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HA HUY BANG, NGUYEN THI THU HUONG
Hanoi University of Science, Vietnam National University Hanoi

NGUYEN CHINH CUONG
Hanoi University of Education

Abstract. We discuss the decay of squarks (stop and sbottom) into quarks (top and bottom) and
gluinos in the Minimal Supersymmetric Standard Model (MSSM) with complex parameters A,
Ayp. The analytical and numerical results for the decay widths are given. We show that the effect
of these CP phases on the decay widths of stop and sbottom decay can be quite significant in a
large region of the MSSM parameter space. SUSY-QCD corrections to the decay widths have been
included.

I. INTRODUCTION

The Minimal Supersymmetric Standard Model (MSSM) is considered the most at-
tractive extension of the Standard Model. Many phenomenological studies on SUSY par-
ticle searches have been performed in the MSSM with real SUSY parameters. In general,
however, some of the SUSY parameters may be complex, in particular the higgsino mass
parameter p, the gaugino mass parameters M o 3 and the trilinear scalar coupling param-
eters Ay of the sfermions f, thus inducing explicit CP violation in the model. The SU (2)
gaugino mass parameter My can be chosen real after an appropriate redefinition of the
fields. Not only the CP-violating observables (such as fermion EDMs) but also the CP-
conserving observables (such as cross sections and decay branching ratios) depend on the
phases of the complex parameters, because in general the mass-eigenvalues and the cou-
plings of the SUSY particles involved are functions of the underlying complex parameters.
For example, the decay branching ratios of the staus 71 2 and 7-sneutrino 7, can be quite
sensitive to the complex phases of the stau and gaugino-higgsino sectors [1]. Therefore,
in a complete phenomenological analysis of production and decays of the SUSY particles
one has to take into account that Ay, ;1 and M; 3 can be complex.

In the MSSM every quark has two scalar partners, the squarks ¢;, and ¢g, corre-
sponding to the left and the right helicity states of a quark. In general ¢; and ¢r mix to
form mass eigenstates ¢; and Go (with mg, < mg,), the size of the mixing being propor-
tional to the mass of the corresponding quark ¢ [2], and so neligible except for the third
generation. Studies of the third generation squarks are particularly interesting because
of the effects of the large Yukawa couplings. A number of studies of squarks production
and decay within the MSSM with complex parameters are also available: the effect of
the CP phases on the cross sections of squarks prodution at e™e™ and "~ colliders has
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been presented in [3, 4] with SUSY-QCD corrections included. CP phase dependences of
the stop and sbottom (t~172 and by 2) partial decay widths and branching ratios have been
investigated for the fermionic decays

G —qd+xr,i=12k=1,2

G —q+xX%i=12k=1,.,4

in [5, 6, 7, 8] and for the bosonic decays

G —WE+q,i=1,2,j=12j<4

G — H*+q;,i=1,2,j=1,2,j <1,

G2 — Z + q1,
and
G — H;+q1,1=1,2,3.

in [5, 6, 7,9, 10]. Stop and sbottoms can also decay strongly through #; — tj and b; — bg.
If stops and sbottoms are very heavy and the gluinos mass is not too large, these decays
are kinematically possible and important. Note that the decay #;(b;) — t(b)g may not
be kinematically allowed. In this paper we study the effects of the phases of the complex
parameters A;, on the decay widths of the processes: fy — t§ and by — bg. We find
that these effects can be quite strong in a large region of the MSSM parameter space.
This could have an important impact on the search for squarks and the determination

of the MSSM parameters at future colliders. Our present study is an extension of the
corresponding one in the MSSM with real parameters in [11, 12].

II. TREE-LEVEL FORMULAE AND NOTATIONS

In the MSSM the squark sector is specified by the mass matrix in the basis (Gr, ¢r)
with § =t or b

2 *
ME = ( My el > . (1)
agmg  MZ
with

2 _ M2 2 9 IQL _ : 20 2 9

ms = 5 +m7 cos 2(3(I3 eqsin” Oy ) +my, (2)

mz]%R = M{zﬁ 5 + m2Z cos 2f3e, sin® Ow) + mg, (3)

ag = Ay — p{cot S, tang}. (4)

Here I is the third component of the weak isospin and e, the electric charge of the quark
q. MQ,U, 5 and Az p are soft SUSY-breaking parameters and tan( = vy /vy with vy (vg)
being the vacuum expectation value of the Higgs field HY (HY). We take A, (¢ =t,b) as
complex parameter: A, = |Aq|ei¢“q with —7 < ¢4, < 7. The current eigenstates ¢ and
Gr are related to their mass eigenstates ¢; and go by

(&) ()
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with complex parameters, we have

R — €' cos 07 sin 07 5)
B —sinf; e “acosby )’

In the (g1, g2) basis the squark interations with quarks and gluinos are given by
Lqig = —V29:T7[q: (R Pr — RHPL)G Gis + 3" (R Pr — REPR)a:G)- (6)

At tree level, the amplitude of a squark decay into a quark and a gluino has the general
form

MG — g+ §) = —u(k2)V2igsT%(RY Pr — RLPL)v(ks). (7)

with k1, ko and k3 are the four-momenta of ¢;, ¢ and g, respectively (Figl.a). The tree -
level decay width can thus be written as

dek(m2, mZ , m2) ~ ~ O
~ ~ Y 7:’ +
FO(%’ —q+g) = 167rm%- ! {(|R§1|2 + |Rgz 2)(7%23 —mﬁ —m%) +mqm’§2§R(Ri1qR32)}a
@i
(8)
with k%(m2, mz]%i, m%) =mg + m%i + m% - 2m§mz]2vi - 2.m§m§v - 2mz]2vim§v and € = 4ma,/3,
which in the case of real parameters reduces to [13]
_ ~ 2ask‘(m§, m2 _,m2) .
FO(qu —q+g) = P~ n2 9 (mz]%L2 — mg — m%) + 2sin 20;mymy),  (9)
q1,2

” 9

where the ”+” sign corresponds to ¢; decay and the sign corresponds to ¢y decay.

III. . SUSY-QCD CORRECTIONS
The O(as) loop correction to the decay width is

2 2 2
k(mg, mg,, m3)
167m3

6T = 6T™ + 6T™) 4 6T 4 6T, = 2R(M.6MT), (10)

where the superscript w denotes the wave function correction (Fig 1.b), v denotes the
vertex correction (Fig 1.c), ¢ the counterterm to the couplings, and real the real gluon
emission (Fig 1.c) which is included in order to cancel the infrared divergence. And

MSM* = 4e{[|RG] + |RGY(mE — m2 — m2) + 2mgmzR(RATRG) W1y + I + I3)*

+2e(Iy + I;) T [RY — RG)(m2 — m2 — m2 — dmgmg), (11)
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Fig. 1. Feynman diagrams for the O(«,) SUSY-QCD corrections to squarks de-
cays into quarks and gluinos: (a) tree level; (b) quark, squark, and gluino self-
energies; and (c) vertex corrections, (d) real gluon emission.

—_ =
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with
L = 1 2[A0( 2) +4mg Bo(mZ,0,mg ) + 4mZ By(mz.,0,m2 )],
4i.e 2 9
I = @{Ao( 2) +mZ Bi(mg,m3,m) +
‘|‘[ : + (R{,.R%, + RY, RL, + RI,RY + RL,RY ymgmy). Bo(my,, m3,my)},
I3 = 1671 Q(Sknsa + Sknsméaﬁ)AO( )7 (12)
2 /
L = 951687;5“"(331 RY){Bo(m2, m2, m2) + Bo(mZ, m2,m2) +
—I—2(m~§—|—m§; -m )[011(m mg ,mg, 0, m m )—I—C’o(m mg ,me, 0, m mg )]+
—I—2(m§ - m?]vi +m )C’gg(m mg ,m 0, m mg )},
2Ta/ - -
I; = %M(Rgl - R(Z']2)[_B0(m27 0, m2) - Bo(m%, 0, m%) +
+2(mgmg +m )C’o(m mg ,m 0, m mg)]
where
dq 1
Aog(m? N -
o(m?) /z’w2 (¢ — m? +ig)’
dq 1;q
Bo.u(p2, m2,m2) = / aq $ Ay
0 ) = | e o w4
B“(pz,m%,m%) = Pu- Bl(p2 m%,m%)
Co v = Coys uu(p k2, (p+ k‘) mlv m%v m%)
B d'q 15 s Quo
in? (¢ —m3 +ie)[(qg+p)? — m3 +iel[(g+ p+ k)% — m3 + ie]’
Cy = pu.C11 + k,.Cha,
C,uz/ = p,upl/'021 + k,uku-022 + {pk}pu-023 + 5pu'0247
Thus the O(as) corrected decay width I' is given by
[ =T1°+4T. (13)

where 6T is obtained from egs. (10), (11) and (12).

IV. NUMERICAL RESULTS AND DISCUSSIONS

Let us now turn to the numerical analysis. The squarks masses and mixing angles
are fixed by the assumptions Mp = 1.12Mg, |A:| = |Ay| = |A| and cosf; = —0.5,
costh = —0.9. We take m; = 175GeV, my = 5GeV and ¢1 = ¢, = 0. In our numerical
study we take tan 3, m; , mg,, mg , m,, mg, |Al, ||, ¢4, and ¢4, and cos 0;  as input
parameters, where my, ,, Mg, , are the on-shell squark masses.

We make a comparision with the decay widths at tree-level and one—loop level for the
real parameters case by studying the ¢4, , dependence of the ratios o r/T O T'g/T, with R
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indice corresponding to the case of real parameters. The input parameters are: tan = 3,
mi, = 350GeV, mz, = 650GeV, my = 170GeV, my = 520GeV, mz = 500GeV, |A| =
300GeV, |u| = 300GeV. The experimental limits on the EDMs of electron, neutron, Hg
and T'l strongly constrain the SUSY CP phases [14]. In some scenarios [15, 16] the ¢4, ,,
¢, and ¢ are practically unconstrained. Here we concentrate on the small range of the
complex phase ¢ Ay

Figure (2) shows the ¢ = ¢4, dependence of the ratios I'},/I'°, T'g/T for the bs
decay into b and §. In the range of ¢9 shown, the ¢5 can contribute ~ —1.4% — 0% to
the I'’ and ~ —4.6% — 0% to the I.

101 b,>b+3 b, >b+g
1.012] 147
1.01
103/
Em F_R
I‘otm- T
1.004
101
1.002
1_41.5 04 02 0 02 04 06 1-41.6 04 02 0 02 04 0%
o, ¢,

Fig. 2. The dependence of I'%/TY and I'r/I" on ¢, in the decays by — b+ g for
mg = 500GeV, my = 520GeV, my = 170GeV and cosfy = - 0.9.
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Fig. 3. The dependence of I'} /T and T'g/T on ¢ in the decays to — t + g for
mg = 500GeV, mz, = 650GeV, mz, = 350GeV and cosfy = - 0.5.
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Similarly, in figure (3) we show the ¢ = ¢4, dependence of the ratios I'%/T'0, T /T
for the 5 decay into t and §. As can be seen, the effect of ¢3 = ¢4, on this process is
stronger. In the range of ¢ shown, the ¢ can contribute ~ —0.8% — 0% to the I'Y and
~ —9.5% — 0% to the T

V. CONCLUSIONS

We have studied the decays of squarks ({2, by) into quarks (¢, b) and gluinos in the
MSSM with complex parameters A; ;. We have shown that including CP phases strongly
affect the decay widths of #5 and by decays in a large domain of the MSSM parameter space.
This could have important implications on the search for #; and b; and the determination
of the underlying MSSM parameters at future colliders.
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