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Effective Lagrangian for 4! ,\/Jfr, q4q; ,\/? interactions and fermionic decays of the squarks
with CP phases
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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.
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I. INTRODUCTION

The G4 X].* and gq; X? 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
IT 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 gg! Xj+ and ¢q; )(}’ 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],
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of the neutron [12], and of the Hg'®® 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. I we compute
the effective Lagrangian for the 7b; )(j+ and bi; ch interac-
tions. In Sec. III a similar analysis is done for the (}51,»)((]-)
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. VL.

IL. EFFECTIVE LAGRANGIAN FOR 7§/x}
INTERACTION

In this section we study the effect of loop corrections on
th; X;f and on bf; X§ interactions. We begin with the tree
level Lagrangian density

L = gi(R,;;Pg + LbijPL)X/;rEi

+ gb(Ry;jPg + LyjP)¥5%; + Hee. (1)

where
Ryij = —(UjiDp1i = KyUjpDpoi)Lyij = K Vi Dy

Rtij = _(leDtli - KthZDtQi)Ltij = KbU;QDtli

and where

My(p)

2my, sinB(cosB)

3

Ky =

and the matrices U,V and D, are the diagonalizing
matrices of the chargino and squark mass matrices so that
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U*MX+ Vol = diag(mxr, mX2+)
. (4)
DgMéDq = dlag(mt%l’ mfziz

where m,+ (i = 1, 2) are the eigenvalues of the chargino
mass matrix and mél (i = 1, 2) are the eigenvalues of the

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

‘Eeff = gi[(Rbl] + ARbi]')PR + (Lbij + ALI?U)PL]/\N/;Z;I
+ gb[(Rij + AR;j)Pg + (Lyij + ALyj)P L1517,
+ H.c. 5)

where AR,,;;, ALy;j, AR,;;, and AL,; are the corrections
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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. AR;;; and A L;;; analysis

Contributions to AR;;; and AL,;; 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 ARy;; and AL;;:

tij
|
1 _ 2ay 2 * i& 2 .2 2
ARbij = 3 Z KyUjp Dy Dyyie 3Dt1kmbmgf(mb: ms, m;k) (6)
k=1
(1) zaS 2 * * * * _,'5 2 2 2
ALbij == 3 Z(VﬂDtlk - KIV_/'ZDt2k)Dt2ka2ie 3”’lbmgf(mb: mg, my (N
k=1

b X
W
t Xj
(d) (e)
1~ I~ 1~
1 bi 1 b1 1 bl
1 1 1
1 1 1
A - A
t Xi ty » H™ b »  ~H
z /" xi \ /Xy \
t xX; t x; t X
(9) (h) (2)

FIG. 1. List of one loop graphs that contribute to the l_;it X;
couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.

t Xy
w+
b x5
(e) &)
| e | | e
1% 1% 14
1 1 1
1 1 1
. A - A
b X1 by » ~Ht tr o~ \HIU
z X5 x7t
b x5 b x5 b X;
(9) (h) (%)

FIG. 2. List of one loop graphs that contribute to the 7;b )(;r
couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.
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[ 1. 1.
1 b; 1 b; 1 b;
1 1 1

(d) (e) ()
I~ 1~ [
1 b; 1 b; 1b;
1 1 1
1 1 1
{l 7 A NH™ bk 7 A \HIO
xi Xq
b Xy b e
(9) (h) (@)

FIG. 3. List of one loop graphs that contribute to the l_;ib ,\/JJ-’
couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.

where

1
=y =2)(z—y)

X <zx I + xyln® + yz 1nX>. (8)
X y Z

fxy2) =

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

@ _
ARy =

M
M-b

2K, U D3 (BpiDpy; + gy Dyy)

~
I

1

X (ByDyy + aﬂDtZk)

N
I
-

16 Ql f(mb’m 0? mZ) (9)

ALY =

2 4
oy = = 2 2 2V

=
X (apDp1i = YoiDpai)(@yDyx — YuDi)
mbm

- K ijDjzk

X

AL o ) (10)

H} ,” \b,
b e
(c)

PHYSICAL REVIEW D 71, 055007 (2005)

1
1t;

o A
Hl 4 Nty
7/ { N\
t xJ
(@) (b) (c)

t X!
z
t X5
(d) (e) )
| o 1~
1% 14
1 1
1 1
by /AxH+ tr /A\qu
/" x \ X9
t Xy t x5
(9) (h) (%)

FIG. 4. List of one loop graphs that contribute to the _f,-z/\/;’
couplings arising from the exchange of the gluino, charginos,
neutralinos, W, Z, charged Higgs and neutral Higgs.

o, = M0 Xswr
bk 2myy cosB(sinB)
8
lgb(z)k = eQb(t)X1k + 050y k(T3b(t)
(11)
- Qb(t)Siﬂzﬁw)J’b(t)k
ng(,)sinZHW
— X/ _ Xl
eQpin Xy 70089“/ 2%k
where X’s are given by
X/ = Xlk COSQW + X2k Sin0W
1k (12)

Xék = _Xlk Sil’law + X2k COSQW

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

XTMXOX = diag(mX(]), mX(z)’ ng, mxg) (13)

Figure 1(c) contributes the following:
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2 3
ARQJ Z Z(Uleblk — kU nDyoy)
=1i=1
X [Gki(YIZ + iY[3 COSﬂ) + G?k(le - iYB COSB)
+ Hki(Yll + iYB SinB)
+ H?k(Yll — i¥;3sinB)J(C3, + iC};
X T e fm, m? o mi,) (14)

where Y is the diagonalizing matrix of the Higgs mass’

matrix

Y M?

ngngT = diag(m%-]ﬁ m%-lz’ m%—l3) (15)

and

gmz 1 1 C) ) *
G;i = ———|(—=+ =sin’0y |D;, Dy ;
J \/ECOS@W |:< 2 3 w b1i*’'blj

1
- gsinzawDZZiDij} SinB

gmy

+—="——uD},.Dy,; 16
\/fmwcosﬁ'u b1ib2j ( )

gmz 1 1 ) ) *
Hj=————||—z+ 3sin°0y |D,;,Dp;
j \/ECOSQW[( ) 3 w bl1it?blj

gm;
V2myy cosB
gmymyAy

2my cosB

1
— 3sin20WD22iDh2]} cosfB —

X [Djy1Dp1j + DippiDioj] — »2iDb1j

(17
and
CS = CScosy, — Chsiny,
Ch = C5siny, + Cfcosy,
V2C5 = Re(h, + 8h,)Y)
+ [—Im(h, + 8h,) cosB + Im(Ah,) sinB]
X Y53 + Re(Ah,)Y;
V2CP = —Im(h, + 8h,)Y)
+ [—Re(h, + 8h,) cosB + Re(Ah,) sinS]

X Yl3 - Im(Ah,)Y“ (18)

with
(Bh Ah, COtﬁ) (19)

an
X 1+ Re (‘Sh + Ah’ cotB)
and
gm;

= 20
' V2my, sin @0)
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The corrections Ak, and 6h, are defined in the appendix.

AL% kzl /Z K\ViuDyulGii(Yyp + i3 cosB)
+ Gy (Yp — i¥cosP) + Hy(Yy + iYj3sinf)
+ H;kk(Yll — iY3sinB)](Cy, — iC};
*T6m zf(m,, ms m%,,). 1)

Figure 1(d) gives the following contributions:

ARE:?, = Z(Bleblz + ay D)
X (B — BL)6l sinB o o, i, iy )
(22)
where
B}, = —3(hy + 8hy)e” " sinf3

+ 1A hye 0 cosB —
+ LA sin3

X, + Sh})e' cosp

B = —(h, + 8h})e'% cosp + JAh7e% sinp
+ LX(hy + Shy)e P sinB — LA e cosB (23)
where 6,, = (x, + x,)/2 and where y,, is defined by the
following:
Im(ﬁh” + Ah” tan3) 4
tan
Xb = 1 +Re (‘Sh" + Ah” tan3)
and
8Mmyp
hy=—""— 25
b 2my, cosB (23)

where the corrections Ahy, 6y, Ah +and Sh  are defined
in the appendix.

5 4
ALS?, - Z(alebli = YoiDpai)
=1
X (Bi;k Bi)t*)gl/ COSB 16 2’ f(mi) mi/?r m%—[“)
(26)
where
!/ * g * 1 %
i = —8XyUn + ﬁxsziZ + ﬁgtanGWleUﬂ
. | 27
érj,' = _gX4JVl*1 - EX2JVI*2 - EgtanHWleVl*z

Next we discuss the contributions from Fig. 1(e). Here on
using the properties of the projection operators, i.e.,
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y#Ppr = P;y*, P; Pr = 0, and the property of Dirac y* where
that g, , y*y” = 4, we get

"N — _y.
ARE}S& =0 (28) LU Vl]V V,zVﬂ + 5 Sln GW (36)
and Ri/]:_ ;LlUjl UJ2+8 Sln W
4 . . . .
The contribution of Fig. 1(h) is as follows:
ALEJSi)j = —4g ZRfj(aszbn = YuiDwai) g 1)
4
mbm (8)
o2 L my mri) 29) AR, = 2 Z ;SinB(BuDy; + ey D)
where e
X X (i cosB + Mg, M-, mz)
Contributions from Fig. 1(f) are as follows: and
2 3
ARy, = —&> > [01(Yy + i¥y35inpB) N
J J 2
[=1k=1 AL% s z Z &jcosBlanDn — YuDni)
+ Sjl(YkZ + iYk3 COSB)](ka + lC{;{ =1i=1
n., o
mm, - , I o Xk 2 2 2
X[UnDy; — KbUlszzi]ﬁf(m?, My, my ) X (i cosfp + mjj sinf3) 1672 Sy, -, )
38
31) (38)
and where
© 2 3 om
= g — 7 1 _ t *
Lblj ;I(Z Qlj(Ykl lYk3 Slnﬁ) T]u = mmoAtDbliDth
}“(Yk2 — Y4 cosﬁ)](cfk — iCH)(K, VD)) gmy l gmpm, D",
\/—mW cosBM o \/—mW sinf8 bainj
T St mi miy) (32) on? .
+ - Dh le LT —m sin,BDb“D* .
where 2my sinB Li™1j Nz w 11j
1 (39)
0 =—=UnV; Sij=—7=UnVp. (33)
V2 \/_ and
Figure 1(g) contributes as follows:
_&my
77/“ = moAthz D,y
AR gz); c0s20 ZL < Sln26W>(UllDblz KyUppDyy)) 1 2my cosB /
gm gmbmt %
M ) \/— uDy, ,Dr2: \/— Db2th2i
X Ton 2 f(m,, my; ,mz) (34) 2my sinf3 2my cosB
gmb * § *
+————>—D;, .Dy; — —=mycosBD;,.Dy;.
" _ mm, - Vmycosg P Y B0 P
ALy = cos20 Z (f Zsin 0W>K ViDyi—— T (40)
X flm, me ’ mZ) (35) Finally the contribution from Fig. 1(i) is as follows:
y g
|
0 ¢ L& 2
AREN)j = N Z Z Z{st(yll + 1Y sinf) + S;(Yi + i¥;3c08B)H U1 Dy — KpUo Do) Gri(Yia + Y13 cos )
=1 s=1i=1
+ G?k(le lYls COSB) + Hkl(Y/l + lY13 SIHB) + H (Yll gk’ 2 , mi_; (41)
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iYB Sinﬁ) + S:](YIZ -
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iYj3 cosB)HK, Vi, Dpy)

X [le Y + lYB COSB) + G (Y[z - iYB COSB) + Hki(Yll + iY[3 SiIlB) + H?‘k(Yll - iY[3 sm,B)]
T o ). 42)
[
Summing the contribution from the nine loop diagrams of @ .
Fig. 1(a)-1(i) we find that AR,; and AL,,; that appear in ~ AL;; = — Z 22( Dy — KpUjDiy)
Eq. (5) are then given by
0 X (ayDpni = YuDpi)@pDyix = YorDyo)
= (n')' mym,o
ARy ; ARy (43) X A, 2 m2) (48)
< (n)
ALy = Zl ALy @4 AR = — Z Z( Dy — K/\VjpDoy)
n= k 1=
We note that the loop diagram of Fig. 1(c) with the inter- X [Ei(Yp + i¥3cosp) + Ej; (Y, — Y3 c0s3)
change' Z < HY vanishes in the zero external'momentum + Fy(Y, + lY13 sinB) + F(Y; — i¥;3sinB)]
approximation because the vertex is proportional to the
external momentum, Similarly, the loop diagram of X (CS, + in,) o2 b f(m?, m? m%,l) (49)
Fig. 1(h) with the interchange W~ < H~ vanishes
and the loop diagram of Fig. 1(i) with the interchange Z <
0 . . where
H} vanishes in the zero external momentum
approximation. gmy 1 2. .
E;;= /2 cos0 |:<§ - 581n26W>DtliDtlj
B. Analysis of corrections AR,;; and AL,;; ) v
The corrections AR,; and AL,; arise from the nine + gSinzetz*zithj}Sinﬁ
diagrams of Fig. 2, i.e., the loops (a)—(i) of Fig. 2. We 2
label the contribution from the nine diagrams by super- — &1t —[Di,,D i + DD 121]
scripts 1-9. Thus, for example, the contributions of \/— 2my sinB
. (1) (1 : i A,
F1g: 2(a) are AI.Qn-j and ALbij'etc. We now list the contri _gmmy DDy, (50)
butions of the nine loops of Fig. 2. We have \/— 2my sinf3
ARY = 2%
T 37 _ gmy 1 2., .
2 Fij - \/QCOS@W|:<§ - gSln 0W>DtliDtlj
X Z K V. 2Db]thlle i&3 Dblkmtmgf(m,, m mi ) ) gm,
k=1 + =sin?6y D%, D r:|cos + =" __D* D,
(45) 3 W 2il12] :8 \/imw SiIlB 11112
(5D
2a
1 __ K %y % yE
ALtl] 3—77 Z(U Dblk KijZDbZk) and
X DpiDyoxe” S momyg f(m?, m? mi ) (46) Cy, = Gy cosy,, — Cpysiny;,
. CP = C3,siny, + CP cosy,
AR = Z ZZK,VﬂDZIk(IBﬂDm + a\Dyy) V2GS, = Re(h, + 8hy)Yy + [—Im(hy, + 8h,)sinf
k=11= m + Im(Ahb) COSB]YB + Re(Ahb)le
2 ~
X (BpiDp1x + alebZk) 16772 f(mb’ m’ W M, V2C? = —Im(h,, + 8h,)Y; + [—Re(h, + 8h,)sinB
47 + Re(Ahy,) cosBlY 3 — Im(Ah,)Y), (52)

055007-6



EFFECTIVE LAGRANGIAN FOR 3G/x}. G4,x? INTERACTIONS .

1 3 ,
ALSJ) -5 Z > K Up Dl Exi(Yip + iY 3 cos )
==
+ Ej (Y — iY;3c08B) + Fi(Y) + iY;3sin)
+ Fikk(Yll - iYZ3 Slnﬁ)](Cil - lCﬁl
m,
" [, 3, m) (53)
167 !
V2 & i
AR;?} 3 Z(,leDm +ayDp)
=
X (B}, + B} )& cos,B 16 > f(m,,mio, m%-)
(54)
N
Ang) = Z(atlDtli = YuDpi)
g =
X (B, —Bft)f sin,B 16 > f(m,z, mi?, m%-)
(55)
5
AR = (56)
and
5) .
ALn/ = _4gZR7;(aletli — YuDui)
Mty 2 .2 2
1672 f(mt) mX?’ mw-) (57)

2 3
ARS) = =g > N'[0)(¥y + i¥;35inp)

I=1k=1
+ Slj(YkZ + iYk3 COSﬂ)](Cs + lek

X[VyDy; — KVIZDI21] 16 2 f( my.- Yo M)

(58)
and
6 2 3
ALE!/ 8 Z Z[Q;Z(Ykl - iYk3 sinﬁ)
=ik=1
+ 85V — iYis COS,B)](Cik — iCY )(KpUjyDyy;)
mym
167 ); f(mb’ m%—],() 59)
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ARSJ) cos20 ZL"< Sln29w>(V11 ni — K:VpDy;)
Myt 2 2
1672 ) f(mb, My mz) (60)
7 _ _ 2
AL, = 00520 Z < —s1n 0W>
i} m,m
X KbUIZDtll 167 2 f(mb’ )( ’mZ) (61)
where
© 2 4
AR = — S Z > & cosB(BuDpy + g Dya)
=1i=i
X (afsin + mfy cosB) 1 fmy miy-,m2)
(62)
and

© N R
ALy = —— Z > &l sinBlawDyi = Yo Dial)
i=

=

X (7711 sinf3 + 77[1 COSB) f(m 0 mH , m% )

1672
(63)
0 8 e
AR, = N7 Zl Z Z Q,;(Yy + iY;3sinp)
+ 8,;(Yp + iY;3cos )V Dy — K, Vo Dioy)
X [Ekl(Y[2 + lYl3 COSB) + E (le iYB COSB)
+ Fkt(Yll +iY3sing) + Fy(Y), — i¥;3sinpB)]
16 2f(m my, my-) (64)
. 3 02 2
ALEH), - Zl Z ZI{Q;(YH — iY}3sinp)
+ 8% (Yp — iYj3cos B)INK, Uy Dyyi)
X [Ei(Yp + iY;3cosB) + Ej (Y, — i¥j3c083)
+ Fkl(Yll + IYB SIHB) + F (Yll - iYB Slnﬂ)]
2y, m?) (65)
Ry Z ARY) (66)

055007-7



TAREK IBRAHIM AND PRAN NATH
Ly Z ALY 67)

The loops corresponding to Figs. 2(c) and 2(i) where Z <
H? vanishes for the same reason as discussed earlier in
Sec. IT A. Similarly, the loop corresponding to Fig. 2(h)
with W+ — H* vanishes for the same reason.

III. THE EFFECTIVE LAGRANGIAN FOR 4, 1"
INTERACTION

We turn now to an analysis of the loop corrections to the
squark-quark-neutralino interaction. We begin with the
tree level ¢g; )((} interaction which is given by

L = gb[K,;;Pg + MbijPL]/\/?l;‘
+ gf[K,;;Pg + Mn]PL]XJt + H.c. (68)

where

Kyij = _\/E[Bbijli + aj;Dyil

K= _\/E[szDm + a;;Dp;] 69)
Myi; = —~2[e,;Dy1; = V5Dioi]

Mtij - _\/E[atij' - szDrzi]-

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

ARD = 22
o 8 ==
@ 2 2 4 2
AMy; = — g Z Z @pDy1i = YorDp2i)(@pDpix —

Figure 3(c) makes the following contribution:

Vszbzk)(,BijDZlk + abjDizk)

PHYSICAL REVIEW D 71, 055007 (2005)
Lo = gb[(Ky;j + AKyij)Pg + (M + AMbij)PL]X?Ei
+ ¢fl(Kyj + AK,ij)Pr + (M + AM )P 1Y%,

+ H.c. (70)

Thus in this part of the analysis we will calculate the
quantities AK,;, AK,;, AM,;, and AM,; 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 I;I;i ,\/;? interaction

Loop corrections to the 1515,,\/? interaction, i.e., AKp;;
and AM,,;;, 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

_ 2\2a; .y
AKE:B 37Tg Z elszbl:Dblk(ab]Dhlk Vz}ijzk)
k=1
X mymgf(my, m3, mj ) (71)
2\/_a
AM(blt; 377-g Z ¢ §3DbZszzk(,Bb]Dblk + abijzk)
k=1
X mymg f(mj, mg, mj ). (72)

Figure 3(b) contributes as follows:

4 2 By
> (BuDpii + @yDun)(BuDyie + @y Dini) (@ ;D1 = Vi, 1,2k) 672 f(mb, mzmm )3

mbmx?
1672

2

flmi, mog, mz ) (74)

AK;% Z Z[sz(yzz +iYcosP) + G (Y, — i¥;3cosB) + Hy(Yy + i¥p3sinB) + H (Y, — i¥j3sinB)]
X (Cy; +iCh)[By Dy + ah,DbZk] = zf(m;,, B 1 ) (75)
1 3.2

AMS; = g Z Z le(le + lYB COSB) + G (le lYB COSB) + Hkl(Yll + lYl3 SIHB) + H (Yll iYB SIHB)]
X (Ci lcbl)[abijlk Y5, D] 167 zf(mb, Hp ik) (76)

Figure 3(d) contributes as follows:
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3
Kﬁ; = Z Z[Qlj(Ykl + i¥y38inB) — S, (Yig + i¥s3 cosB)Chy + iCP)(BuDyi + ey Do)

mym /\/l

X
1672

2 2 2
Fmg, m, miy,)

AM;(,‘S Z Z 1(Yiy — iYigsinB) — S51(Yio — i¥y3 cosB)N(Cyy — iCh) @Dy — YD)

bm
X 1672 f(mb,m 0s m[-]k)

where

1 * * * 1 * * *

ij = E[X&(ij - tanGWXU)] S;J = %[X“I(XZl - tanHWX”)].

Figure 3(e) contributes as follows:

4f mym,

©) 2g 2
Asz] cos HW & LW<3 sin 0W>(Bleb1l + alebZI) 167 2[ f(mb; mz; )

42g mym
S)j Z W( zsin 9w>(aszbn YoiDpoi) =5~

]
cos?By 167 f i, Xﬂ)

"N — _1ly* 1y . /A
Li; = —3X5,X3; + 53X, Xy, R;; L™

The contribution of Fig. 3(f) is

AKY = Z(B + B )(UnDyy; — KbUIZDbZt)fll COSB

bij f(mt! el m%]*)

162

msm,, -
6 s s " x
Mg,,; E(B — B )(K, V3D €y sinf 16772' f(mg, my-, mp-).

Figure 3(g) contributes as follows:
N —
AK =0
4g2 mm,,
AMEJ) = — R/*K Vl2Db1 f(m[, 2 > mW)
7] \/5 lz. ! 167 2 )(

The contribution from Fig. 3(h) is

2 2
AKS = =SS £, sinB(ViaDys — K VioDar) (i cosB + ' sinf) ~2 f(m? NS
k=11=1

6 2

2 2
8
AM,(]& = Z Z kcosB(K,U,D
11=1

2 2 .2
o My my,-).

Finally Fig. 3(1) gives

4 2 3
AK(bgzi Z Z Z Gki(YIZ + iYB COSB) + G;k(Yl2 lYl3 COSB) + Hkl(Yll + lYlS S]Hﬁ) + H (Y“ inS S]l’lﬁ)]
s=1k=11=1

X (BosDp1r + @ Do) OF (Y + iYj3sinB) — S,;(Y i/o 123/ )
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9)
Mbt]

\IM.:;

X (@psDp1k = Vos Dy Q% (Y — iYy3sinB) —

The sum of the contribution of the nine diagrams of Fig. 3
gives AK,;; and AM,;;

9 9

(n) _ ()
E AKy = Z AM,;.
n=1 n=1

We note that the diagram corresponding to Figs. 3(c) and
3(i) with Z — HY, and the diagram corresponding to

AK}”‘}' = AMbij (91)

Si(Y —

PHYSICAL REVIEW D 71, 055007 (2005)

2 3
Z Z le(le + ZY[3 COSB) + G (le iYB COSB) + Hki(Yll + iYB sinB) + H?‘k(Yll - iYB sm,B)]

X.(\)’ lz;k’ 2)'

(90)

Fig. 3(h) with W~ < H~
momentum approximation.

vanish in the zero external

B. Loop corrections to the 7; ,\/}? interaction

Loop corrections to the 77; X? interaction, i.e., AK,;; and
AM,;;, arise from the nine loops of Fig. 4. We now give the
explicit computation of each loop. Figure 4(a) gives

2
AK(I) @ Z ei§3DtliDtlk(a*‘D 1 ')’*'D*zk)mtm?f(m%: m> mg) (92)
tij 37Tg & ty tjr 8 Ty
W _ _ 2V2ay 7, .
AM;:/ 37Tg ,; ¢ 3D12lDt2k(Bz]Dzlk + ,zk)m mgf(mz, m mz) (93)
Figure 4(b) gives
(2) _ \/_ g * * * Tk Ty mtm/\’? 2 .2 2
AKn] - ? ZZ Z BuDy; + atlDIZi)(BllDtlk + atthZk)(a;jDﬂk - ’ytthZk)Wf(mt’ m)(?’ m;k) (94)
2\/—2_ L < * Yk * 1m0
AM%) = - e I_Z] ;(%;Dzli — YuDni)(@uDur = YuD i) (By;Djy + aiDiy Tﬂ_);f(m%, mi?, m%k). (95)
Figure 4(c) makes the following contribution:
AKS) = Z Z[Ek,(y,2 + Y3 co8B) + Ei (Y, — i¥pcosB) + Fiy(Yy + i¥psing) + Fi (Y, — i¥;3sinB)]
8 I=i=
X (Cy +iCOIBDak + aDoil 71— e fm?, miy, m2) (96)
AM;?]) = 2 Z Z[Ekl(YIZ + IYB COSB) + E (Y12 IYB COS,B) + Fkl(Yll + IYB SlnB) + F (Yll lYB SIHB)]
=1k=
X (C lC[l)[atj 1k = Yij D] 167 zf(mp Hy 2) 97)

Figure 4(d) gives

AR ==Y Z Q}(Yu + i¥y3sinB) = S},(Yig + i¥y3 cosB)NChy + iCR)(BuDn; + D) 6 XL fm?, my, i)
=1 k=
(98)
@ 4 3 m,m
AMy) = = 3105V — i¥iasinB) = S5(Yia = i¥y3 cosB)I(CY, — iCh)(@yDyyi — YuDpi) ~—3- 1672 f(mz, mi,o; mi, ).
I=1k=1

99)
Figure 4(e) gives
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4\/—g m,m
K = oo ZL”’( Sln29w>(,3;1Dm + D) oA flmd, i ) (100
M = 3o, Z ( - Zsin 0w>(aﬂDm VDo) Je 5 0 i i) (101)
Figure 4(f) gives
AK©® — S P by 2 2 2
KUJ Z(B - B )(Vll tli - K Vl2Dl21)§][ SlnB 164 2 f(mb’ mX;r, mH+) (102)
(6) 2
AMn] = - z(Bi;k + Bg;)(Kqu tll)f]l COSB 16 B f(mlz;; m/2Y,+’ m%1+) (103)
=
Figure 4(g) gives
AK{) =0 (104)
7 _ g2 2 / * mpmy X/ 2
AMy) = 7 ZleKbUlzD,l, o2 fm3, m o mi,). (105)
=
Figure 4(h) makes the following contribution:
2 .
AKS? = Z > & cosBU Dy — KyUiaDyyy)(mj; sinf + mj; cosB) 16)7(172 fms-, m%[, m2..) (106)
==
o &2 m,-
AM;; = Z ; & sinB(K, Vi, Dy ) (), sinB + mj; cosB) 167;2 Fmie m mi,). (107)
Finally Fig 4(i) gives
AKS) = Z Z Z[Ek,(le +iYpcosB) + Ei(Yp — iYi3cosB) + Fu(Yy + i¥;3sinB) + Fi(Yy — i¥;3sinB)]
s=1k=11=1
X (BisDox + aiDp)l Q5 (Y + iYp3sinB) — S4;(Yi w mi m,zq,) (108)
5 LI
AM;] Z Z Y [E(Yp + i¥;3cosB) + E(Yp — i¥3cosB) + Fii(Yyy + i¥pzsinB) + Fy(Yy — i¥;3sinf)]
=1k=11=1
X (e Dyg = ¥isDpQf (Y — iYp3sinf) — S7(Y), — i¥5 cosB) 16X2 20 mg, mp). (109)

The sum of contributions above give AK,,;; and AM,,;; so
that

K= ZAKI(I"]) M,; = ZAMﬁj’j. (110)

As in the previous analysis, the contribution from Fig. 4(c)
with the interchange Z < H? 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 < HY 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

\
vertex of —ig,(p + p’)* 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 ' in and gg; ,\/? 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:

] (111)

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

L = f(B; + BLys)f;4; + He. (112)

where f takes on the values (7, b) and f; stands for Xf» )(?
while G, can be b, 7;. The decay width I'(g; — fif) is
given by

1

47Tm,3

F(fli_’fjf)z

[(mf + m}% - m?)?* — 4m?m}]1/2

1
X {5<|Bf,-|2 T BERYm? — m? — m?)

1
— (B - |B§;.|2)2m,mf}. (113)

The coefficients Bf} and Bl’-;- contain the loop corrections
and depend on the CP phases. Thus, for example, the
process b; — x; + 1 gives the coefficients

g
B‘lgj = E[Rblj + Lbij + ARbij + ALbz]]

2 (114)
B = E[Rbij — Lp;j + ARp;; — ALy;]

where Ry, Ly;;, ALp;; and AR,;; are defined by Egs. (2),
(43), and (44).

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 m, the universal gaugino mass m, /,, the universal
trilinear coupling |Ay|, the ratio of the Higgs vacuum
expectation values tanB = (H,)/(H,) where H, gives
mass to the up quarks and H; gives mass to the down
quarks and the leptons. In addition, we take for CP phases
the following: the phase 6, of the Higgs mixing parameter
w so that w = |ule®, the phase a,, of the trilinear
coupling where' A, = |Agle’®, and the phases &; (i =
1,2, 3) of the SUQ3)¢, SU(2);, and U(1)y gauginos, so that
m; = |m;le’é (i =1,2,3) where m; (i =1,2,3) are the
SUQ3)¢, SU(2), and U(1)y gaugino masses. We note that
not all the phases are independent and only certain combi-

'A, enters in the off diagonal term in the squark mass® matrix
in the form m,Aym and is dimensionless.

PHYSICAL REVIEW D 71, 055007 (2005)

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; > mg,, for charginos m X0 <m X for neutra-
linos My <myp <o <mo, and for neutral Higgs
(myy, myo, my3) — (my, my, my) in the limit of no CP
mixing where my is the heavy CP even Higgs, m,, is the
light CP even Higgs, and m, is the CP odd Higgs.

In Fig. 5(a) we give a plot of the decay width of the
heavy stop (7;) into light and heavy chargino, x; and x5,
ie., aplot of I'(fy — bx{,) as a function of a, . The plots

14

[tapl-hy ) (GeY)

10

o o.s5 1 1.5 2 2.5 £

oA o (radian)
(@)

10

o T T ==

8 ——

-
—~—

= 7 T
=
3
= ©
=
=
;
=
= 5
=

a

3

o o.5 1 1.5 2 2.5 3
oA oCradian)

FIG. 5. (a) Plot of the decay width I'(f; — bx{,) as a function
of a,,. The solid lines correspond to analysis at the tree level
while the long-dashed lines include loop corrections. The input
is tanB = 40, my = 300 GeV, m;,, = 300 GeV, &, = 0.5 (ra-
dian), £, = 0.66 (radian), £3 = 0.63 (radian), 6, = 2.5 (radian),
and |Ay| = 1. The thick lines are for 5 decay and the thin lines
are for x|~ decay. (b) Plot of the decay width I'(7;, — rx3,) 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 tanB = 40, my = 300 GeV, m;;, = 300 GeV, §; = 0.5
(radian), &, = 0.66 (radian), &3 = 0.63 (radian), 6,, = 2.5 (ra-
dian), and |Ag| = 1. The thick lines are for 3 decay and the thin
lines are for x9 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 ay,, 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 a, in the range (0, 77) can be as much as
25%—30%. In Fig. 5(b) a similar plot is given for the decay
width I'(7;, — t/\/(3),4) as a function of @, . Here one finds
that the loop corrections can be as much as 20% and further
that the variations with a4 can be as much as 25%-30%.
However, loop correction itself does not have a strong
dependence of a,, 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 a,, on
the decay width arises from two sources: (i) a4, enters the
off diagonal elements of the squark mass®> matrix. So it
affects the squark masses that enter in the decay width. In
fact, the modification of the squark masses due to a4, can
be large enough that a decay channel may close or open as
ay, 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 D, that diagonalizes the
squark matrix is sensitive to variations of a, and this
variation again affects both the tree and the loop level
analysis. Thus at the tree level the couplings R;j, L
K,ij and M ;; depend on a4 and similarly at the loop level
the couplings AR;;, AL,;;, AK,;; and AM ;; also depend
on a, . An important phenomena related to the depen-
dence on ay, is that the effects are strongly dependent on
the quark mass. This is so because phases enter in the
squark mass? 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 a, 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.?

Figure 6(a) is a repeat of Fig. 5(a) with a plot of the light
stop (7,) decay width into charginos, i.e., I'(f, = bx/,) 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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FIG. 6. (a) Plot of the decay width I'(7, — bx{,) as a function
of ay,. The solid lines correspond to analysis at the tree level
while the long-dashed lines include loop corrections. The input
is tanB = 40, my = 300 GeV, m;,, = 300 GeV, & = 0.5 (ra-
dian), £, = 0.66 (radian), £3 = 0.63 (radian), 6, = 2.5 (radian),
and |Ay| = 1. The thick lines are for y, decay and the thin lines
are for x|~ decay. (b) Plot of the decay width I'(7, — rx3,) as a
function of a4, . The solid lines correspond to analysis at the tree
level while the long-dashed lines include loop corrections. The
input is tanB = 40, my = 300 GeV, m;;, = 300 GeV, £ = 0.5
(radian), &, = 0.66 (radian), &3 = 0.63 (radian), 6,, = 2.5 (ra-
dian), and |Ag| = 1. The thick lines are for x9 decay and the thin
lines are for Xg decay.

a function of a, . 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 a,, 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 I'(7, — 1x3,) as a function of a,,.
Here one finds that the loop corrections can be as much as
25%. Further, one finds that the variations with a4, are now
much stronger than in the case of Fig. 5(b). Thus the effect
of @, is large enough that for values of a, = 1.3 (radian)
the decays into 3, x9 are closed. The reason for this is
purely kinematical, in that the mass of 7, is strongly
dependent on a,, and varies strongly with a,, and falls
below the kinematical limit to allow for the decay into
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X3, X3 for values of a,, = 1.3. In Fig. 7(a) a plot is given
of the decay width I'(f, — by ™, tx°) (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 ay .
The analysis of Fig. 7(b) is similar to that of Fig. 7(a)
except that one is looking at the decay width of 7,. 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 6,,. It is interesting
to observe that the dependence of the stop widths on 6, in

23

22 -

21

N
I
I

I

TiStpl-by )@ (6e9)
F

o o.5 1 1.5 2 2.5 3
a0 (radian)

(a)

T(Stop2-by,t0) (GeV)

o o.s 1 1.5 2 2.5 3

oA O Gradian)
(b)
FIG. 7. (a) Plot of the decay width I'(f; — by ™, tx°) as a

function of a,,. The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tanB = 40, m, = 300 GeV, m;;,;, = 300 GeV,
& = 0.5 (radian), &, = 0.66 (radian), £3 = 0.63 (radian), 0,, =
2.5 (radian), and |Ay| = 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 I'(7, —
bx ™", tx°) as a function of ay,,. The solid lines correspond to
analysis at the tree level while the long-dashed lines include loop
corrections. The input is tang = 40, my = 300 GeV, m,/, =
300 GeV, ¢, = 0.5 (radian), &, = 0.66 (radian), £; = 0.63 (ra-
dian), ,, = 2.5 (radian), and |A,| = 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 I'(f; —
bx{) increases with 6, for the parameters of Fig. 8(a)
while I'(f; — by, ) decreases. This results in the sum
I'(fy = bx", bx;) having only a weak dependence on
60, An analysis similar to that of Figs. 7(a) and 7(b) but
as a function of &5 is carried out in Figs. 9(a) and 9(b). One
important new feature of the decay widths here is that the
&5 dependence of the widths at the tree level is absent while
the loop corrected widths show a dependence on &5. Here
one finds that the loop corrections are typically of size 10%

32 -

30
28
26
% 24
4= oo
=
£ =0
=
18
1e
14
=5 o5 1 1.5 2 2.5 3
o (radian)
(a)
8.5 :
=)
5 s
=
5
g -
=)
e85 |—m————————————————— — ————— — — — —
So ‘ os 1 ‘ 1.5 > 25 3
Gp(radian)
(b)
FIG. 8. (a) Plot of the decay width I'(f; — by ™, tx°) as a

function of 6,. The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tanB = 45, my = 400 GeV, m,;, = 400 GeV,
&, = 0.6 (radian), &, = 0.65 (radian), &; = 0.65 (radian),
@y, =2 (radian), and |Ag| = 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
I'(f, — bx™, tx°) 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 tan8 = 45, m, = 400 GeV,
my, = 400 GeV, &, = 0.6 (radian), &, = 0.65 (radian), &3 =
0.65 (radian), a4, = 2 (radian), and |Ay| = 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 I'(fy — by ™, tx") as a

function of £&5. The solid lines correspond to analysis at the
tree level while the long-dashed lines include loop corrections.
The input is tanB =45, m, = 400 GeV, m;,, = 400 GeV,
& = 0.6 (radian), &, = 0.65 (radian), 6, = 2.5 (radian), a,, =
2 (radian), and |Ay| = 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 I'(7, —
bx"t,tx") 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 tang8 = 45, my = 400 GeV, m,/, =
400 GeV, &, = 0.6 (radian), &, = 0.65 (radian), 6, = 2.5 (ra-
dian), @y, = 2 (radian), and |A,| = 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.

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 I'(h; — ty;) is plotted. In
this region of the parameter space the loop corrections to
the sbottom decay are small and the dependence on ay 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.
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FIG. 10. Plot of the decay width I'(h; — x| ) as a function of
ay, - The solid lines correspond to analysis at the tree level while
the long-dashed lines include loop corrections. The input is
tanB = 45, my = 400 GeV, m;,, =400 GeV, &, = 0.6 (ra-
dian), £, = 0.65 (radian), £3 = 0.65 (radian), 6, = 2.5 (radian),
and |Ag| = 1. The input for the thick lines is the same as for the
thin lines except that &, = 0.5 (radian).

The experimental upper limits of the electric dipole
moments are [11-13]: |d,| <4.3 X 107%" ecm, |d,| <
6.5 X 107% ecm and |dy,| <9.0 X 1072 ecm. The last
constraint for Hg'*° could be transformed into a constraint
on a specific combination of the chromoelectric dipole
moments of u, d and s quarks [9], Cp, = |d§ — d —
0.012d€] < 3.0 X 10726 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 tan8 = 40, my, = 300 GeV,
mys, = 300 GeV, &, = 0.5 (radian), &, = 0.66 (radian),
&3 = 0.63 (radian), 6, = 2.5 (radian), a,, = 1.0 (radian)
and |Ap| = 1. At this point we have |d,| = 1.88 X
107* ecm, |d,| = 1.79 X 107?7 ecm and Cp, = 8.99 X
10727 cm. In Figs. 8—10 they are satisfied for the inputs
tanB = 45, my = 400 GeV, m,;, = 400 GeV, &, = 0.6
(radian), &, = 0.65 (radian), &3 = 0.65 (radian), 6, =
2.5 (radian), a4, = 2.0 (radian) and |A,| = 1. At this point
we have |d,|=3.94%x10"*ecm, |d,|=9.21X
107" ecm and Cy, = 3.86 X 107%7 cm.

As pointed out in the beginning of this section, the
parameter space of the model is quite large, consisting of
mg, my 5, |Agl, tanB, 6,,, a4, and &;. Thus there are many
possibilities for studying numerically the sensitivity of the
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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 ay, 6, and &;.
We give now an analysis of the sensitivity of the loop
contributions with respect to tan8 and with respect to &,.
In Fig. 11 we give a plot of the decay widths I'(7; — bx;"),
[(#%, — by} ), and I'(7; — 1x9), and I'(;; — 1xY) as a func-
tion of tanB. 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 tang.
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 I'(f; — bx;"), I'(f, — bx;"), and
[(#, — 1x9), and T'(7, — 1x9) as a function of ¢,. Here one
finds that both the tree as well as the loop contribution have
a fairly significant dependence on &, and the loop correc-

20 T T T T

T'(stop—by+,tx0)

5 15 25 35 45
tanf

FIG. 11 (color online). Plot of the decay width I'(7,, — bx;")
and I'(7 , — t)(?) as a function of tanB. The solid lines corre-
spond to analysis at the tree level while the long-dashed lines
include loop corrections. The input is my = 100 GeV, m;/2 =
120 GeV, Ay = 0 and all phases are set to zero. The curves in
descending order at tanB = 5 correspond to decay widths for
L@ — bx;), Tl — bxi'), T(E — 1x), and T(i, — 1x?). 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 &, = 1.2 radian are
ld,] = 1.1 X 107% ecm, |d,| = 2.9 X 107 ecm, Cy, =
1.2 X 10726 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 Egs. (9) and (10) by retaining only the

terms that contain «;; and «,; in the expressions for ARfi)].

and AL% Similarly, in the analysis of Fig. 1(c) the

T T T

I'(stop—by+,tx0)

&, (radian)

FIG. 12 (color online). Plot of the decay width T'(7,, — bx;")
and I'(7 , — ¢ X(;) 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 tan8 = 30, my = 110 GeV,
m;/2 =105 GeV, & =043, & =112, 0, =2, ay =1,
and |Ag| = 1 The edms constraints are satisfied at & = 1.2
The curves in descending order at ¢, = O correspond to decay
widths for I'(f; — bx{), (7, — bx{), T'({, — t/\/?), and (7, —
t)(‘;). 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 Egs. (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. 25 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‘

%s _’f*mgG Db“Dszf(m

2 2
—Ahy == Z
i=1j=

X (KbUkthlj) sz f(m o m

PHYSICAL REVIEW D 71, 055007 (2005)

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 Ah,, 8h,, etc. that appear in Sec. II.
A derivation of these results can be found in [16,18].

2 2 2
Z Z Z 'j{v;cle;kli - Ktvlsz;ﬁzi}

i=1j=1k

2 2 2
- z Z Z g Ci{Vii Dy — KV D XKy Ui Dyg)
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