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We compute the one loop corrected effective Lagrangian for the quark-squark-chargino and quark-
squark-neutralino interactions. The effective Lagrangian takes into account the loop corrections arising
from the exchange of the gluinos, charginos, neutralinos, W, Z, the charged Higgs, and the neutral Higgs.
We further analyze the squark decays into charginos and neutralinos and discuss the effect of the loop
corrections on them. The analysis takes into account CP phases in the soft parameters. It is found that the
loop corrections to the stop decay widths into chargino and neutralinos can be as much as 30% or even
larger. Further, the stop decay widths show a strong dependence on the CP phases. These results are of
relevance in the precision predictions of squark decays in the context of specific models of soft breaking in
supergravity and string based models.

DOI: 10.1103/PhysRevD.71.055007 PACS numbers: 14.80.Ly, 12.60.Jv
I. INTRODUCTION

The �q~q0i�
�
j and �q~qi�

0
j interactions are of great interest

since they enter in the decay of squarks. We expect that
such decays will be observed at the collider experiments.
Specifically one expects under the usual naturalness crite-
ria that most of the [sparticles] should become visible at the
Large Hadron Collider (LHC) with the possibility that
some of the sparticles may also become visible at RUN
II of the Tevatron. Specifically, some of the sparticles will
be sfermions, i.e., squarks and sleptons, whose decay
patterns include fermionic or bosonic final states [1,2].
Measurements of sparticle masses and of their decay
branching ratios will be a primary focus of attention after
the discovery of such particles, while a more precise
measurement will come eventually at the next linear col-
lider. With the above in mind, it is of great importance to
refine the theoretical computations of the decay branching
ratios beyond the tree level predictions [2] taking into
account the loop corrections. In previous works, only
partial analyses have been given where some of the loop
diagrams have been computed analytically [3–5] while
others are computed only numerically [6] or omitted
altogether.

In this paper, we give the first complete analysis of all
the allowed one loop diagrams analytically in a consistent
manner within the framework of a zero external momen-
tum approximation. For this purpose, it is found advanta-
geous to compute the one loop corrected effective
Lagrangian for the �q~q0i�

�
j and �q~qi�

0
j couplings. In the

analysis we also include in addition the effect of CP
phases. It is now well known that large CP phases can be
made compatible [7–10] with the experimental constraints
on the electric dipole moments (edms) of the electron [11],
address: Department of Physics, Faculty of
ersity of Alexandria, Alexandria, Egypt.

05=71(5)=055007(20)$23.00 055007
of the neutron [12], and of the Hg199 atom [13]. Further, if
the phases are large they could affect a whole host of low
energy phenomena. These include the effect on the Higgs
masses, couplings and decays [14–19], dark matter
[20,21], and a variety of other phenomena [22]. The outline
of the rest of the paper is as follows: In Sec. II we compute
the effective Lagrangian for the �t~bi��

j and �b~ti�
C
j interac-

tions. In Sec. III a similar analysis is done for the �q~qi�0j
interaction. In Sec. IV we give an analysis of the decay
widths of the squarks into charginos and neutralinos using
the effective Lagrangian. In Sec. V we give a numerical
analysis of the size of the loop effects on the decay widths.
We also study in this section the effect of CP phases on the
decay widths. Conclusions are given in Sec. VI.
II. EFFECTIVE LAGRANGIAN FOR �q ~q0i�
�
j

INTERACTION

In this section we study the effect of loop corrections on
�t~bi��

j and on �b~ti�c
j interactions. We begin with the tree

level Lagrangian density

L � g�t�RbijPR � LbijPL�~�
�
j
~bi

� g �b�RtijPR � LtijPL�~�
c
j~ti � H:c: (1)

where

Rbij � ��Uj1Db1i � KbUj2Db2i�Lbij � KtV�
j2Db1i

Rtij � ��Vj1Dt1i � KtVj2Dt2i�Ltij � KbU�
j2Dt1i

(2)

and where

Kt�b� �
mt�b����

2
p

mW sin��cos��
(3)

and the matrices U;V and Db�t� are the diagonalizing
matrices of the chargino and squark mass matrices so that
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U�M��V�1 � diag�m��
1
; m��

2
�

Dy
qM2

~qDq � diag�m2
~q1
; m2

~q2
�

(4)

where m��
i

(i � 1; 2) are the eigenvalues of the chargino
mass matrix and m2

~qI
(i � 1; 2) are the eigenvalues of the

squark mass2 matrix. The loop corrections produce shift in
the couplings of Eq. (2) as follows:

Leff � g�t��Rbij � �Rbij�PR � �Lbij ��Lbij�PL�~�
�
j
~bi

� g �b��Rtij � �Rtij�PR � �Ltij ��Ltij�PL�~�
c
j~ti

� H:c: (5)

where �Rbij, �Lbij, �Rtij, and �Ltij are the corrections
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FIG. 1. List of one loop graphs that contribute to the �~bit�
�
j

couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.
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that arise from the diagrams in Figs. 1– 4. As is conven-
tional we will use the zero external momentum approxi-
mation in the analysis of these corrections (see, e.g.,
Ref. [23]). A more complete analysis would require taking
into account a finite external momentum which, however,
is outside the scope of this work.

A. �Rbij and �Lbij analysis

Contributions to �Rbij and �Lbij arise from the nine
loop diagrams of Fig. 1. We discuss now in detail the
contribution of each of these diagrams, Figs. 1(a)–1(i).
We begin with the loop diagram of Fig. 1(a) which con-
tributes the following to �Rbij and �Lbij:
�R�1�
bij �

2�s

3�

X2
k�1

KbUj2D
�
t1kDb1ie

i�3Dt1kmbm~gf�m
2
b;m

2
~g;m

2
~tk
� (6)

�L�1�
bij � �

2�s

3�

X2
k�1

�V�
j1D

�
t1k � KtV�

j2D
�
t2k�Dt2kDb2ie�i�3mbm~gf�m2

b; m
2
~g; m

2
~tk
� (7)
FIG. 2. List of one loop graphs that contribute to the �~tib��
j

couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.
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FIG. 3. List of one loop graphs that contribute to the �~bib��
j

couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.

FIG. 4. List of one loop graphs that contribute to the �~tit��
j

couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.
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where

f�x; y; z� �
1

�x� y��x� z��z� y�




�
zx ln

z
x
� xy ln

x
y
� yz ln

y
z

�
: (8)

Next for the loop Fig. 1(b) we find

�R�2�
bij �

X2
k�1

X4
l�1

2KbUj2D�
t1k��blDb1i � ��

blDb2i�


 ��tlDt1k � ��
tlDt2k�

mbm�0l

16�2
f�m2

b;m
2
�0l
; m2

~tk
� (9)

�L�2�
bij � �

X2
k�1

X4
l�1

2�V�
j1D

�
t1k � KtV

�
j2D

�
t2k�


 ��blDb1i � $blDb2i���tlDt1k � $tlDt2k�



mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

~tk
� (10)
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�b�t�k �
gmb�t�X3�4�k

2mW cos��sin��

�b�t�k � eQb�t�X
0�
1k �

g
cos'W

X0�
2k�T3b�t�

�Qb�t�sin
2'W�$b�t�k

� eQb�t�X
0
1k �

gQb�t�sin
2'W

cos'W
X0
2k

(11)

where X0’s are given by

X0
1k � X1k cos'W � X2k sin'W

X0
2k � �X1k sin'W � X2k cos'W

(12)

and where X is the matrix that diagonalizes the neutralino
mass matrix so that

XTM�0X � diag�m�01
; m�02

; m�03
; m�04

�: (13)

Figure 1(c) contributes the following:
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�R�3�
bij �

1���
2

p
X2
k�1

X3
l�1

�Uj1Db1k � kbUj2Db2k�


 �Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos��

�Hki�Yl1 � iYl3 sin��

�H�
ik�Yl1 � iYl3 sin����C

S
tl � iCP

tl�



mt

16�2
f�m2

t ; m2
~bk
; m2

Hl
� (14)

where Y is the diagonalizing matrix of the Higgs mass2

matrix

YM2
HiggsY

T � diag�m2
H1
; m2

H2
; m2

H3
� (15)

and

Gij �
gmZ���
2

p
cos'W

��
�
1

2
�
1

3
sin2'W

�
D�

b1iDb1j

�
1

3
sin2'WD

�
b2iDb2j

�
sin�

�
gmb���

2
p

mW cos�
.D�

b1iDb2j (16)

Hij � �
gmZ���
2

p
cos'W

��
�
1

2
�
1

3
sin2'W

�
D�

b1iDb1j

�
1

3
sin2'WD

�
b2iDb2j

�
cos��

gm2
b���

2
p

mW cos�


�D�
b1iDb1j �D�

b2iDb2j� �
gmbm0Ab���
2

p
mW cos�

D�
b2iDb1j

(17)

and

CS
tl �

~CS
tl cos�t � ~CP

tl sin�t

CP
tl �

~CS
tl sin�t � ~CP

tl cos�t���
2

p
~CS
tl � Re�ht � 1ht�Yl2

� ��Im�ht � 1ht� cos�� Im��ht� sin��


 Yl3 � Re��ht�Yl1���
2

p
~CP
tl � �Im�ht � 1ht�Yl2

� ��Re�ht � 1ht� cos�� Re��ht� sin��


 Yl3 � Im��ht�Yl1 (18)

with

tan�t �
Im�1htht

� �ht
ht
cot��

1� Re�1htht
� �ht

ht
cot��

(19)

and

ht �
gmt���

2
p

mW sin�
: (20)
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The corrections �ht and 1ht are defined in the appendix.

�L�3�
bij � �

1���
2

p
X2
k�1

X3
l�1

KtV�
j2Db1k�Gki�Yl2 � iYl3 cos��

�G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin��

�H�
ik�Yl1 � iYl3 sin����C

S
tl � iCP

tl�



mt

16�2
f�m2

t ; m2
~bk
; m2

Hl
�: (21)

Figure 1(d) gives the following contributions:

�R�4�
bij �

���
2

p

g

X4
l�1

��blDb1i � ��
blDb2i�


 �BS�
bt � BP�

bt ��
0
lj sin�

mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

H��

(22)

where

BS
bt � �1

2�hb � 1hb�e
�i'bt sin�

� 1
2�hbe

�i'bt cos�� 1
2�ht � 1h�t �ei'bt cos�

� 1
2�h

�
t ei'bt sin�

BP
bt � ��ht � 1h�t �ei'bt cos�� 1

2�h
�
t ei'bt sin�

� 1
2�hb � 1hb�e

�i'bt sin�� 1
2�hbe

�i'bt cos� (23)

where 'bt � ��b � �t�=2 and where �b is defined by the
following:

tan�b �
Im�1hbhb

� �hb
hb
tan��

1� Re�1hbhb
� �hb

hb
tan��

(24)

and

hb �
gmb���

2
p

mW cos�
(25)

where the corrections �hf, 1hf, ��hf and �1hf are defined
in the appendix.

�L�4�
bij �

���
2

p

g

X4
l�1

��blDb1i � $blDb2i�


 �BS�
bt � BP�

bt ��lj cos�
mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

H��

(26)

where

�0
ji � �gX�

3jUi1 �
g���
2

p X�
2jUi2 �

1���
2

p g tan'WX
�
1jUi2

�ji � �gX4jV�
i1 �

g���
2

p X2jV�
i2 �

1���
2

p g tan'WX1jV�
i2

(27)

Next we discuss the contributions from Fig. 1(e). Here on
using the properties of the projection operators, i.e.,
-4
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$.PR � PL$
., PLPR � 0, and the property of Dirac $.

that g.3$
.$3 � 4, we get

�R�5�
bij � 0 (28)

and

�L�5�
bij � �4g

X4
l�1

R0
lj��blDb1i � $blDb2i�



mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

W�� (29)

where

R0
ij �

1���
2

p X3iUj3 � X2iUj1: (30)

Contributions from Fig. 1(f) are as follows:

�R�6�
bij ��g

X2
l�1

X3
k�1

�Qjl�Yk1� iYk3 sin��

�Sjl�Yk2� iYk3 cos����CS
tk� iCP

tk�


 �Ul1Db1i �KbUl2Db2i�
mtm��

l

16�2
f�m2

t ;m
2
��
l
;m2

Hk
�

(31)

and

�L�6�
bij � g

X2
l�1

X3
k�1

�Q�
lj�Yk1 � iYk3 sin��

� S�lj�Yk2 � iYk3 cos����C
S
tk � iCP

tk��KtV�
l2Db1i�



mtm��

l

16�2
f�m2

t ; m
2
��
l
; m2

Hk
� (32)

where

Qij �
1���
2

p Ui2Vj1 Sij �
1���
2

p Ui1Vj2: (33)

Figure 1(g) contributes as follows:

�R�7�
bij �

4g2

cos2'W

X2
l�1

L00
lj

�
2

3
sin2'W

�
�Ul1Db1i � KbUl2Db2i�



mtm��

l

16�2
f�m2

t ; m
2
��
l
; m2

Z� (34)

�L�7�
bij �

4g2

cos2'W

X2
l�1

R00
lj

�
1

2
�
2

3
sin2'W

�
KtV�

l2Db1i

mtm��
l

16�2


 f�m2
t ; m2

��
l
; m2

Z� (35)
055007
where

L00
ij � �Vi1V�

j1 �
1
2Vi2V�

j2 � 1ijsin
2'W

R00
ij � �U�

i1Uj1 �
1
2U

�
i2Uj2 � 1ijsin

2'W:
(36)

The contribution of Fig. 1(h) is as follows:

�R�8�
bij � �

���
2

p

g

X2
l�1

X4
k�1

�0
kj sin���tkDt1l � ��

tkDt2l�


 �4il cos�� 40�
il sin��

m�0k

16�2
f�m2

�0k
; m2

H� ; m2
~tl
�

(37)

and

�L�8�
bij � �

���
2

p

g

X2
l�1

X4
k�1

�kj cos���tkDt1l � $tkDt2l�


 �4il cos�� 40�
il sin��

m�0k

16�2
f�m2

�0k
; m2

H� ; m2
~tl
�

(38)

where

4ij �
gmt���

2
p

mW sin�
m0AtDb1iD

�
t2j

�
gmb���

2
p

mW cos�
.Db2iD

�
t1j �

gmbmt���
2

p
mW sin�

Db2iD
�
t2j

�
gm2

t���
2

p
mW sin�

Db1iD
�
t1j �

g���
2

p mW sin�Db1iD
�
t1j

(39)

and

40
ji �

gmb���
2

p
mW cos�

m0AbD�
b2jDt1i

�
gmt���

2
p

mW sin�
.D�

b1jDt2i �
gmbmt���
2

p
mW cos�

D�
b2jDt2i

�
gm2

b���
2

p
mW cos�

D�
b1jDt1i �

g���
2

p mW cos�D�
b1jDt1i:

(40)

Finally the contribution from Fig. 1(i) is as follows:
�R�9�
bij �

g���
2

p
X3
l�1

X2
s�1

X2
k�1

fQjs�Yl1 � iYl3 sin�� � Sjs�Yl2 � iYl3 cos��g�Us1Db1k � KbUs2Db2k��Gki�Yl2 � iYl3 cos��

�G�
ik�Yl2 � iYls cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���
m��

s

16�2
f�m2

~bk
; m2

Hl
; m2

��
s
� (41)
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�L�9�
bij � �

g���
2

p
X3
l�1

X2
s�1

X2
k�1

fQ�
sj�Yl1 � iYl3 sin�� � S�sj�Yl2 � iYl3 cos��g�KtV�

s2Db1k�


 �Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���



m��

s

16�2
f�m2

~bk
; m2

Hl
; m2

��
s
�: (42)
Summing the contribution from the nine loop diagrams of
Fig. 1(a)–1(i) we find that �Rbj and �Lbij that appear in
Eq. (5) are then given by

�Rbij �
X9
n�1

�R�n�
bij (43)

�Lbij �
X9
n�1

�L�n�
bij: (44)

We note that the loop diagram of Fig. 1(c) with the inter-
change Z $ H0

l vanishes in the zero external momentum
approximation because the vertex is proportional to the
external momentum, Similarly, the loop diagram of
Fig. 1(h) with the interchange W� $ H� vanishes
and the loop diagram of Fig. 1(i) with the interchange Z $
H0

l vanishes in the zero external momentum
approximation.

B. Analysis of corrections �Rtij and �Ltij

The corrections �Rtij and �Ltij arise from the nine
diagrams of Fig. 2, i.e., the loops (a)–(i) of Fig. 2. We
label the contribution from the nine diagrams by super-
scripts 1–9. Thus, for example, the contributions of
Fig. 2(a) are �R�1�

tij and �L�1�
bij etc. We now list the contri-

butions of the nine loops of Fig. 2. We have

�R�1�
tij �

2�s

3�



X2
k�1

KtVj2D�
b1kDt1iei�3Db1kmtm~gf�m2

t ; m2
~g; m

2
~bk
�

(45)

�L�1�
tij � �

2�s

3�

X2
k�1

�U�
j1D

�
b1k � KbU

�
j2D

�
b2k�


Dt2iDb2ke
�i�3mtm~gf�m

2
t ; m

2
~g; m

2
~bk
� (46)

�R�2�
tij �

X2
k�1

X4
l�1

2KtVj2D
�
b1k��tlDt1i � ��

tlDt2i�


 ��blDb1k � ��
blDb2k�

mbm�0l

16�2
f�m2

b;m
2
�0l
; m2

~tk
�

(47)
055007
�L�2�
tij � �

X2
k�1

X4
l�1

2�U�
j1D

�
b1k � KbU

�
j2D

�
b2k�


 ��tlDt1i � $tlDt2i���bkDb1k � $blDb2k�



mbm�0l

16�2
f�m2

b;m
2
�0l
; m2

~tk
� (48)

�R�3�
tij �

1���
2

p
X2
k�1

X3
l�1

�Vj1Dt1k � KtVj2Dt2k�


 �Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos��

� Fki�Yl1 � iYl3 sin�� � F�
ik�Yl1 � iYl3 sin���


 �CS
bl � iCP

bl�
mb

16�2
f�m2

t ; m
2
~tk
; m2

Hl
� (49)

where

Eij �
gmZ���
2

p
cos'W

��
1

2
�
2

3
sin2'W

�
D�

t1iDt1j

�
2

3
sin2'WD�

t2iDt2j

�
sin�

�
gm2

t���
2

p
mW sin�

�D�
t1iDt1j �D�

t2iDt2j�

�
gmtm0At���
2

p
mW sin�

D�
t2iDt1j (50)

Fij � �
gmZ���
2

p
cos'W

��
1

2
�
2

3
sin2'W

�
D�

t1iDt1j

�
2

3
sin2'WD�

t2iDt2j

�
cos��

gmt.���
2

p
mW sin�

D�
t1iDt2j

(51)

and

CS
bl �

~CS
bl cos�b � ~CP

bl sin�b

CP
bl �

~CS
bl sin�b � ~CP

bl cos�b���
2

p
~CS
bl � Re�hb � 1hb�Yl1 � ��Im�hb � 1hb� sin�

� Im��hb� cos��Yl3 � Re��hb�Yl2���
2

p
~CP
bl � �Im�hb � 1hb�Yl1 � ��Re�hb � 1hb� sin�

� Re��hb� cos��Yl3 � Im��ht�Yl2 (52)
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�L�3�
tij � �

1���
2

p
X2
k�1

X3
l�1

KbU�
j2Dt1k�Eki�Yl2 � iYl3 cos��

� E�
ik�Yl2 � iYl3 cos�� � Fki�Yl1 � iYl3 sin��

� F�
ik�Yl1 � iYl3 sin����C

S
bl � iCP

bl�



mb

16�2
f�m2

b; m
2
~tk
; m2

Hl
� (53)

�R�4�
tij �

���
2

p

g

X4
l�1

��tlDt1i � ��
tlDt2i�


 �BS
bt � BP

bt��
�
lj cos�

mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

H��

(54)

�L�4�
tij �

���
2

p

g

X4
l�1

��tlDt1i � $tlDt2i�


 �BS
bt � BP

bt��
0�
lj sin�

mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

H��

(55)

�R�5�
tij � 0 (56)

and

�L�5�
tij � �4g

X4
l�1

R0�
lj��tlDt1i � $tlDt2i�



mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

W�� (57)

�R�6�
tij � �g

X2
l�1

X3
k�1

�Qlj�Yk1 � iYk3 sin��

� Slj�Yk2 � iYk3 cos����C
S
bk � iCP

bk�


 �Vl1Dt1i � KtVl2Dt2i�
mbm��

l

16�2
f�m2

b; m
2
��
l
; m2

Hk
�

(58)

and

�L�6�
tij � g

X2
l�1

X3
k�1

�Q�
jl�Yk1 � iYk3 sin��

� S�jl�Yk2 � iYk3 cos����CS
bk � iCP

bk��KbU�
l2Dt1i�



mbm��

l

16�2
f�m2

b; m
2
��
l
; m2

Hk
� (59)
055007
�R�7�
tij � �

4g2

cos2'W

X2
l�1

L00
jl

�
1

3
sin2'W

�
�Vl1Dt1i � KtVl2Dt2i�



mbm��

l

16�2
f�m2

b; m
2
��
l
; m2

Z� (60)

�L�7�
tij � �

4g2

cos2'W

X2
l�1

R00
jl

�
1

2
�
1

3
sin2'W

�


 KbU�
l2Dt1i

mtm��
l

16�2
f�m2

b; m
2
��
l
; m2

Z� (61)

where

�R�8�
tij � �

���
2

p

g

X2
l�1

X4
k�1

��
jk cos���bkDb1l � ��

bkDb2l�


 �40
li sin�� 40�

li cos��
m�0k

16�2
f�m2

�0k
; m2

H� ; m2
~bl
�

(62)

and

�L�8�
tij � �

���
2

p

g

X2
l�1

X4
k�1

�0�
jk sin���bkDb1l � $bkDb2l�


 �40
li sin�� 4�

li cos��
m�0k

16�2
f�m2

�0k
; m2

H� ; m2
~bl
�

(63)

�R�9�
tij �

g���
2

p
X3
l�1

X2
s�1

X2
k�1

fQsj�Yl1 � iYl3 sin��

� Ssj�Yl2 � iYl3 cos��g�Vs1Dt1k � KtVs2Dt2k�


 �Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos��

� Fki�Yl1 � iYl3 sin�� � F�
ik�Yl1 � iYl3 sin���



m��

s

16�2
f�m2

~tk
; m2

Hl
; m2

��
s
� (64)

�L�9�
bij � �

g���
2

p
X3
l�1

X2
s�1

X2
k�1

fQ�
js�Yl1 � iYl3 sin��

� S�js�Yl2 � iYl3 cos��g�KbU�
s2Dt1k�


 �Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos��

� Fki�Yl1 � iYl3 sin�� � F�
ik�Yl1 � iYl3 sin���



m��

s

16�2
f�m2

~tk
; m2

Hl
; m2

��
s
� (65)

�Rtij �
X9
n�1

�R�n�
tij (66)
-7
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�Ltij �
X9
n�1

�L�n�
tij : (67)

The loops corresponding to Figs. 2(c) and 2(i) where Z $
H0

i vanishes for the same reason as discussed earlier in
Sec. II A. Similarly, the loop corresponding to Fig. 2(h)
with W� $ H� vanishes for the same reason.

III. THE EFFECTIVE LAGRANGIAN FOR �q ~qi�0
j

INTERACTION

We turn now to an analysis of the loop corrections to the
squark-quark-neutralino interaction. We begin with the
tree level �q~qi�0j interaction which is given by

L � g �b�KbijPR �MbijPL��
0
j
~bi

� g�t�KtijPR �MtijPL��
0
j~ti � H:c: (68)

where

Kbij � �
���
2

p
��bjDb1i � ��

bjDb2i�

Ktij � �
���
2

p
��tjDt1i � ��

tjDt2i�

Mbij � �
���
2

p
��bjDb1i � $bjDb2i�

Mtij � �
���
2

p
��tjDt1i � $tjDt2i�:

(69)

The loop corrections produce a shift in the couplings of
Eq. (69) as follows:

TAREK IBRAHIM AND PRAN NATH
055007
Leff � g �b��Kbij � �Kbij�PR � �Mbij � �Mbij�PL��
0
j
~bi

� g�t��Ktij ��Ktij�PR � �Mtij � �Mtij�PL��
0
j~ti

� H:c: (70)

Thus in this part of the analysis we will calculate the
quantities �Kbij, �Ktij, �Mbij, and �Mtij from the
one loop corrections arising from Figs. 3 and 4 using as
in the previous analysis the zero external momentum
approximation.

A. Analysis of loop corrections to the �b ~bi�0
j interaction

Loop corrections to the �b~bi�
0
j interaction, i.e., �Kbij

and �Mbij, arise from the nine diagrams of Fig. 3. We give
now the individual contribution of these nine loops. The
contribution from Fig. 3(a) is

�K�1�
bij � �

2
���
2

p
�s

3�g

X2
k�1

ei�3Db1iDb1k���
bjD

�
b1k � $�

bjD
�
b2k�


mbm~gf�m2
b; m

2
~g; m

2
bk
� (71)

�M�1�
bij ��

2
���
2

p
�s

3�g

X2
k�1

e�i�3Db2iDb2k���
bjD

�
b1k��bjD�

b2k�


mbm~gf�m2
b;m

2
~g;m

2
bk
�: (72)

Figure 3(b) contributes as follows:
�K�2�
bij � �

2
���
2

p

g

X4
l�1

X2
k�1

��blDb1i � ��
blDb2i���blDb1k � ��

blDb2k����
bjD

�
b1k � $�

bjD
�
b2k�

mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

~bk
� (73)

�M�2�
bij � �

2
���
2

p

g

X4
l�1

X2
k�1

��blDb1i � $blDb2i���blDb1k � $blDb2k���
�
bjD

�
b1k � �bjD

�
b2k�

mbm�0l

16�2
f�m2

b;m
2
�0l
; m2

~bk
� (74)

Figure 3(c) makes the following contribution:

�K�3�
bij �

1

g

X3
l�1

X2
k�1

�Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���


 �CS
bl � iCP

bl���bjDb1k � ��
bjDb2k�

mb

16�2
f�m2

b; m
2
Hl
; m2

~bk
� (75)

�M�3�
bij �

1

g

X3
l�1

X2
k�1

�Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���


 �CS
bl � iCP

bl���bjDb1k � $bjDb2k�
mb

16�2
f�m2

b; m
2
Hl
; m2

~bk
�: (76)

Figure 3(d) contributes as follows:
-8



EFFECTIVE LAGRANGIAN FOR �q~q0i�
�
j , �q~q0i�

0
j INTERACTIONS . . . PHYSICAL REVIEW D 71, 055007 (2005)
�K�4�
bij � �

X4
l�1

X3
k�1

�Q0
lj�Yk1 � iYk3 sin�� � S0lj�Yk2 � iYk3 cos����C

S
bk � iCP

bk���blDb1i � ��
blDb2i�



mbm�0l

16�2
f�m2

b;m
2
�0l
; m2

Hk
� (77)

�M�4�
bij � �

X4
l�1

X3
k�1

�Q0�
jl�Yk1 � iYk3 sin�� � S0�jl�Yk2 � iYk3 cos����C

S
bk � iCP

bk���blDb1i � $blDb2i�



mbm�0l

16�2
f�m2

b; m
2
�0l
; m2

Hk
� (78)

where

Q0
ij �

1���
2

p �X�
3i�X

�
2j � tan'WX�

1j�� S0ij �
1���
2

p �X�
4j�X

�
2i � tan'WX�

1i��: (79)

Figure 3(e) contributes as follows:

�K�5�
bij � �

4
���
2

p
g

cos2'W

X4
l�1

L000
jl

�
1

3
sin2'W

�
��blDb1i � ��

blDb2i�
mbm�0l

16�2
f�m2

b; m
2
Z;m

2
�0l
� (80)

�M�5�
bij �

4
���
2

p
g

cos2'W

X4
l�1

R000
jl

�
1

2
�
1

3
sin2'W

�
��blDb1i � $blDb2i�

mbm�0l

16�2
f�m2

b;m
2
Z; m

2
�0l
� (81)

L000
ij � �1

2X
�
3iX3j �

1
2X

�
4iX4j R000

ij � �L000�
ij : (82)

The contribution of Fig. 3(f) is

�K�6�
bij �

X2
l�1

�BS
bt � BP

bt��Ul1Db1i � KbUl2Db2i��
�
jl cos�

mtm��
l

16�2
f�m2

t ; m
2
��
l
; m2

H�� (83)

�M�6�
bij � �

X2
l�1

�BS
bt � BP

bt��KtV�
l2Db1i��0�

jl sin�
mtm��

l

16�2
f�m2

t ; m2
��
l
; m2

H��: (84)

Figure 3(g) contributes as follows:

�K�7�
bij � 0 (85)

�M�7�
bij �

4g2���
2

p
X2
l�1

R0�
ljKtV

�
l2Db1i

mtm��
l

16�2
f�m2

t ; m
2
��
l
; m2

W�: (86)

The contribution from Fig. 3(h) is

�K�8�
bij � �

X2
k�1

X2
l�1

�0
jk sin��Vk1Dt1l � KtVk2Dt2l��4il cos�� 40�

il sin��
m��

l

16�2
f�m2

��
k
; m2

~tl
; m2

H�� (87)

�M�8�
bij �

X2
k�1

X2
l�1

�jk cos��KbU�
k2Dt1l��4il cos�� 40�

il sin��
m��

l

16�2
f�m2

��
k
; m2

~tl
; m2

H��: (88)

Finally Fig. 3(i) gives

�K�9�
bij �

X4
s�1

X2
k�1

X3
l�1

�Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���


 ��bsDb1k � ��
bsDb2k��Q

0
sj�Yl1 � iYl3 sin�� � S0sj�Yl2 � iYl3 cos���

m�0s

16�2
f�m2

�0s
; m2

~bk
; m2

Hl
� (89)
055007-9
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�M�9�
bij �

X4
s�1

X2
k�1

X3
l�1

�Gki�Yl2 � iYl3 cos�� �G�
ik�Yl2 � iYl3 cos�� �Hki�Yl1 � iYl3 sin�� �H�

ik�Yl1 � iYl3 sin���


 ��bsDb1k � $bsDb2k��Q0�
js�Yl1 � iYl3 sin�� � S0�js�Yl2 � iYl3 cos���

m�0s

16�2
f�m2

�0s
; m2

~bk
; m2

Hl
�: (90)
The sum of the contribution of the nine diagrams of Fig. 3
gives �Kbij and �Mbij

�Kbij �
X9
n�1

�K�n�
bij �Mbij �

X9
n�1

�M�n�
bij: (91)

We note that the diagram corresponding to Figs. 3(c) and
3(i) with Z $ H0

l , and the diagram corresponding to
055007
Fig. 3(h) with W� $ H� vanish in the zero external
momentum approximation.

B. Loop corrections to the �t ~ti�0
j interaction

Loop corrections to the �t~ti�0j interaction, i.e., �Ktij and
�Mtij, arise from the nine loops of Fig. 4. We now give the
explicit computation of each loop. Figure 4(a) gives
�K�1�
tij � �

2
���
2

p
�s

3�g

X2
k�1

ei�3Dt1iDt1k���
tjD

�
t1k � $�

tjD
�
t2k�mtm~gf�m2

t ; m2
~g; m

2
~tk
� (92)

�M�1�
tij � �

2
���
2

p
�s

3�g

X2
k�1

e�i�3Dt2iDt2k��
�
tjD

�
t1k � �tjD

�
t2k�mtm~gf�m

2
t ; m

2
~g; m

2
~tk
�: (93)

Figure 4(b) gives

�K�2�
tij � �

2
���
2

p

g

X4
l�1

X2
k�1

��tlDt1i � ��
tlDt2i���tlDt1k � ��

tlDt2k���
�
tjD

�
t1k � $�

tjD
�
t2k�

mtm�0l

16�2
f�m2

t ; m
2
�0l
; m2

~tk
� (94)

�M�2�
tij � �

2
���
2

p

g

X4
l�1

X2
k�1

��tlDt1i � $tlDt2i���tlDt1k � $tlDt2k����
tjD

�
t1k � �tjD�

t2k�
mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

~tk
�: (95)

Figure 4(c) makes the following contribution:

�K�3�
tij �

1

g

X3
l�1

X2
k�1

�Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos�� � Fki�Yl1 � iYl3 sin�� � F�

ik�Yl1 � iYl3 sin���


 �CS
tl � iCP

tl���tjDt1k � ��
tjDt2k�

mt

16�2
f�m2

t ; m2
Hl
; m2

~tk
� (96)

�M�3�
tij �

1

g

X3
l�1

X2
k�1

�Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos�� � Fki�Yl1 � iYl3 sin�� � F�

ik�Yl1 � iYl3 sin���


 �CS
tl � iCP

tl���tjDt1k � $tjDt2k�
mt

16�2
f�m2

t ; m2
Hl
; m2

~tk
�: (97)

Figure 4(d) gives

�K�4�
tij � �

X4
l�1

X3
k�1

�Q0
lj�Yk1 � iYk3 sin�� � S0lj�Yk2 � iYk3 cos����C

S
tk � iCP

tk���tlDt1i � ��
tlDt2i�

mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

Hk
�

(98)

�M�4�
tij � �

X4
l�1

X3
k�1

�Q0�
jl�Yk1 � iYk3 sin�� � S0�jl�Yk2 � iYk3 cos����CS

tk � iCP
tk���tlDt1i � $tlDt2i�

mtm�0l

16�2
f�m2

t ; m2
�0l
; m2

Hk
�:

(99)

Figure 4(e) gives
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�K�5�
tij �

4
���
2

p
g

cos2'W

X4
l�1

L000
jl

�
2

3
sin2'W

�
��tlDt1i � ��

tlDt2i�
mtm�0l

16�2
f�m2

t ; m2
Z; m

2
�0l
� (100)

�M�5�
tij �

�4
���
2

p
g

cos2'W

X4
l�1

R000
jl

�
1

2
�
2

3
sin2'W

�
��tlDt1i � $tlDt2i�

mtm�0l

16�2
f�m2

t ; m
2
Z;m

2
�0l
�: (101)

Figure 4(f) gives

�K�6�
tij �

X2
l�1

�BS�
bt � BP�

bt ��Vl1Dt1i � KtVl2Dt2i��
0
jl sin�

mbm��
l

16�2
f�m2

b; m
2
��
l
; m2

H�� (102)

�M�6�
tij � �

X2
l�1

�BS�
bt � BP�

bt ��KbU
�
l2Dt1i��jl cos�

mbm��
l

16�2
f�m2

b; m
2
��
l
; m2

H��: (103)

Figure 4(g) gives

�K�7�
tij � 0 (104)

�M�7�
tij �

4g2���
2

p
X2
l�1

R0
jlKbU�

l2Dt1i

mbm��
l

16�2
f�m2

b;m
2
��
l
; m2

W�: (105)

Figure 4(h) makes the following contribution:

�K�8�
tij � �

X2
k�1

X2
l�1

��
jk cos��Uk1Db1l � KbUk2Db2l��40

li sin�� 4�
li cos��

m��
l

16�2
f�m2

��
k
; m2

~bl
; m2

H�� (106)

�M�8�
tij �

X2
k�1

X2
l�1

�0�
jk sin��KtV�

k2Db1l��40
li sin�� 4�

li cos��
m��

l

16�2
f�m2

��
k
; m2

~bl
; m2

H��: (107)

Finally Fig. 4(i) gives

�K�9�
tij �

X4
s�1

X2
k�1

X3
l�1

�Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos�� � Fki�Yl1 � iYl3 sin�� � F�

ik�Yl1 � iYl3 sin���


 ��tsDt1k � ��
tsDt2k��Q

0
sj�Yl1 � iYl3 sin�� � S0sj�Yl2 � iYl3 cos���

m�0s

16�2
f�m2

�0s
; m2

~tk
; m2

Hl
� (108)

�M�9�
tij �

X4
s�1

X2
k�1

X3
l�1

�Eki�Yl2 � iYl3 cos�� � E�
ik�Yl2 � iYl3 cos�� � Fki�Yl1 � iYl3 sin�� � F�

ik�Yl1 � iYl3 sin���


 ��tsDt1k � $tsDt2k��Q0�
js�Yl1 � iYl3 sin�� � S0�js�Yl2 � iYl3 cos���

m�0s

16�2
f�m2

�0s
; m2

~tk
; m2

Hl
�: (109)
The sum of contributions above give �Kbij and �Mbij so
that

�Ktij �
X9
n�1

�K�n�
tij �Mtij �

X9
n�1

�M�n�
tij : (110)

As in the previous analysis, the contribution from Fig. 4(c)
with the interchange Z $ H0

l vanishes in the zero external
momentum approximation since the vertex is proportional
to the external momentum. Similarly, the contribution from
Fig. 4(h) with the interchange W� $ H� vanishes and
Fig. 4(i) with the interchange Z $ H0

l vanishes in the
zero external momentum approximation for the same rea-
son. We also note that loops where one of the internal lines
is a gluon line also vanishes in the zero external momentum
approximation since the squark-gluon interaction gives a
055007
vertex of �igs�p� p0�. which is of course dependent on
the momenta.

IV. LOOP CORRECTED SQUARK DECAYS INTO
CHARGINOS AND NEUTRALINOS

Equations (5) and (70) give the loop corrected effective
Lagrangian for �q~q0i�

�
j and �q~qi�0j interactions. Next we use

this loop corrected Lagrangian to compute the decay
widths of the third generation squarks into charginos and
neutralinos. Specifically, we will analyze the following
decays:

~b i ! t� ��
j ~ti ! b� ��

j
~bi ! b� �0j

~ti ! t� �0j :
(111)

To make the analysis more compact we begin by writing
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both Eqs. (5) and (70) in the following form:

L � �f�BS
ij � BP

ij$S�fj~qi � H:c: (112)

where f takes on the values �t; b� and fj stands for ��
j ; �

0
j

while ~qi can be ~bi;~ti. The decay width ��~qi ! fjf� is
given by

��~qi ! fjf� �
1

4�m3
i

��m2
j �m2

f �m2
i �
2 � 4m2

jm
2
f�
1=2




�
1

2
�jBS

ijj
2 � jBP

ijj
2��m2

i �m2
j �m2

f�

�
1

2
�jBS

ijj
2 � jBP

ijj
2�2mjmf

�
: (113)

The coefficients BS
ij and BP

ij contain the loop corrections
and depend on the CP phases. Thus, for example, the
process ~bi ! ��

j � t gives the coefficients

BS
ij �

g
2
�Rbij � Lbij � �Rbij � �Lbij�

BP
ij �

g
2
�Rbij � Lbij � �Rbij � �Lbij�

(114)

where Rbij, Lbij, �Lbij and �Rbij are defined by Eqs. (2),
(43), and (44).
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FIG. 5. (a) Plot of the decay width ��~t1 ! b��
1;2� as a function

of �A0 . The solid lines correspond to analysis at the tree level
while the long-dashed lines include loop corrections. The input
is tan� � 40, m0 � 300 GeV, m1=2 � 300 GeV, �1 � 0:5 (ra-
dian), �2 � 0:66 (radian), �3 � 0:63 (radian), '. � 2:5 (radian),
and jA0j � 1. The thick lines are for ��

2 decay and the thin lines
are for ��

1 decay. (b) Plot of the decay width ��~t1 ! t��
3;4� as a

function of �A0 . The solid lines correspond to analysis at the tree
level while the long-dashed lines include loop corrections. The
input is tan� � 40, m0 � 300 GeV, m1=2 � 300 GeV, �1 � 0:5
V. NUMERICAL ANALYSIS AND SIZE OF
EFFECTS

In this section we discuss in a quantitative fashion the
size of loop effects on the decay widths of the squarks into
chargino and neutralinos. The analysis of Secs. II, III, and
IV is quite general and valid for the minimal supersym-
metric standard model. For the sake of numerical analysis
we will limit the parameter space by working within the
framework of the SUGRA models [24]. Specifically within
the framework of the extended mSUGRA model including
CP phases, we take as our parameter space at the grand
unification scale to be the following: the universal scalar
mass m0, the universal gaugino mass m1=2, the universal
trilinear coupling jA0j, the ratio of the Higgs vacuum
expectation values tan� � hH2i=hH1i where H2 gives
mass to the up quarks and H1 gives mass to the down
quarks and the leptons. In addition, we take for CP phases
the following: the phase '. of the Higgs mixing parameter
. so that . � j.jei'. , the phase �A0 of the trilinear
coupling where1 A0 � jA0je

i�A0 , and the phases �i (i �
1; 2; 3) of the SU�3�C, SU�2�L and U�1�Y gauginos, so that
~mi � j ~mije

i�i (i � 1; 2; 3) where mi (i � 1; 2; 3) are the
SU�3�C, SU�2�L and U�1�Y gaugino masses. We note that
not all the phases are independent and only certain combi-
1A0 enters in the off diagonal term in the squark mass2 matrix
in the form mqA

�
qm0 and is dimensionless.
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nations of them appear in the analysis [8]. In the numerical
analysis we compute the loop corrections and also
analyze their dependence on the phases. The masses of
particles involved in the analysis are ordered as follows: for
squarks m~q1 >m~q2 , for charginos m��

1
<m��

2
, for neutra-

linos m�01
<m�02

<m�03
<m�04

, and for neutral Higgs
�mH1; mH2; mH3� ! �mH;mh;mA� in the limit of no CP
mixing where mH is the heavy CP even Higgs, mh is the
light CP even Higgs, and mA is the CP odd Higgs.

In Fig. 5(a) we give a plot of the decay width of the
heavy stop (~t1) into light and heavy chargino, ��

1 and ��
2 ,

i.e., a plot of ��~t1 ! b��
1;2� as a function of �A0 . The plots
(radian), �2 � 0:66 (radian), �3 � 0:63 (radian), '. � 2:5 (ra-
dian), and jA0j � 1. The thick lines are for �04 decay and the thin
lines are for �03 decay.
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FIG. 6. (a) Plot of the decay width ��~t2 ! b��
1;2� as a function

of �A0 . The solid lines correspond to analysis at the tree level
while the long-dashed lines include loop corrections. The input
is tan� � 40, m0 � 300 GeV, m1=2 � 300 GeV, �1 � 0:5 (ra-
dian), �2 � 0:66 (radian), �3 � 0:63 (radian), '. � 2:5 (radian),
and jA0j � 1. The thick lines are for ��

2 decay and the thin lines
are for ��

1 decay. (b) Plot of the decay width ��~t2 ! t��
3;4� as a

function of �A0 . The solid lines correspond to analysis at the tree
level while the long-dashed lines include loop corrections. The
input is tan� � 40, m0 � 300 GeV, m1=2 � 300 GeV, �1 � 0:5
(radian), �2 � 0:66 (radian), �3 � 0:63 (radian), '. � 2:5 (ra-
dian), and jA0j � 1. The thick lines are for �04 decay and the thin
lines are for �03 decay.
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are given with the analysis done at the tree level and at the
level of the effective Lagrangian including loop correc-
tions. The analysis shows that the loop effects can produce
a correction of as much as 22% to the tree level values.
Further, the analysis of Fig. 5(a) shows that the dependence
on �A0 is quite significant and both the tree and the loop
corrections are affected by it. From Fig. 5(a) one finds that
the variation with �A0 in the range �0; �� can be as much as
25%–30%. In Fig. 5(b) a similar plot is given for the decay
width ��~t1 ! t�03;4� as a function of �A0 . Here one finds
that the loop corrections can be as much as 20% and further
that the variations with �A0 can be as much as 25%–30%.
However, loop correction itself does not have a strong
dependence of �A0 for this channel which leads to the
difference between the tree level and the loop level being
almost constant for the entire range. The effect of �A0 on
the decay width arises from two sources: (i) �A0 enters the
off diagonal elements of the squark mass2 matrix. So it
affects the squark masses that enter in the decay width. In
fact, the modification of the squark masses due to �A0 can
be large enough that a decay channel may close or open as
�A0 is varied. This phenomenon will be illustrated explic-
itly later. This type of effect appears both at the tree and at
the loop level. (ii) The matrix Dq that diagonalizes the
squark matrix is sensitive to variations of �A0 and this
variation again affects both the tree and the loop level
analysis. Thus at the tree level the couplings Rqij, Lqij,
Kqij and Mqij depend on �A0 and similarly at the loop level
the couplings �Rqij, �Lqij, �Kqij and �Mqij also depend
on �A0 . An important phenomena related to the depen-
dence on �A0 is that the effects are strongly dependent on
the quark mass. This is so because phases enter in the
squark mass2 matrix via the off diagonal terms in a promi-
nent way and these off diagonal terms are proportional to
the quark mass. Because of this, the sensitivity of the stop
decay widths to �A0 is far greater than the sensitivity of the
sbottom decay width. The loop corrections are bigger in
the case of the stop decay than for the sbottom case due to
the relative difference of their Yukawa couplings. For this
reason in our numerical analysis we will focus mostly on
the effects of phases on stop decays.2

Figure 6(a) is a repeat of Fig. 5(a) with a plot of the light
stop (~t2) decay width into charginos, i.e., ��~t2 ! b��

1;2� as
2A preliminary investigation of the effect of the SUSY QCD
phase �3 was given in Ref. [25] while in the present analysis we
study the full set of loops and dependence on several phases both
in the QCD and in the electroweak sector. The numerical
analysis shows that the QCD and the electroweak contributions
are typically comparable. Further, the QCD and the electroweak
contributions can have similar or opposite signs depending on
the part of the parameter space one is in. Thus contributions can
either enhance or cancel each other allowing for a significant
variation in the total contribution. In the region of large tanbeta
the electroweak contribution arises mostly from Yukawa
couplings.
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a function of �A0 . Here one finds that, while the loop
corrections are comparable to the case of Fig. 5(a), the
variations of the decay width is more strongly dependent
on �A0 in this part of the parameter space. Figure 6(b) gives
an analysis similar to that of Fig. 5(b) where plots are given
for the decay width ��~t2 ! t�03;4� as a function of �A0 .
Here one finds that the loop corrections can be as much as
25%. Further, one finds that the variations with �A0 are now
much stronger than in the case of Fig. 5(b). Thus the effect
of �A0 is large enough that for values of �A0 � 1:3 (radian)
the decays into �03; �

0
4 are closed. The reason for this is

purely kinematical, in that the mass of ~t2 is strongly
dependent on �A0 and varies strongly with �A0 and falls
below the kinematical limit to allow for the decay into
-13
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�03; �
0
4 for values of �A0 � 1:3. In Fig. 7(a) a plot is given

of the decay width ��~t1 ! b��; t�0� (where we summed
over the final states of charginos and neutralinos) both at
the tree level and at the loop level as a function of �A0 .

The analysis of Fig. 7(b) is similar to that of Fig. 7(a)
except that one is looking at the decay width of ~t2. The
discontinuities in Fig. 7(b) are kinematical and arise from
the closing of some of the neutralino final states. The
analysis of Fig. 8(a) is similar to that of Fig. 7(a) while
the analysis of Fig. 8(b) is similar to that of Fig. 7(b) except
that the plots are made as a function of '.. It is interesting
to observe that the dependence of the stop widths on '. in
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FIG. 7. (a) Plot of the decay width ��~t1 ! b��; t�0� as a
function of �A0 . The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tan� � 40, m0 � 300 GeV, m1=2 � 300 GeV,
�1 � 0:5 (radian), �2 � 0:66 (radian), �3 � 0:63 (radian), '. �

2:5 (radian), and jA0j � 1. The thick lines are for the sum over
the neutralino final states and the thin lines are for the sum over
the chargino final states. (b) Plot of the decay width ��~t2 !
b��; t�0� as a function of �A0 . The solid lines correspond to
analysis at the tree level while the long-dashed lines include loop
corrections. The input is tan� � 40, m0 � 300 GeV, m1=2 �

300 GeV, �1 � 0:5 (radian), �2 � 0:66 (radian), �3 � 0:63 (ra-
dian), '. � 2:5 (radian), and jA0j � 1. The thick lines are for
the sum over the neutralino final states and the thin lines are for
the sum over the chargino final states.
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Fig. 8(b) appears to be relatively weaker. This arises be-
cause we are summing over the chargino and neutralino
final states. Thus, for example, the decay width ��~t1 !
b��

1 � increases with '. for the parameters of Fig. 8(a)
while ��~t1 ! b��

2 � decreases. This results in the sum
��~t1 ! b�01; b�

�
2 � having only a weak dependence on

'.. An analysis similar to that of Figs. 7(a) and 7(b) but
as a function of �3 is carried out in Figs. 9(a) and 9(b). One
important new feature of the decay widths here is that the
�3 dependence of the widths at the tree level is absent while
the loop corrected widths show a dependence on �3. Here
one finds that the loop corrections are typically of size 10%
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FIG. 8. (a) Plot of the decay width ��~t1 ! b��; t�0� as a
function of '.. The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tan� � 45, m0 � 400 GeV, m1=2 � 400 GeV,
�1 � 0:6 (radian), �2 � 0:65 (radian), �3 � 0:65 (radian),
�A0 � 2 (radian), and jA0j � 1. The thick lines are for the
sum over the neutralino final states and the thin lines are for
the sum over the chargino final states. (b) Plot of the decay width
��~t2 ! b��; t�0� as a function of '.. The solid lines correspond
to analysis at the tree level while the long-dashed lines include
loop corrections. The input is tan� � 45, m0 � 400 GeV,
m1=2 � 400 GeV, �1 � 0:6 (radian), �2 � 0:65 (radian), �3 �
0:65 (radian), �A0 � 2 (radian), and jA0j � 1. The thick lines are
for the sum over the neutralino final states and the thin lines are
for the sum over the chargino final states.
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FIG. 9. (a) Plot of the decay width ��~t1 ! b��; t�0� as a
function of �3. The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tan� � 45, m0 � 400 GeV, m1=2 � 400 GeV,
�1 � 0:6 (radian), �2 � 0:65 (radian), '. � 2:5 (radian), �A0 �

2 (radian), and jA0j � 1. The thick lines are for the sum over the
neutralino final states and the thin lines are for the sum over the
chargino final states. (b) Plot of the decay width ��~t2 !
b��; t�0� as a function of �3. The solid lines correspond to
analysis at the tree level while the long-dashed lines include loop
corrections. The input is tan� � 45, m0 � 400 GeV, m1=2 �

400 GeV, �1 � 0:6 (radian), �2 � 0:65 (radian), '. � 2:5 (ra-
dian), �A0 � 2 (radian), and jA0j � 1. The thick lines are for the
sum over the neutralino final states and the thin lines are for the
sum over the chargino final states.
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FIG. 10. Plot of the decay width ��~b1 ! t��

1 � as a function of
�A0 . The solid lines correspond to analysis at the tree level while
the long-dashed lines include loop corrections. The input is
tan� � 45, m0 � 400 GeV, m1=2 � 400 GeV, �1 � 0:6 (ra-
dian), �2 � 0:65 (radian), �3 � 0:65 (radian), '. � 2:5 (radian),
and jA0j � 1. The input for the thick lines is the same as for the
thin lines except that �2 � 0:5 (radian).
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while the overall variation with �3 can be as large as 15%.
The loop correction to the sbottom decay is exhibited in
Fig. 10 where the decay width ��~b1 ! t��

1 � is plotted. In
this region of the parameter space the loop corrections to
the sbottom decay are small and the dependence on �A0 is
also relatively small. The reasons for this weak dependence
on the phase and the smallness of loop corrections have
already been explained on an analytical basis at the end of
the second paragraph of this section. Here we see that the
reasoning presented there is borne out by the numerical
analysis. Thus the largest loop corrections as well as the
largest variations with phases arise only for the decay of
the stops.
055007
The experimental upper limits of the electric dipole
moments are [11–13]: jdej< 4:3
 10�27 e cm, jdnj<
6:5
 10�26 e cm and jdHgj< 9:0
 10�28 e cm. The last
constraint for Hg199 could be transformed into a constraint
on a specific combination of the chromoelectric dipole
moments of u, d and s quarks [9], CHg � jdCd � dCu �

0:012dCs j< 3:0
 10�26 cm. These constraints are satis-
fied by the cancellation mechanism in the numerical analy-
sis presented above as follows: In Figs. 5–7, the constraints
are satisfied for the inputs tan� � 40, m0 � 300 GeV,
m1=2 � 300 GeV, �1 � 0:5 (radian), �2 � 0:66 (radian),
�3 � 0:63 (radian), '. � 2:5 (radian), �A0 � 1:0 (radian)
and jA0j � 1. At this point we have jdej � 1:88

10�27 e cm, jdnj � 1:79
 10�27 e cm and CHg � 8:99

10�27 cm. In Figs. 8–10 they are satisfied for the inputs
tan� � 45, m0 � 400 GeV, m1=2 � 400 GeV, �1 � 0:6
(radian), �2 � 0:65 (radian), �3 � 0:65 (radian), '. �

2:5 (radian), �A0 � 2:0 (radian) and jA0j � 1. At this point
we have jdej � 3:94
 10�27 e cm, jdnj � 9:21

10�27 e cm and CHg � 3:86
 10�27 cm.

As pointed out in the beginning of this section, the
parameter space of the model is quite large, consisting of
m0, m1=2, jA0j, tan�, '., �A, and �i. Thus there are many
possibilities for studying numerically the sensitivity of the
-15
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loop contributions with respect to these parameters. In the
numerical analysis presented above we studied the sensi-
tivity of the loop corrections with respect to �A, '. and �3.
We give now an analysis of the sensitivity of the loop
contributions with respect to tan� and with respect to �2.
In Fig. 11 we give a plot of the decay widths ��~t1 ! b��

i �,
��~t2 ! b��

i �, and ��~t1 ! t�0j �, and ��~t2 ! t�0j � as a func-
tion of tan�. The loop corrections could be as 30% or even
larger. One finds that the decays into charginos are typi-
cally more sensitive to tan� than decays into neutralinos
and the loop contribution shows the same sensitivity. In
part, this arises because the chargino mass matrix and the
neutralino mass matrix have different dependence on tan�.
The kink in the decay width of the stop one into neutralinos
is just a kinematical threshold effect. In Fig. 12 we give a
plot of the decay widths ��~t1 ! b��

i �, ��~t2 ! b��
i �, and

��~t1 ! t�0j �, and ��~t2 ! t�0j � as a function of �2. Here one
finds that both the tree as well as the loop contribution have
a fairly significant dependence on �2 and the loop correc-
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FIG. 11 (color online). Plot of the decay width ��~t1;2 ! b��
i �

and ��~t1;2 ! t�0j � as a function of tan�. The solid lines corre-
spond to analysis at the tree level while the long-dashed lines
include loop corrections. The input is m0 � 100 GeV, m1=2 �
120 GeV, A0 � 0 and all phases are set to zero. The curves in
descending order at tan� � 5 correspond to decay widths for
��~t1 ! b��

i �, ��~t2 ! b��
i �, ��~t1 ! t�0j �, and ��~t2 ! t�0j �. In

each case all kinematically allowed chargino or neutralino final
states in the decay are included in the analysis. The tree calcu-
lation and the loop calculation coincide for the bottommost
curve.
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tions are in general non-negligible with the largest effect
occurring for the decay of stop one into charginos. In
this case the value of the edms at �2 � 1:2 radian are
jdej � 1:1
 10�27 e cm, jdnj � 2:9
 10�26 e cm, CHg �
1:2
 10�26 cm all within the current experimental
bounds.

We give now a brief comparison with some of the
previous works. The analysis of Ref. [2] is at the tree level
and our analysis is in agreement with it ignoring loops.
With inclusion of loops the pertinent works are Refs. [3–
6]. In the work of Ref. [3] only two diagrams of the present
analysis are calculated, and they correspond to the vertex
corrections from Figs. 1(b) and 1(c) of our analysis.
Further, their analysis is done in the Yukawa approxima-
tion. Specifically, for Fig. 1(b) this approximation can be
gotten from our Eqs. (9) and (10) by retaining only the
terms that contain �bl and �tl in the expressions for �R�2�

bij

and �L�2�
bij. Similarly, in the analysis of Fig. 1(c) the
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FIG. 12 (color online). Plot of the decay width ��~t1;2 ! b��
i �

and ��~t1;2 ! t�0j � as a function of �2. The solid lines correspond
to analysis at the tree level while the long-dashed lines include
loop corrections. The input is tan� � 30, m0 � 110 GeV,
m1=2 � 105 GeV, �1 � 0:43, �3 � 1:12, '. � 2, �A0 � 1,
and jA0j � 1 The edms constraints are satisfied at �2 � 1:2
The curves in descending order at �2 � 0 correspond to decay
widths for ��~t1 ! b��

i �, ��~t2 ! b��
i �, ��~t1 ! t�0j �, and ��~t2 !

t�0j �. In each case all kinematically allowed chargino or neu-
tralino final states are included in the analysis. The tree calcu-
lation and the loop calculation coincide for the bottommost
curve.
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Yukawa approximation corresponds to retaining only the
last terms in Eqs. (16) and (17). Within the above approxi-
mation and setting the phases to zero, our analysis is in
agreement with their Figs. 3–5 for their inputs. In Ref. [6]
the authors study the one loop correction from the SUSY
electroweak sector but not from the QCD sector. There are
no analytic results as the analysis is done on a computer.
Ignoring the QCD correction, and setting the phases to
zero, our analysis is in numerical agreement with theirs
Figs. 1–3. In Ref. [4] the authors calculate only the QCD
correction and do not take into account the SUSY electro-
weak correction. Within that approximation and setting the
phases to zero, our part of the analysis which produces
QCD effects is in agreement with their Figs. 2–5 for their
inputs. The work of Ref. [5] takes into account the CP
phases but only three diagrams corresponding to our dia-
grams 2(b), 2(d), and 2(e) are computed and thus this
analysis is also partial.

VI. CONCLUSION

In this paper we have analyzed supersymmetric one loop
corrections to the squark-quark-chargino and to the squark-
quark-neutralino couplings. The analysis involves the ex-
change of the gluino, chargino, neutralino, W, Z, charged
Higgs and neutral Higgs. With the above analysis the one
loop effective Lagrangian for these interactions was de-
rived. The full CP dependence arising from the soft CP
parameters was taken into account in the analysis. The
effective Lagrangian was then used to obtain the decay
of the squarks into charginos and neutralinos at the one
055007
loop order. A detailed numerical analysis within extended
SUGRA model was then carried out to study the size of the
loop effects and also to study the effect of CP phases on the
decay widths of the squarks into charginos and neutralinos.
The analysis exhibits that the loop corrections to the decays
widths of the stops can be very substantial, i.e., as much as
30% or more. Further, the phase dependence of the decay
width is found to be very strong producing a variation of as
much as 25%–30% or more. The phases enter in the decay
widths in two ways; in modifying the stop-bottom-
chargino, and the stop-top-neutralino couplings and in
modifying the stop, chargino and neutralino masses. In
some cases the effect of phases is large enough to open
or close a decay channel. However, a similar analysis for
the decay of the sbottoms shows the effect of loops as well
as the effect of CP phases to be much smaller. The one loop
effective Lagrangian derived in this paper would be useful
in the analysis of squark decays at colliders and in con-
necting experimental data with the underlying theoretical
schemes such as supergravity and string based models.
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APPENDIX

For completeness we give below the loop corrections to
the Yukawa couplings �hb, 1hb etc. that appear in Sec. II.
A derivation of these results can be found in [16,18].
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