb,cosb%. ~A27!

The coupling of the vector bosonZ0 to two sfermions,

L52 igZzi j
f̃ Zm

0 f̃ i* ]mJ f̃ j with gZ5g/cosuW, is given by the
matrix

zi j
f̃ 5CL

f Ri1
f̃ Rj 1

f̃ 1CR
f Ri2

f̃ Rj 2
f̃ ~A28!

with CL
f 5I f

3L2efsW
2 andCR

f 52efsW
2 .

For the interaction of a vector boson with two gaugin
we use the couplings
1-11
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Oi j
L 5Zi2Vj 12

1

A2
Zi4Vj 2 , Oi j

R5Zi2U j 11
1

A2
Zi3U j 2 ,

~A29!

Oi j8
L52Vi1Vj 12

1

2
Vi2Vj 21d i j sW

2 , ~A30!

Oi j8
R52Ui1U j 12

1

2
Ui2U j 21d i j sW

2 , ~A31!

Oi j9
L52

1

2
Zi3Zj 31

1

2
Zi4Zj 452Oi j9

R . ~A32!

The interaction Lagrangian of the chargino-sfermion-ferm
couplings is given by

L5 t̄ ~ l i j
b̃ PR1ki j

b̃ PL!x̃ j
1b̃i1b̄~ l i j

t̃ PR1ki j
t̃ PL!x̃ j

1ct̃ i

1x̃ j
1~ l i j

b̃ PL1ki j
b̃ PR!tb̃i* 1x̃ j

1c~ l i j
t̃ PL1ki j

t̃ PR!b t̃ i*

~A33!

with the coupling matrices

l i j
t̃ 52gVj 1Ri1

t̃ 1htVj 2Ri2
t̃ , l i j

b̃ 52gUj 1Ri1
b̃ 1hbU j 2Ri2

b̃ ,

ki j
t̃ 5hbU j 2Ri1

t̃ , ki j
b̃ 5htVj 2Ri1

b̃ . ~A34!

For the neutralino-sfermion-fermion couplings the Lagran
ian reads

L5 f̄ ~aik
f̃ PR1bik

f̃ PL!x̃k
0 f̃ i1xD k

0~aik
f̃ PL1bik

f̃ PR! f f̃ i*
~A35!

with the coupling matrices

aik
f̃ 5hfZkxRi2

f̃ 1g fLk
f Ri1

f̃ , bik
f̃ 5hfZkxRi1

f̃ 1g fRk
f Ri2

f̃

~A36!

and

f Lk
f 5A2@~ef2I f

3L!tanuWZk11I f
3LZk2#,

f Rk
f 52A2ef tanuWZk1 . ~A37!

x takes the values$3,4% for $down, up%-type cases, respec
tively.
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APPENDIX B: VERTEX CORRECTIONS

Here we give the explicit form of the electroweak cont
butions to the vertex corrections which are depicted in F
12. For SUSY QCD contributions we refer to@8#.

dG123
f̃ (v)5dG123

f̃ (v,H f̃ f̃ )1dG123
f̃ (v, f̃ HH)1dG123

f̃ (v,x̃ f f )1dG123
f̃ (v, f x̃x̃)

1dG123
f̃ (v,V)1dG123

f̃ (v, f̃ f̃ )1dG123
f̃ (v,H f̃ )1dG123

f̃ (v,AZ)

1dG123
f̃ (v,AG) . ~B1!

The single contributions correspond to the diagrams w

three scalar particles (dG123
f̃ (v,H f̃ f̃ ) anddG123

f̃ (v,HH f̃ )), three fer-

mions (dG123
f̃ (v,x̃ f f ) and dG123

f̃ (v, f x̃x̃)), one vector particle

(dG123
f̃ (v,V)) or two scalar particles (dG123

f̃ (v, f̃ f̃ ) and dG123
f̃ (v,H f̃ ))

in the loop.dG123
f̃ (v,AZmix) denotes the correction due to th

mixing of A0 andZ0 anddG123
f̃ (v,AG) is the Higgs boson mix-

ing transitionA0-G0.
As shown in @12# we can sum up theA0Z0 and A0G0

transition amplitudes which leads to

dG123
f̃ (v,AZ)1dG123

f̃ (v,AG)52
i

mZ
PAZ~mA0

2
!G124

f̃ . ~B2!

The explicit form of theA0-Z0 self-energy,PAZ(mA0
2 ), is

given in Appendix D 1. The vertex corrections from the e
change of one Higgs boson and two sfermions are

dG123
f̃ (v,H f̃ f̃ )52

1

~4p!2 (
m,n51

2

(
k51

4

Gmn3
f̃ Gimk

f̃ Gn jk
f̃

3C0~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mH
k
0

2
,mf̃ m

2 ,mf̃ n

2
!

2
1

~4p!2 (
m,n51

2

(
k51

2

Gmn3
f̃ 8 Gimk

f̃ f̃ 8 Gjnk
f̃ f̃ 8

3C0~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mH
k
1

2
,mf̃

m8
2

,mf̃
n8

2
! ~B3!

with the standard two-point functionC0 @23# for which we
follow the conventions of@24#. The graph with 2 Higgs par-
ticles and one sfermion in the loop leads to
dG123
f̃ (v, f̃ HH)52

1

~4p!2

gZmZ

2 (
m51

2 S (
k51

2

(
l 53

4

Gimk
f̃ Gm jl

f̃ Ak,l 221 (
k53

4

(
l 51

2

Gimk
f̃ Gm jl

f̃ Al ,k22DC0~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mf̃ m

2 ,mH
k
0

2
,mH

l
0

2
!

2
i

~4p!2
I f

3LgmW (
m51

2

@Gim1
f̃ f̃ 8 Gjm2

f̃ f̃ 8 C0~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mf̃
m8

2
,mH1

2 ,mG1
2

!

2Gim2
f̃ f̃ 8 Gjm1

f̃ f̃ 8 C0~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mf̃
m8

2
,mG1

2 ,mH1
2

!# ~B4!

with
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Akl5S 2cos 2b sin~a1b! 2sin 2b sin~a1b!

cos 2b cos~a1b! sin 2b cos~a1b!
D . ~B5!

For the gaugino exchange contributions we get

dG123
f̃ (v,x̃ f f )5

1

~4p!2 (
k51

4

F~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mx̃
k
0,mf ,mf ;s3

f ,2s3
f ,bik

f̃ ,aik
f̃ ,ajk

f̃ ,bjk
f̃ !

1
1

~4p!2 (
k51

2

F~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mx̃
k
1,mf 8 ,mf 8 ;s3

f 8 ,2s3
f 8 ,kik

f̃ ,l ik
f̃ ,l jk

f̃ ,kjk
f̃ !, ~B6!

FIG. 12. Vertex and photon emission diagrams relevant to the calculation of the virtual electroweak corrections to the dec

A0→ f̃ 1 f̄̃ 2.
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dG123
f̃ (v, f x̃x̃)5

1

~4p!2 (
k,l 51

4

F~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mf ,mx̃
k
0,mx̃

l
0; igFlk3

0 ,2 igFlk3
0 ,bik

f̃ ,aik
f̃ ,ajl

f̃ ,bjl
f̃ !

1
1

~4p!2 (
k,l 51

2

F~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mf 8 ,mx̃
k
1,mx̃

l
1; igF̃kl3

1 ,2 igF̃ lk3
1 ,kik

f̃ ,l ik
f̃ ,l j l

f̃ ,kjl
f̃ !, ~B7!

whereF( . . . ) is shorthand for

F~m1
2 ,m0

2 ,m2
2 ,M0 ,M1 ,M2 ;g0

R,g0
L ,g1

R,g1
L ,g2

R,g2
L!5~h1M11h2M2!B0~m0

2 ,M1
2 ,M2

2!1~h0M01h1M1!B0~m1
2 ,M0

2 ,M1
2!

1~h0M01h2M2!B0~m2
2 ,M0

2 ,M2
2!1@2~g0

Rg1
Rg2

R1g0
Lg1

Lg2
L!M0M1M2

1h0M0~M1
21M2

22m0
2!1h1M1~M0

21M2
22m2

2!

1h2M2~M0
21M1

22m1
2!#C0~m1

2 ,m0
2 ,m2

2 ,M0
2 ,M1

2 ,M2
2! ~B8!

with the abbreviationsh05(g0
Lg1

Rg2
R1g0

Rg1
Lg2

L),h15(g0
Lg1

Lg2
R1g0

Rg1
Rg2

L) andh25(g0
Rg1

Lg2
R1g0

Lg1
Rg2

L). For up-type sfermions

F̃kl3
1 5Fkl3

1 and for down-type sfermions chargino indices are interchanged,F̃kl3
1 5Flk3

1 . We split the irreducible vertex graph
with one vector particle in the loop into the single contributions of the photon, theZ boson and theW boson,

dG123
f̃ (v,V)5dG123

f̃ (v,g)1dG123
f̃ (v,Z)1dG123

f̃ (v,W) . ~B9!

In order to regularize the infrared divergences we introduce a photon massl. Thus we have

dG123
f̃ (v,g)5

1

~4p!2
~e0ef !

2G123
f̃ V~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,l2,mf̃ i

2 ,mf̃ j

2
!, ~B10!

dG123
f̃ (v,Z)5

1

~4p!2
gZ

2 (
m,n51

2

Gmn3
f̃ zim

f̃ zn j
f̃ V~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mZ
2 ,mf̃ m

2 ,mf̃ n

2
!

2
i

~4p!2

gZ
2

2 (
k,m51

2

Gm jk
f̃ zim

f̃ R1k~a2b!V~mA0
2 ,mf̃ j

2 ,mf̃ i

2 ,mZ
2 ,mH

k
0

2
,mf̃ m

2
!

1
i

~4p!2

gZ
2

2 (
k,m51

2

Gimk
f̃ zm j

f̃ R1k~a2b!V~mf̃ j

2 ,mf̃ i

2 ,mA0
2 ,mZ

2 ,mf̃ m

2 ,mH
k
0

2
!, ~B11!

dG123
f̃ (v,W)5

1

~4p!2

g2

2 (
m,n51

2

Gmn3
f̃ 8 Ri1

f̃ Rj 1
f̃ Rm1

f̃ 8 Rn1
f̃ 8 V~mf̃ i

2 ,mA0
2 ,mf̃ j

2 ,mW
2 ,mf̃

m8
2

,mf̃
n8

2
!

1
i

~4p!2

g2

2A2
(

m51

2

Gjm1
f̃ f̃ 8 Ri1

f̃ Rm1
f̃ 8 V~mA0

2 ,mf̃ j

2 ,mf̃ i

2 ,mW
2 ,mH1

2 ,mf̃
m8

2
!

2
i

~4p!2

g2

2A2
(

m51

2

Gim1
f̃ f̃ 8 Rm1

f̃ 8 Rj 1
f̃ V~mf̃ j

2 ,mf̃ i

2 ,mA0
2 ,mW

2 ,mf̃
m8

2
,mH1

2
!, ~B12!

where we have used the vector vertex function

V~m1
2 ,m0

2 ,m2
2 ,M0

2 ,M1
2 ,M2

2!52B0~m0
2 ,M1

2 ,M2
2!1B0~m1

2 ,M0
2 ,M1

2!1B0~m2
2 ,M0

2 ,M2
2!

1~22m0
21m1

21m2
22M0

21M1
21M2

2!C0~m1
2 ,m0

2 ,m2
2 ,M0

2 ,M1
2 ,M2

2! ~B13!

and the rotation matrixRkl ,

Rkl~f![S cosf sinf

2sinf cosf D
kl

. ~B14!

For the vertex graphs with 2 sfermions in the loop we obtain
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dG123
f̃ (v, f̃ f̃ )52

1

~4p!2
hf

2 (
m,n51

2

Gnm3
f̃ @Ri jmn

f̃ 1Rmni j
f̃ 1NC

f ~Rinm j
f̃ 1Rm jin

f̃ !#B0~mA0
2 ,mf̃ m

2 ,mf̃ n

2
!

2
1

~4p!2
gZ

2 (
m,n51

2

Gnm3
f̃ H F S 1

4
2~2I f

3L2ef !efsW
2 DRi jmn

f̃ L 1ef
2sW

2 Ri jmn
f̃ R G~NC

f 11!1~ I f
3L2ef !efsW

2 @NC
f ~Ri jmn

f̃ 1Rmni j
f̃ !

1Rinm j
f̃ 1Rm jin

f̃ #J B0~mA0
2 ,mf̃ m

2 ,mf̃ n

2
!2

1

~4p!2
NC

f̂ hfhf̂ (
m,n51

2

Gnm3
f̂̃ ~Ri jnm

f̃ f̂̃ F 1Rjimn
f̃ f̂̃ F !B0~mA0

2 ,m
f̂̃ m

2
,m

f̂̃ n

2
!. ~B15!

For various products of sfermion rotation matrices we have introduced the short forms

Ri jkl
f̃ L 5Ri1

f̃ Rj 1
f̃ Rk1

f̃ Rl1
f̃ , Ri jkl

f̃ 5Ri1
f̃ Rj 1

f̃ Rk2
f̃ Rl2

f̃ ,

Ri jkl
f̃ R 5Ri2

f̃ Rj 2
f̃ Rk2

f̃ Rl2
f̃ , Ri jkl

f̃ f̂̃ F 5Ri1
f̃ Rj 2

f̃ Rk1
f̂̃ Rl2

f̂̃ . ~B16!

Note that the last term in Eq.~B15! originates from the mixing of 2 squarks and 2 sleptons, wheref̂ denotes the ‘‘family

partner’’ of the fermionf with the same isospin and from the same generation, i.e.t̂5nt or t̃ i
ˆ5b̃i . The diagrams with one

Higgs boson and one sfermion in the loop lead to

dG123
f̃ (v,H f̃ )52

1

~4p!2 (
k53

4

(
m51

2

Gimk
f̃ @hf

2c3k
f̃ dm j1g2~c3k

b̃ 2c3k
t̃ !em j

f̃ #B0~mA0
2 ,mH

k
0

2
,mf̃ m

2
!

1
i

~4p!2
A2I f

3L (
k,m51

2

Gimk
f̃ f̃ 8 F H ~h↑

22g2/2!cos2b2~h↓
22g2/2!sin2b

~hf
21hf 8

2
2g2!sinb cosb J

k

Rm1
f̃ 8 Rj 1

f̃

1hfhf 8dk2Rm2
f̃ 8 Rj 2

f̃ GB0~mA0
2 ,mH

k
1

2
,mf̃

m8
2

!2 i↔ j . ~B17!
ng

nt
on

s

with h↑5$ht,0% andh↓5$hb ,ht% for the decay into$squarks,
sleptons%, respectively. The Higgs-boson-sfermion coupli

matricesckl
f̃ andei j

f̃ can be found in Appendix A.

APPENDIX C: DIAGONAL WAVE-FUNCTION
CORRECTIONS

For the diagonal wave-function renormalization consta
we use the conventional on-shell renormalization conditi
which lead to

dZ33
H 52RṖ33

H ~mA0
2

!, dZii
f̃ 52RṖ i i

f̃ ~mf̃ i

2
!, ~C1!

where the overdot inṖ i i (k
2) denotes the derivative with

respect tok2. In the following we list the single contribution
of the wave-function corrections~Figs. 13 and 14!.

1. Higgs boson part

dZ33
H, f5

2

~4p!2 (
f

NC
f ~s3

f !2@B0~mA0
2 ,mf

2 ,mf
2!

1mA0
2 Ḃ0~mA0

2 ,mf
2 ,mf

2!#, ~C2!
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s

dZ33
H, f̃52
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dZ33
H,x̃0

5
1

~4p!2
g2 (

k,l 51

4

~Fkl3
0 !2@Ḃ0~mA0
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FIG. 13. Diagonal Higgs boson self-energies.

FIG. 14. Diagonal sfermion self-energies.
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2. Sfermion part
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3Ḃ02B0!14mx̃
k
1mf 8kik

f̃ l ik
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FIG. 15. AZ-mixing self-energies.
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APPENDIX D: SELF-ENERGIES AND COUNTERTERMS

Here we give the explicit form of the self-energies needed for the computation of various counterterms for the o

width A0→ f̃ 1 f̄̃ 2.

1. AZ mixing

The scalar-vector mixing self-energy,PAZ(k2), is defined by the two-point function
ge
The single contributions from the particlesx are denoted by
the superscriptx in PAZ

x ~see Fig. 15!:
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2. W¿ self-energies

For the calculation of the mass counterterm of a gau
boson V(V5W6,Z0), dmV

25RPVV
T (mV

2), we need the
transverse part of the vector self-energyPVV

T (k2) ~Fig. 16!
from
~D7!
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Here f ↑ and f ↓ denote up- and down-type~s!fermions of all three generations, respectively.
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FIG. 16. W1 self-energies.
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FIG. 17. Z0 self-energies.
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3. Z0 self-energies

According to Eq.~D7! the mass counterterm contribution
to the gauge bosonZ0 are ~see Fig. 17!
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4. Fermion self-energies

In our notation, the fermion self-energy~Fig. 18! is de-
fined by
with

P~k!5k”PLPL~k!1k”PRPR~k!1PSL~k!PL1PSR~k!PR .

~D25!

Thus the counterterm for quarks and leptons is given by
dmf5
1

2
R$mf@PL~mf !1PR~mf !#1PSL~mf !1PSR~mf !%.

~D26!

Note that for quarks and leptons~unlike charginos!, the left-
and right-handed scalar parts ofP(k) are equal,PSL(k)
5PSR(k). The single contributions todmf are as follows:
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FIG. 18. Fermion self-energies.
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5. Chargino self-energies

Since the Higgsino mass parameterm is fixed in the
chargino sector, the countertermdm reads@20,21#
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~D34!

with the chargino self-energiesP i j 5P i j (mx̃
j
1

2
) ~see Fig. 19!.

U and V are two real 232 matrices which diagonalize th
chargino mass matrix,

UXVT5MD5S mx̃
1
1 0

0 mx̃
2
1
D .

The single left- and right-handed parts ofP i j can be found
by comparing the coefficients according to Eq.~D25!.

For the fermion-sfermion contribution,
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FIG. 19. Chargino self-energies.
1-20



in

IMPROVED FULL ONE-LOOP CORRECTIONS TOA0→f̃1 fD2 . . . PHYSICAL REVIEW D68, 093011 ~2003!
P i j
SR, f~k2!5

1

~4p!2 (
f

NC
f (

m51

2

@mf ↑kmi
f̃ ↓ l m j

f̃ ↓ B0~k2,mf ↑
2 ,mf̃ ↓m

2
!

1mf ↓l mi
f̃ ↑ km j

f̃ ↑ B0~k2,mf ↓
2 ,mf̃ ↑m

2
!#. ~D35!

For the Higgs-boson-gaugino contribution,
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For the vector-gaugino contribution,
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6. Sfermion self-energies

For the fixing of the sfermion mixing angleu f̃ we need
the off-diagonal elements of the sfermion self-energies~Fig.

20!, P i j
f̃ 5P i j

f̃ (mf̃ j

2 ). In the following,YL/R
f denotes the weak

hypercharge,YL/R
f 52(I f

3L/R2ef). The short forms for vari-
ous products of sfermion rotation matrices can be found

Appendix B. Additionally, we use the abbreviationRi jkl
f̃ f̂̃ D
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f̃ Rk2
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f̂̃ .

FIG. 20. Off-diagonal sfermion self-energies.
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The contributions from first and second generation sfermions,F̃m , are given by
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where the superscriptF̃ denotes values belonging to first and second generation scalar fermions with the same isospin af̃ ~e.g.
F̃15$ũ1 ,c̃1% for the top squark case!, F̃8 sfermions with different isospin etc.
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