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Supersymmetric electroweak corrections to heavier top squark decay into a lighter top squark
and neutral Higgs boson
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We calculate the Yukawa corrections of ord@@faeyMi,/mg), O(aewMiy)/My,), andO( ae M,/ my) to
the widths of the decays,—t;+ (h°% H® A% in the minimal supersymmetric standard model, and perform a
detailed numerical analysis. We also compare the results with the ones presented in earlier literature, where the
O(as) supersymmetri€cSUSY) QCD corrections to the same three decay processes have been calculated. Our
numerical results show that, for the decdys-t,+h°, t,—1t;+H?° the Yukawa corrections are significant
in most of the parameter range, and can reach approximately 10%; for the deedy+A°, the Yukawa
corrections are smaller, only a few percent. The numerical calculations also show that using the running quark
masses and the running trilinear couplihg including the QCD, SUSY QCD, and SUSY-electroweak effects,
and resumming all high order (tg)-enhanced effects, can vastly improve the convergence of the perturbation
expansion. We also discuss the effects of the running of the Higgsino mass pararoatéte corrections, and
find that they are significant, too, especially for large fan
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I. INTRODUCTION addition, the Yukawa corrections to the squark decays into
quarks plus gluinos were given in Refdl2,13, and the
The incorporation of supersymmetry is one of the mostyukawa corrections to the heavier squark decays into lighter
attractive and promising possibilities for new physics beyondsquarks plus vector bosons were given in Red]. Recently,
the standard modelSM) [1,2], and the minimal supersym- the Yukawa corrections to the bottom squark decays into
metric standard modgIMSSM) is a popular candidate for |ighter top squarks plus charged Higgs bosons were pre-
new physics in this way. In the MSSM there are many neWsented in Ref[15]. Thus only the electroweak radiative cor-
particles. For example, every quark has two spin zero parfrections to the heavier top squark decays into lighter top
ners called squarksy_ andqg, one for each chirality eigen- squarks plus neutral Higgs bosons have not been calculated
state, which mix to form the mass eigenstajegndq,. For  yet, including the Yukawa corrections to these processes.
the third generation quarks, due to large Yukawa couplings, In this paper, we present the calculations of the Yukawa
there may be large mass differences between the lighter massrrections of orderO(ae mi,/my), O(aewMin)/My,),
eigenstate and the heavier one, which implies in general ando(aewmg‘(b)/m\‘}v) to the widths of the heavier top squark
very complex decay pattern of the heavier state. decays into lighter top squarks plus neutral Higgs bosons,
As we know, the next generation of colliders, such as thq_e_, the decayd,—1,+ (h% H%A%). These corrections are
CERN Larg+e Hadron CollidefLHC), the+upigrade.d Fermilab  ainly induced by the Yukawa couplings from Higgs-quark-
Tevatron,e" e linear colliders, andu™x~ colliders will quark couplings, Higgs-squark-squark couplings, Higgs-
push the discovery reach for supersymmettJSY) par-  jigqs squark-squark couplings, charginoieutraling-
ticles with masses up to 2.5 T€\3,4] and allow for precise quark-squark couplings, and squark-squark-squark-squark
measurt_ament of the MSSM parameters. Thus more accura&%up”ngs_ As shown in Ref16], the Higgs-squark-squark
calculations of the decay .mechanlsms beyond the tree Ievﬁbuplings receive large radiative corrections, which can
are necessary. The dominate decay modes of the heavigyye the perturbation calculation of the relevant squark or
squarks are shown below: Higgs boson decay widths quite unreliable in some region of
.m0 e =m0 ~4 . w ~ =~ the parameter space. When the correction term is negative,
Li—=Xiobx s bi=bXj,tx s ti—tg;  bi—bg; the corrected width can even become negative, which clearly
makes no sense. In order to solve this problem, we use run-

T2—3120; Ti—>~bjW+; 52—>5120: Bi—>~tJW7; ning quark masses and running trilinear couplidg[16],
o o o and vastly improve the convergence of the perturbation ex-
b—tH™; ti—bH"; t,—ty(h%H’A?). pansion. We also discuss the effects of the running of the

Higgsino mass parametgr on the corrections, and find that
All these squark decays have been extensively discussed gfey are also significant, especially for large gan
the tree leve[5-7]. Up to now, one-loop QCD and super-

symmetric QCD corrections to the above decay channels
have also been calculat¢6,8,9, while the Yukawa correc-

tions and the full electroweak one-loop radiative corrections
to the squark decays into quarks plus charginos and neutrali- In order to make this paper self-contained, we first sum-
nos were given in Refl10] and Ref.[11], respectively. In  marize our notation and present the relevant interaction

Il. NOTATION AND TREE-LEVEL RESULT
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Lagrangians of the MSSM and the tree-level decay rates fol U ot oran ol
t,—1,+(h%HO A9, i : {{é’{ i 2oy
The current eigenstates andqr are related to the mass . ::;i T o ®
eigenstates|; andq, by Y ’ oo o
(a) (®) ()
<Q1) RQ( QL), Rq:( CO_S% Sm%) (1) i s r
U Ir —sing; cose; HY =~ H
oo '\_,} dj f“’---{’ \k:, oo G
with 0= 65<m by convention. Correspondingly, the mass ‘q-j" APy
eigenvaluesng andng, (with g <nv;) are given by “H} “HY “HY
(@) (e (f)
mgl 0 ~ ~ m%L agmq FIG. 1. Feynman diilgra~ms contributing to supersymmetric elec-
) =RqM—§(Rq)T, M~§: ) troweak corrections ta,—t;H’: HY, i=1,2,3 correspond to
0 % agmg Mg hO HO A®. (a) Tree-level diagram(b)—(f) are one-loop vertex cor-

2) rections. In(b) g=t fork=1, ... ,4 andy=b for k=5,6. In(d) and
(e) q=t for k=1,2 andg=b for k=5,6. In(f), g=b,t.

with
+ n T (G ~pxTa
mg=Mé+m§+m§COSZG(IgL—eqsinzHW), 3 gb(lkPR k PUxk “ti+(GiiijHiHa™ qi
) +H.c., 6)
m?] M{U 5+ M 2+m3 cos 28e, Sirf by, (4)
R with
=Aq— nicotg,tang} (5
(le)l, [R“G|k(R’3)T]|, (I,k=1,....8, )

for {up, dowr} type squarks. Heré/lg is the squark mass
matrix. Mg 5 andA; , are soft SUSY-breaking parameters
and u is the Higgsino mass parametéf; ande, are the (G a)” [R“G T]” (k=1,....8, (8)
third component of the weak isospin and the electric charge
of the quarkq, respectively. B B

Defining H= (h° H®, A%, G H*,G™) (k=1, ---,6), 0ne  whereG¢ and G{}, are the couplings in theg( ,gg) basis,
can write the relevant Lagrangian density in tlog @,) ba-  and their explicit forms are shown in Appendix A. The nota-
sis as {,j=1,2; a andg are flavor indices ton af.bg (k=1,....6), aiak 1biak (k=1,...,4), and
_ - o 1.k (k=1,2) used in Eq(6) is also defined in Appendix
Lretevant= Hka (@ PL+bPR) g+ (Gy)ijHiaf o A.

— The tree-level amplitudes of the three decay processes, as
+9Q(a PR+b Dxea+gt(l] kPR+k U)Xk b shown in Fig. 1a), are given by

sin(a+ —h,
—J2m;h, cosa+ WC“‘ % — (A cosa+ u sina)
M(10):i R h m, sin(a+ B) (RYT ©
- o
ﬁt(At cosa+ u sina) —J2mh, cosa+ gZTCtR
21
for t,—1,h°,
cofa+ —h
—2mh, sina— gmzc—s\fv,B)CtL ft(At sina— p cosa)
MP=i| R' ) mcosat B (RYT (10
- o
ft(Atsina—,u cosa) —\/imthtsina—gzc— R
w 21
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for t,—1,H°, and

M(0)= gm RT 0 AtCOtB+M R’E)T
3 2my —AcotB—pu 0 0
11
for t,—t;A°.  Here h,=gm/\2mysing, hy

=gmy,/\2mycosB, Cy=l5 —esy, Cwr=eS, Sw
=siné,, and c,=cosf,. |5, =% and e=% for the top
squark;13, =—3% ande,=—1} for the bottom squark. The
tree-level decay width is thus given by

0 2 2 2
IM{ )|2A1/2(m;2,m;1,mHo)

r= = (12

16mm;
2

where \(x,y,2)=(x—y—2)°—4yz and s=(1,2,3) corre-
sponds to the decay intd{,H® A%), respectively.

IIl. YUKAWA CORRECTIONS

The Feynman diagrams contributing to the Yukawa cor-

rections tot,—t,;H? are shown in Figs. (b)—1(f) and Fig.

2. We carried out the calculation in the t'Hooft-Feynman
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gauge and used dimensional reduction, which preserves st y)” 7 "H0) #b) * ) * 0] #b) - P : )

persymmetry, for regularization of the ultraviolet diver-

gences in the virtual loop corrections using the on-mass-shel (m) (n) (0)
renormalization schenfd 7], in which the fine-structure con- t,b 5
stanta,,, and physical masses are chosen to be the renormal A P
ized parameters, and finite parts of the counterterms are fixe: N

by the renormalization conditions. The coupling constaist o % ;T | HO RO
related to the input parametess my,, and m, via g° ' '
=e?/s, ands3=1—mj/m3. As for the renormalization of @ (@ Q)

the parameters in the Higgs sector and the squark sector, it

will be described in detail below.
The relevant renormalization constants are defined as

2 A2 2 2 _ A2 2
M= My + oMy, Mzp=mz+om3,
2

2 2
Myo= My+ dM m: .=m: + onr
q0 q 9 q q;0 dj q;’

Ag=AqT Ay, upo=ptou,
Og0= 05+ 605, tanBy=(1+dZz)tanp,
sinag=(1+6Z,)sina,

Gio=(1+6Z0) Y2+ 6235,

HO= (14 6Zy0)¥HO+ 8Z,50100°,

h3= (14 6Z0)¥?h°+ 6Z},0110H°,

FIG. 2. Feynman diagrams contributing to renormalization con-

stants. In(i) g=t(b) for k=1, ...,4 andg="b(t) for k=5,6. In

=) i=]=1,2,3 ori=1=2.

Gy =(1+6Z5-)YG ™+ 6ZguH ™,

AS= (14 65Z0) A0 (13)

with g=t,b. Here we introduce the mixing di— and G~
[18].
Taking into account the Yukawa corrections, the renor-

malized amplitude fof,—t,H? is given by

ME'=MP+ M+ M, (14)

where SM{") and sM{® are the vertex corrections and the

counterterms, respectively.
The calculations of the vertex corrections from Figs.
1(b)—1(f) result in
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6
5Mgv=)1,2,3: 1672 k§=:1 EJ: Sk)ZJ E)leo(m;zlymHE,maj)_ 1672 E IE (Gs)u((3|<)2|((-?’0|)|1CO(Fr PHoMyo, rrr ”T)
6
o 2, 2 (GLa(GDzBolmE mg )~ —— 3 ~hERLRY)
- i 2
X(Gg)ijBo(mag,nmj,rm,i)— S{[3(sir’ 67+ cos' ) — 2 sirt b co§0~](GS)ZlBO(m M)

~ 8 irf; cog 67(GY) 12Bo(Mo My, M) + 4 Sin B COSB; €05 267(GY)11Bo(Mp My, M)
s s
— 4 sin6; coS6; €OS 207(GL) pBo( M0 M, M )} +F s, (15)
whereF s are the remaining terms, which are given by

ig?h, cog a—(s—1)7/2] ~
Fes=— t 1:\/5772 - z, {[Z(atzial|*+b )mt][(zm" +Pi, P9 Cua

+(2p3,Puo+ M) Cagt 2 Cor+ 2m[10Cort 4p7, PuCast 8Cad]
+[2(agby* + z.al.*>m~o][<2m +P7,Pr) Caat (2P pHo+mHo)clz+<rrr Cor+ mHoc22+2p~ PHOC23+4Cay

ig2hy, simf a— (s— 1) /2]

16\/5772

XE{[Z(' Kk *)My][(2M; +pt, py) Caxt (2%, Pro+ Mo) Cazt 2 o

+ (m;21+ Pt,PH2)Cot+ thCo]}(ml,pHg,m?,mt ,m) +

+2m/ 0ozt 4P, PoCast 8Cza] +[2(15K4* + Kbl )y JL(2m? +pt, pyo) Cat (2%, Pro+ M0)Caa

+ (mizlcu+ magczz‘F 2pi, ProCast 4Co+ (m;zl+ Pt,PH2)Cot m5Col}( Pt PO, M=, My, Mp) (16)

for s=(1,2), and

g m; cot 3 1.3
Foa=— ! E {[2(a2,ali*—btgibtli*)mt](mioclﬁ Pi,PacC11)

327T mW i

+ [z(atZibii* —byay* )m}?][(szzl+ Pt Pa0)C1at (2P7 Pact miO)Clz

2 2
+ mf1021+ mioczz‘*' 2pt,Pa0Cagt 4Cou+ (p;1+ mlpAo)Co— thCO]}( Pt, Pa0, M0, My ,my)

ig3m, tan ~
—g nlang E {[2(|t |t * ktziktli*)mb](mioclf"'pf PacCi1)
3277 W 1

+[2(1 t2ikt1i* —kail3i* )m;(if][(Zm%l—k Pi,Pa0)C11t (2p7, Pact M30)C1o

2 2
+m; Cort MixoCopt 2pt,PaoCast 4Co4+ (7 +P7,Pa0)Co— m5Col}( PT, PA% M, My, M) 17

for s=3. In the above expressior8g andC;(;, are as defined by Passarino and Veltrfi20], except we work in the metric
(1,-1,-1,-1). Forg=t, we havek=1,...,4. Forq=b, we havek=5,6.
The counterterms can be expressed as
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oM (C)_l(G1)21

P
(5zl+ 87+ 0Z40) ~ 2 tan W 507+~~~
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2

W
A cosa A dmi+ m5A sina 1) om
L 9m € s 2; tOM; T M OA tarfa sz, gth t_//«+_t_5za
2my sinB mA¢ 2mWS|n,8 N
+1(G1)116Z12+1(G1)220Z1+1(G3) 216Z 1010, (18
- 1 2
SMP =i (GY) ) 5(6Zy+ 6Z,+ 6Zp10) — 2 tan ;607 + —~ —
W
A;sina A;dm;+mSA m; COS« S om
OO s gy | OO 7 i SO s o |2 T tarRasz,
2my sing mAq 2mysing m my
+1(GY)116Z15+1(Gh) 226Z51+1(G}) 216Znono, (19
o1 89 omy| gm A, cosa o(m Ay gumy| opu oMy
©—i(at - = — — — T
5M3 I(G3)21 2(521+ 522+ §ZAO)+ 9 2m\2N COtB mtAt B 2mW “ + mt .
(20)
|
Here we consider only 'the counter'terms from the Yukawa 1 5mW 1 5mz 1 5m§— 5m\z;v
couplings, and the explicit expressions for some renormal- 5= 5 RN,
ization constants calculated from the self-energy diagrams in 2 My 2 mz 2 mz— My
Fig. 2 are given in Appendix B. Other renormalization con- 1
stants are fixed as follows. — 5 0Zy++cotBoZgy. (24

For 6Zsy, using the approach discussed in the two-Higgs
doublet model iff18], we derived below its expression in the
MSSM, where the version of the Higgs potential is different

2

For the counterterm of the squark mixing angig using

from that of Ref[18]. First, the one-loop renormalized two- the same renormalized scheme as R&8], one has

point function is given by

iTou(p?) =i(p?~ M) 6Zuc+ip?6Zan—iTen

RESImE )+ 334 )]

56 = , (25)
FiSen(p?), 21) i 2(mg —m )

whereTgy is the tadpole function, which is given by

where the explicit expressions for thg; functions arising
from the self-energy diagrams due to the Yukawa couplings
Tou= 2 [Tstm(a B)+Ty, cofa—p)]. (22)  are given in Appendix B.
For the renormalization of the soft SUSY-breaking param-
Next, from the on-shell renormalization condition, we ob- €t€rAq, we fixed its counterterm by keeping the tree-level

tained relation of Aq, mg, and#; [21], and got the following ex-
pression:
1 2
5ZGH:F[TGH_EGH(mH—)]- (23 2 — 2 5
H a1 92 . mq
5Aq:T 2 cos X665 —sin Zeam—

The explicit expressions of g, and the tadpole counter- a q
termsTy, (k=1,2) are given in Appendix B. sin 2

0—4
q 2 2
For the renormalization of the paramef&rfollowing the + 2m, (omg —omg )+{cotB,tanB} ou

analysis of Ref[19], we fixed the renormalization constant

by the requirement that the on-mass-sh¢ll 7. coupling
retains the same form as in E@) of Ref.[19] to all orders
of perturbation theory. However, by introducing the mixing As for the parameterw, there are several schemes
of H” and G~ instead ofH™ and W™, the expression for [11,22,23to fix its counterterm, and here we use the on-shell
dZg is then changed to renormalization scheme in Rg223], which gives

+ &{cotB,tanB} . (26)
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2 eters, while in the calculation of the one-loop corrections, all
Su= E [M+(6UoVio+ U dVio) + My +U o Vo |, parameters are on shell except the Yukawa couplimgb;,
k=1 “ “ 5 taken as the running quark masses.
@7) an(Q) are evaluated by the next-to-leading order formula
where (U,V) are the two % 2 matrices diagonalizing the [25,26
chargino mass matrix, and their counterternat) (6V) are N
given by mMp(Q) = Ug(Q,my)Us(mg,mp) mp(mp),

SU= %(5ZR_ SZ-,;)U, (28) r:nt(Q):UG(Q:mt)mt(mt), (395

where we have assumed that there are no other colored par-
ticles with masses between the scae and m;, and
my(Mp) =4.25 GeV, m(m,)=175.6 GeV[27]. The evolu-

tion factorU; is

1
V= 7(8Z,— 6Z)V. (29

The mass shiftsSm;(; and the off-diagonal wave function

()
lizati tantsz be writt @ ‘ @ — @
renormalization constantZg,, can be written as Uf(QZle):( S(QZ)) [1+ MJ(” ,
ag(Q1) am
o = = Re{ - [TTl () + IR )]+ TS (m2.)
X 2 X LT )7 R T e kA o 12 (y_ _ 8982-504f +40f
= , I0=—
SIERmE ), (30 - 3(33-20°
K (36)

whereag(Q) is given by the solutions of the two-loop renor-

2
= R 2 2 L 2 + + . . .
(5ZR)ii_m2 m2., Re[HiJ(m}j*)m}erHii(m}f)m}i my; malization group equationg28]. When Q=400 GeV, the

X X running massm,(Q)~2.5 GeV. In addition, we also im-
+Hﬁ,R(mg*)m}%_’_Hﬁ,L(m‘%%)m;%], 31) proved the pertL.eranon calculations by the following re-
X; [ X; i placemen{25,26:
(6Z))ij=(0Zg)i; (L&R). (32 . my(Q)
.. . ) . m(Q)— 1T AM(M , (37
The explicit expressions of the chargino self-energy matrices M(Msusy ocd

IR and 1SR are given in Appendix B.

Finally, the renormalized decay width is then given by fu(Q)— 1+Amz(((|?/|) - (39)
T=TO+ 6T+ 6T© (33 SUS
. where
with
120 2 2 2 %1, B, [ T
AT M Mg M) Am,=— 37 B1(0.mg.m,) +B4(0.mg,my,) —sin 26, m,
ST = ——ReMP* M@} (a=v,c).
87Tm; _ _
2 (34 X[Bo(0,mg, ;) — Bo(0,mg,my )] 39

IV. NUMERICAL RESULTS AND CONCLUSION 2aq
Amy=—4—Mgu tangl (mgl,mgz,Ma)

We now present some numerical results for the Yukawa 3
corrections to the decayts—t,+(h®,H% A%. The SM in- h?
put parameters in our calculations were taken to be >
Qen(My) = 1/128.8, my,=80.375 GeV, m,=91.1867 GeV 6m
[24], m=175.6 GeV, andn,=4.25 GeV. 2

In order to improve the convergence of the perturbation _
expansion, using the method presented in REd], we take
into account the QCD and SUSY QCD running quark masses 1
mg(Q)[M(Q),my(Q)] and running trilinear couplind\ in +sirf ;1 (M, M,, ;) + = coS gl (Mg, ,M,, 1)
our calculation(the energy scal® here is the mass of the z 2 '

heavier top squark, i.ent;). In the tree-leveHJt,t; cou-

mAtanBl(mg ,my_, u)

MMztanﬁ Cogef'(m"lvMZHu’)

6’772

1
plings, we usan,(Q) andA, instead of the on-shell param- * ESInZ&BI(mBZ’MZ'M)} (40

115008-6
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2.0 +——-—p—rpr—-a-—-r———v=———vr
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2
&
|~
© 204 i 7]
—— tgp=4
L2 e I tgp=10 -
4 —1gp=30
124 -
v T v T v T T T v T v T v
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m, . (GeV)

FIG. 3. The tree-level decay widtte) of t,—1,h® and its
Yukawa correctiongb) as functions ofr'rrtl for tang=4, 10, and
30, respectively, assuming,o=150 GeV, u=M,=200 GeV, A,
=A,=600 GeV, andMg=1.5My=1.5M5.

with B;=B;+A/2, By=Bo—A (A=1/e— yg+In4m), and

2
a
a’b?log—

e
?)(a®~c?) b

(a®—b?)(b%>—c

2
+b2c? Iog

I(a,b,c)=

CZ
+c?a? Iog—2 . (41
a

The running trilinear coupliﬂsf\t can be obtained ac-
cording to the definition of th®R renormalized quantities

PHYSICAL REVIEW &5, 115008 (2002

1.2 T T T T T T T
@.
—gp=20 e
""""" tg|3=1 0
AAAAAAAAAAAAAA tgp=
0.8 -
s | ]
2 1 T
s | T e
e e
044 T E
0.0 T T T T T T T T T T T T
100 150 200 250 300 350 400 450
m, (GeV)
30 1 1 1 1 1 1 v
] (b)
25 E
20
. 154
&
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B
-5

— 71
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FIG. 4. The tree-level decay widtte) of t,—1,H® and its
Yukawa correctiongb) as functions ofrrrll for tang=4, 10, and
30, respectively, assumingo=150 GeV, u=M,=200 GeV, A,
=A,=600 GeV, andMz=1.5Mg=1.5M5.

R Re{zlz(m{ +212(m )}
59t:’ 2 2

2 m; —m
2

(42

Here the explicit expressions for thg; functions arising
from the QCD self-energy diagrams are given in R&B].

Then we can get the running paramefgrfrom the formula

A =[M; (Q)— M (Q)]sin#i(Q)cosdi( Q)+ Myu cotB.

(43

The two-loop leading-log relationg29] of the neutral

m Q)= m + 5m and the running mixing angle of the top ysed. Fom,,+ the tree-level formula was used. Other MSSM

squarks&;(Q)f 0;+ 567, where the countertermﬁn;_ and
567 are given by

ot =R SHO(mf) + 3 1@(m?) + 31,

parameters were determined as follows.

(i) For the parametengl;, M, andu in the chargino and
neutralino matrix, we tak®, andu as the input parameters,
and then use the relatioM,=(5/3)(g'%/g>)M,=0.5M,
[2,31] to determineM ;. The gluino massm; was related to
M by mg=[as(mg)/az]M, [7].

115008-7
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_ U _ FIG. 6. The tree-level decay widtte) of t,—t,;h® and its
FIG. 5. The tree-level decay widtte) of t,—t,A” and its  yykawa correctiongb) as functions ofm,o for tang=4, 10, and
Yukawa correctiongb) as functions of; for tang=4, 10, and 30, respectively, assuming;, =200 GeV, u=M,=200 GeV, A,
30, respectively, assuming,o=150 GeV, u=M,=200 GeV, A =A,=600 GeV, andMg= 1.%Mg: 1.5M5 .
=A,=600 GeV, andMg=1.5My=1.5M5.

—gm
(i) For the parametemé 05 andA ;, in the squark mass M) =

matrices, we assumeds=1.5My=1.5Mp andA;=A, to

S';“F;!fg tr::i ;Aaf‘ij'f‘g\}lsg Zﬁ‘;eﬁtj‘z F'Ingi} ;gr ";‘8‘1 01; ‘g’rheereFor m;, =100 GeV, cos ~(~0.575,-0.574;-0.574), and

ok th:susvDécb i halen tR_e[sb].l PAI® " cosa~(0.754,0.953,1.000) for tah=4, 10, and 30 , re-
Some typical numerical results for the tree-level decaysPeCtNely’ and  for m, =560 GeV, cosk ~(~0.323,

widths and the Yukawa corrections are given in Figs. 3-12.~0.332;-0.334), and co&~(0.737,0.897,0.992) for tah
Figures 3-5 show ther; dependence of the results of the ~4, 10, and 30, respectively. In the caseisf2, the wo

three decay channels. Here we tak®o=150 GeV, u terms in Eq.(45) have opposite signs, and their magnitudes

=M ,=200 GeV, and\,=A, =600 GeV. The leading t’erms get close to each other with increasing faand thus cancel

R ; (0) /e : to large extent for large tgB. Therefore, the tree-level decay
of the tree-level amplitudedl’(s=1,2,3) are given by widths have the featurel’s(tang=4)>T'o(tanS—10)

>TI"y(tanB=30) in most of the parameter space, as shown in
—igrﬁt A Fig. 4(a). In the case of=1, the two terms in Eq44) have
(A;cosa+ u sina)cos 20y, (44)  the same signs and there are no canceling effects between
them, sol' is larger than in the case oF2 for the same
values of tarB. In the case of=3, the amplitude contains a
A term proportional to cg8, so I'p(tanB=4)>T"y(tanB
©o_ _'gm o~ . =10)>Ty(tanB=30). From Figs. 3—®), one can see that
M2"= 2mWsin/3(At Sina—p cosa)cos 2,  (45) the relative corrections are sensitive to the value of@an

S, (A, cotB+ ). (46)

M(O): Y
1 2mysing
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FIG. 7. The tree-level decay widtte) of T,—t,H° and its FIG. 8. The tree-level decay widtte) of t,—t,A° and its

Yukawa correctiongb) as functions ofn,o for tang=4, 10, and ~ Yukawa correctiongb) as functions oim,o for tang=4, 10, and
30, respectively, assuming; =200 GeV, u=M,=200 GeV,A, 30, respectively, assuming;, =200 GeV, u=M,=200 GeV, A,
=A,=600 GeV, andMz=1.5Mg=1.5M5. =Ap=600 GeV, andMz=1.5My=1.0M5 .

There are many dips and peaks on the curves in Figg—6
r‘53(b), which come from the singularities at the threshold
points. For example, ahpo=235 GeV in Fig. &), we have
the threshold pointrrblzm;(ng m,, for tanB=230.

For tang=4 and 30, the magnitudes of the corrections ca
exceed 30% and 20%, respectively, for the decay hfto
For tanB=10, the corrections are medium in FighBand
Fig. 4(b), and smallest in Fig.(). In general, for low taB ] )
the top quark contribution is enhanced while for highgan N Fig. 9 we present the tree-level decay widths and the
the bottom quark contribution becomes large, and for meYukawa corrections as the functions afin the case oft,
dium tang, there are no enhanced effects from the Yukawa—t,+H?, assuming tap=30, m;, =250 GeV, M,
coqpllngs_,. There are some d|p§ and peaks in F|gS.(k8,—5 =100 GeV, A,=250 GeV, A,=—250 GeV, and muo
which arise from the singularities at the thresh_old points— 150 GeV. In most of the parameter range, the relative
My, = Mo+ m andmg, =g+ Mg+ (=Mmy,), respectively. corrections are from 12% to 32% for the decay ihfh and
Figures 6—-8 give the tree-level decay widths and theonly a few percent for the decay inta® except near the
Yukawa corrections as functions ofso for the three decays. zero point of I'y. For the decay intdH®, when u takes
We assumedni; =200 GeV, u=M,=200 GeV, andA; certain values (near —26 GeV), I'y gets very small
=A,=1 TeV. The features of the tree-level decay widths in(= 10 * GeV), and the relative corrections near these values
Figs. 6a)—8(a) are similar to Figs. @)—5a), respectively. do not have a physical meaning. So we cut off the correc-
From Figs. 6b)—8(b) we can see that the relative correctionstions, since perturbation theory breaks down here. In order to
decrease or increase the decay widths depending giitam  improve the results, we use the running Higgsino mass pa-
most of the range of mass A, the relative corrections vary rameter(Q)=u+ Su(Q) in the tree-level coupling, and
from 27% to 33% for the decay inte®, —6% to 20% for  find that the convergence of the perturbation expansion be-
the decay intdH°, and—9% to —5% for the decay int@\’. comes better as shown by the dashed line in Filg), 9vhere
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2.0 T T L) T T 10 ) ) ) ) )
@
0 |
""""""" Ao 8 --------- Tree-Level Decay Width i
15 —h - Corrected Decay Width
5 —H s
--------- H® (with p running) S .
~ [
3 104 g =
0] B
=° T 44
8
3
0.5 4 2
24
0.0 LN (L R NN NN RENEL A R AN L AN B BN R [ T T T T T -
-500 -400 -300 -200 -100 O 100 200 300 400 500 300 400 500 600 700 800 900
K (GeV) M, (GeV)
100_ 1 1 T L) ) T L) 1 1 M . ~ ~ 0 .
(®) FIG. 10. The decay width of,—t,H; as a function ofrrrz,

assuming ta=3, cos6;=0.26, m;1=250 GeV, u=550 GeV,
mg=600 GeV, A=A, Ma=150 GeV, andMp=1.12M5. The
solid lines correspond to the Yukawa-corrected decay widths, the
dashed lines to the tree-level decay widths.

ence, which is due to the running effects used in our calcu-
] lation but not in Ref[9]. The relative corrections in Fig. 10
.............. vary from —22% to 26% for the decay intb®, —60% to
— 4% for the decay int¢d®, and—5% to 0% for the decay
into A°. The relative corrections in Fig. 11 vary from
--------- —1% to 23% for the decay inth®, —24% to 60% for the
a0 decay intoH®, and —4% to —1% for the decay intA°.
-500 -400 -300 -200 -100 © 100 200 300 400 500 After comparing with Figs. 3 and 5 in Rdi9], we can see
1 (GeV) that the Yukawa corrections are comparable to ¢hev,)
_ -~ _ SUSY QCD corrections for the decays irtt§ andH°, but
s sty e o sty o, STAler i () SUSY QD corectonsfor e de-
K % cays intoA°. There are two dips aho=348 GeV and 352
m;, =250 GeV, M2=100 GeV, A;=250 GeV, A,= =250 GeV,  Gay on the solid curve of the decay irttg in Fig. 11, which
Mao=150 GeV, andMp=1.M7=1.5M5 . come from the singularities at the threshold poimts,
the region of the parametex where perturbation theory =m; +Myo.
breaks down gets small¢note that, in fact, the parameter  Finally, in Fig. 12 we show the numerical improvement of
range| u| <180 GeV has been excluded by phenomenologythe Yukawa corrections as a function of f&in five methods
at the CERNe'e  collider LEP and Tevatrof16,32).  of perturbative expansiorfi) the strict on-shell schemghe
There are many dips and peaks on the curves in Rig, 9 dotted ling, where the top quark pole mass 175.6 GeV, the
which come from the singularities at the threshold pOintS.bottom quark p0|e mass 4.25 GeV, the on-shell trilinear cou-
For example, aju=—216 GeV on the solid curve in Fig. pling A,, and the Higgsino mass parametewere used(ii)
9(b), we have the threshold point;,=m,o+m, for the de-  the improved scheméhe solid ling, in which the QCD,
cay intoH°. SUSY QCD, and SUSY electroweak running quark masses
In Figs. 10 and 11 we compare the results with the one§r1q(Q) and the running trilinear coupling,(Q) were used,
presented in earlier literaturd®] where theO(as) SUSY  (iii) the complete improved schenféhe dashed ling in
QCD corrections to the same three decay processes hawhich the SUSY electroweak running parametewas also
been calculated. We present the tree-level decay widths angsed as well as the same running parameters &i$)jr(iv)
the Yukawa corrected decay widths as functionsmpf and  the m,(Q) running scheméthe dash-dotted linein which
Mmuo in Figs. 10 and 11, respectively. For comparsion, weonly the running top quark mass was used, day the
take the same input parameters as in REJ]: tan  m (Q) running scheméthe dash-dot-dotted lingin which
B=3, cost;=0.26, my =250 GeV, my=600 GeV, u  only the running bottom quark mass was used. Here we as-
=550 GeV in Figs. 10 and 11, and,o=150 GeV in Fig. sumedrrrt1=250 GeV, M,=200 GeV, A;=A,=900 GeV,
10, m;,=600 GeV in Fig. 11. In both figures we assumed ;=200 GeV, muo=150 GeV, andMg=1.5Mg=1.5M5.
Mp=1.12M75. Our numerical results for the tree-level decay One can see that the effect of the running of the top quark
widths agree with the results {8] except for a small differ- mass on the corrections cannot be neglected for low

8IT, (%)
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--------- Tree-Level Decay Width
Corrected Decay Width
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3T, (%)
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100 150 200 250 300 350 400 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80

tgp
MAo(GeV)

LI |
48

FIG. 12. The Yukawa corrections df—t,H® as a function of
assuming tap=3, cosf;=0.26, m; =250 GeV, =550 GeV, tfu;’go Ga\s/suml_ngoongl:vzso GEV1’50 '\22;200 C;e;/l/,ﬂ —Alt;I\//IA\E
m;=600 GeV,A=A,, andM3=1.1Mg. The solid lines corre-  _ eV, u= €V, Mao= €V, and M= 1.9Mg

spond to the Yukawa-corrected decay widths, the dashed lines to th:el'SME’ | The dotted “r.]e to the correcthns using the on-shgll pa-
; rameters; the dashed line to the corrections using the running pa-
tree-level decay widths.

rametersm,(Q), m,(Q), A, andx; the solid line corresponds to
] ' the corrections using the same running parameters except the run-
tanp (<10), while the effect of the running of the bottom ping i: the dash-dotted line to the improved result only using the

quar!( mass is quilte significant for large _128r(>40). All the running massfnt(Q); and the dash-dot-dotted line to the improved
running effects with or without the running of the parameter . . only using the running mass,(Q)

u make the convergence of the perturbation expansion much
better. The relative corrections smoothly approach.0% ) .
and 14.3% with increasing tg for the improved scheme than 10_% in most of the parameter space. The numerical
and complete improved scheme, respectively, as shown bg,alculatlons allso shqw that using the running quark masses
the solid line and the dashed line in Fig. 12. and the running trilinear coupling\;, which include the

In conclusion, we have calculated the Yukawa correctionQCD: SUSY QCD, and SUSY electroweak effects, and re-
to the widths of the heavier top squark decays into lighter toppdmming all high order (taf)-enhanced effects, can vastly
squarks and neutral Higgs bosons in the MSSM. These cofMProve the convergence of the perturbation expansion. We
rections depend on the masses of the neutral Higgs bosofSO discuss the effects of the running of the Higgsino mass
and the lighter or heavier top squarks, and the parameter pg'rameter,u on the. corrections, and find that they are sig-
For favorable parameter values, the corrections decrease Bfficant, too, especially for large tgh
increase the tree-level decay widths significantly. In particu-
lar, for high values of taB (=30) or low values of
tanB (=4), the magnitudes of the corrections exceed at
least 20% for the decay intd andH®, which is comparable This work was supported in part by the National Natural
to the O(ag) SUSY-QCD corrections. But for the decay into Science Foundation of China and the Doctoral Program
A°, the corrections are smaller and the magnitudes are legsoundation of Higher Education of China.

FIG. 11. The decay width of,—t,H? as a function ofmyo,
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APPENDIX A

The following couplings are given in ord€@(h,,hy).
(1) Squark—squark—Higgs boson.
OO (a) Squark—squarki®,

G
ol
Il

1

2

C(X
- \/quhq{ - Sa]

CEY
hq Aq s +u

S

a

—C

)

1h Cu
_E q Aq —s,

+u

Ca
- \/zmth{ - Sa]

)

(A1)

for {up/dowr} type squarks, respectively. We use the abbreviaigrssina, c,=cosa. « is the mixing angle in th€ P even

neutral Higgs boson sector.
OO (b) Squark-squarkd®,
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Sa
—\/quhq[C
GY= :
2 g A Ca
_E q q CO{ _/L Sa
OO (c) Squark-squarkd®,
cotB
0 “ Ml tang| M
éa:i%
S 2my cotg 0
+
9 tang| " A3
OO (d) Squark-squarla®,
0 A cot,B]
— A+
i 9M 9" tang
4 2myy cotB 0
Ag— tang )

OO (e) Squark-squarkd =,

)T

o1 1

b= (&

g (mﬁtanﬂ+mfcotﬂ my(A; cotB+ u)
_\/Emw my(Ap tanB+ u)

2mym,/sin 28
(A5)

OO (f) Squark-squarlG=,

Ge=(GY"
-9 m;—mg

~J2my,

my(Ar— u COtﬁ))
My 1 tanB— Ay) 0 '

(AB)

[0 2. Quark—quark—Higgs boson,
a 1 o -C, 1 N S,
ak_ E q Sa 1_5 q Ca ’
i h cospB| —ig [—my
J2 sing)2my | my |’

hysinB] g |—mb)>
{htcos,B]’\/EmW m |/’ (A7)

PHYSICAL REVIEW D66, 115008 (2002

1 N Se Cq
(A2)
S[lf
_\/quhq[ca
3] )l
V2 s )T V2 el
ih cosB| —ig | m
2 9 sing) 2my | —m,)’
cosp g [ m; }
hgt = . A8
q[smﬁ} V2my, [ — Mg ) (A8)
O 3. Quark-squark-neutralino,
~ ~ Nia ~ ~ N:A
k3 k3

HereN is the 4X 4 unitary matrix diagonalizing the neutral
gaugino-Higgsino mass matrf2,31].
[0 4. Quark-squark-chargino,

Vi = = | YUk
19 =RLY . ki=RY . A10
ik i2 q[ Ukz} ik |lr Ythz ( )

HereU andV are the 22 unitary matrices diagonalizing
the charged gaugino—Higgsino mass maf#31].

[0 5. Squark—squark—Higgs boson—Higgs boson.

OO (a) Squark-squarkd ™ -H (k=1,2),

, [ MEScHmMET 0
B Ak g
G =(Gl)T=——— 2mm
" " 2\/§m\2,\, 0 sint2,3b X
(A11)
with
S.=(cosa cosB/sir’B, sinacosp/sitB), (Al2)
Ty=(—sinasinB/cogB, cosa sinp/cosp),
(A13)
Vi=(sin(f—a), cogp—a)). (A14)
OO (b) Squark-squarkd ~-H ™,
- h2 sirfB 0
6= h cos’s A15
557 0 , COSZﬂ ( )
~g sirB

OO (c) Squark-squarkd —-G™*,
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—mZtanB D2,=(coSalsir’B, sirfalsir?B, tartp).
-5 g2 m? cot3 (A24)
Gos= 2m3, | cotB OO (f) Squark-squarkd®-h®,
0
mq{—tanﬁ} —g°mZsin2
(A16) ~9"M, SIn 2a o « 0
~ 4
OO (d) Squark-squarlc ™ -H,(k=1,2,3), (3532: Mw
A5 a7 0 —g?m? sin 2«
Gea=(Gg) T A,
g [mISG+mMETG, 0 ) (A25)
- 2\2m3, 0 2mymy, /sin 28V Gy with D2=—1/cogB,
Al7
(A1D) —g?m? sin 2« 0
with 7 4mg,
SG=(cosal/sing, sinalsing, icotp), (A18) Giz= . — g2l sin 2a
TGy=(sina/cosB, —cosa/cosB, itang), 4m\2N
(A19) (A26)
VG=(—codB—a), sinB—a), —i). (A20)  with D1=—1/sirfg.
00O (g) Squark-squarla®-G°,
OO (e) Squark-squarkd-H, (k=1,2,3),
—g?m2sin2
9 b1 0 g+2B 0
A7 \Z/th “ Gb = AMiy
Gik= o, (A21) % 0 —g’mésin2B
0 > mZD 1y 4mg,
W (A27)
with
—g’m?2sin28
D1,=(sirfalsir’B, cogalsirtB, cofp), — 0
(A22) gi_|  AMw
357 2 2 .
o, 0 —g“mg sin 28
—gzngzk 0 amg,
T My A28
P = g (A23) o ) (A28)
0 > MiD2, Finally, we define(ASﬂ=(A3iqj , and alsoég(4)k=0, when
Mw k=1,2,5, i.e., there are n8°(G°h%q, A°(G®)H%q, or
with A°(G%H "qq couplings.
APPENDIX B

We defineq=t andb, q’ the SU(2) partner ofg, andq”

oma, g°

ma,  1672my,

sm  3g?

m% 877'2m\2N a=t,b

=qfork=1,...,4 andy”"=q’ for k=5,6. Then we have

[m3+m?—Ag(m7) = Ag(mp) — mZBo— (mf—mj) By 1(mG,,my,my),

1 . .
3L 9L —€q SiPOy)?+ € sin by ][ 2mi — 2Ao(m3) — ;B |

— 2mieg SirP (19 —eq Sinf6y) By (M5, Mg, my),
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3¢° 2 >
z?Z,JF:P[(mt cof B+ mg tar? B) (M7 Gy + By — MZGg) — 2mZm2Go](mZ s ,my ,mp)
T

£)ij(GE)ij Go( M+ M, M),

R KL LN R i SO ST Gt By MGy (T, mpmy)
0= ——————(—2m;Gy+B;+m mé ,m;,m)+——————(—2miGy+ B, +m mZ ,my,m
" 16n%m}, siPp e P 16m2me, cog =0 " 21T L e b Tl
67722 (Gl)IJ(Gl)I] o(mh rrr,mg)
. Smefsinza( 2M2Gy+ B+ M2 Gy ) (2 : 392m§co§a( Gt B, R G2 )
0= —————(—2m{Gy+B;+m mZ ,m,,m)+ ————————(—2m2Gy+B,;+m m2 .my.m
" temmysieg Tt 0 Tt MY T gemimd cog g TP 0 b e
16772 2 (GL)i (G GoM?, M ),
oz 3g2m$co§a( 2m{Go+B1+m;Gy)(m; ) 3gzm§smza( 2miGo+ By + mZGy) (M3 )
or=————(—2m + +m mz ,m.,m)+———————(—2m + +m m2 ,m,,m
" 16772m\2/v5in2,3 (U0 T T A TR 16772m\2,VCOS?,8 b=0 T 21T PR Ay b b
g)ij(Gts)ijGO(m,on-”ri,mBj),
S A<m2>+ﬂA (M- 3 3 (GHA(mE)
K gr?mysing © U 8x?mycosB O D qSte g ITO e
2
SeH=— Too2m? (m? cotB—m2 tanB)[MZBo+ Ag(MZ) + M7, By ]+ mZm2(tanB— cot 8) Bo(MZ . ,my,my)
T Ty
_ L 3 i
t_ t . 2 . qy 2
o2 ; (G5)j1 (Gt Bo(Mpye ., 5 )+ —— q;b ; (G2 Ao(m? ),
om 1 & m
t t” " "
M 1672 kgl [Eaia}( (akbt bLa}‘)Bl}(mtz’mt"’mHk)
9 < 1
2 2 2
=P i Bot 5 (12l Bl 2)(Bo+ By) |(m? )
g 2
2 2 2 _
1@,72 kzl; { Bo+ (|I Wl +|k [ 9)(Bo+By) (mt'nTijmX:);
6 - 4
6rrrt= 1672 Z 't()ij(Gtk )“BO(m%i’m}/'mH 2922 U |alk|2+|bk|2)[mBl+Ao(m”o)+mtBo]

2
"‘thm}ERe(aitkb Bo}( m‘ mtaWO) 2922 1( |||k|2+|kk|2)[m' Bl+A0(m”+)+mt/Bo]

Tt 2
+2mg e Re( ki ) Bo} (M my ) 1
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6Zi=— 2 2<Gk).,<et )jiGo(m;, rm,mH>+2922 [(al/2+b%/?) )(B1+m; Gy~ m{Go)
7T
o 2
— 2mymso Re(ajbif ) Gol(m; my, o) + 297 3 [(||k|2+|kk|2><81+mel Go)
—2mg . Rell k) Gol (M, ,mgr ) ¢,
—3g?m? sin 2«
Sun(p?) = ————————[(2m?By+ p?B, ) (p?,m,,m,) + Ag(m?
Hh(P?) 32772m\2,\,sin2[3[( i Bot P B1) (P, me,my) +Ag(my)]
3g°m3 sin 2«
+————[(2mZBy+ p?By)(p2,m,,my) +Ag(m?
32772m\2,\,co§,8[( bBot P B1)(P%, My, Mp) +Ag(Mp)]
3i -~
D1i(GiiBo(p* Mg, M)+ —— 2 X (Gp)iAg(mg),
Y 1677 g '
S pn(h§) S pn(HY)
5ZHoho=%, 5ZhoHo=%,
m mho mho_mHO
6

2P = 15| 2 2 (GUn(GL)Bol i mi) ~20° 3, {(2,a5% + biubE(P*Ba+ Aol o) + miBo]
2

Tt Tt 2
+mymy o(alkb2k +abybt ) Bo}(p?m, ,m;(g)—Zgzgl {055+ kiSO [P?Ba+Ag(mi ) + m’,Bo]

T Lt TR T 2
+mt'mx;“lkkzﬁ+|2ik1k)Bo}(P My ,m;(:) ,

~ 1
80+ 825, = m[zlz(m> S i(mé L,

t th

2
Hh( - 1677 “ |k||kj (p%,my, ”V)+kk.k 1(p2,mt,m6k)],
2 ~ ~
IT(p?) = 2 [kigkiyBa(p2 My ) + 1513y Ba(p2 me )],
= k K
2
I5(p mbkkllkJBO p%, My, Ny )+mt|k.k Bo(pzymt,mBk)],
1677 k=
2 ~ ~
HSR 1677 2 mblklkkJBO pZ,my, tk)+mtkEi|EjBO(p21mtymBk)]-

Here Ay andB; are also as defined by Passarino and Veltfizij, except we work in the metric (3,1,—1,—1), andG,
=0B,/dp?, Go=—dBqy/dp>.
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