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More on higher order decays of the lighter top squark
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We discuss the three-body decdys-W'bx?, T,—H by?, T,—bl, », andt,—bw | (I=e,u,7) of the
lighter top squarkt; within the minimal supersymmetric standard model. We give the complete analytical
formulas for the decay widths and present a numerical study in view of an upgraded Fermilab Tevatron, the
CERN LHC, and a future lepton collider demonstrating the importance of these decay modes.
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I. INTRODUCTION Tl—>b;||+, (5)
The searc_:h for supersymmet(@USY) [1,2] plays an im- herel denotese, ., 7.
portant role in the experimental program at the CE&e In [10] it has been shown that decays into sleptons are
collider LEP2 and Fermilab Tevatron. It will be even more T L~ y s P i
important at future colliders, e.g. an upgraded Tevatrondominating over the decays intixy , if they are kinemati--
CERN Large Hadron Collide(LHC), ane*e™ linear col- cally allowed. However, they have used the approximation
lider or au ™ 1~ collider. Therefore many phenomenological Me=0, Ny=h=0 (I=€,u,7), m; <mg-<my-. In [11] it
studies have been carried out in recent yése® €.9[3-6]  has been shown that for small tarthe decayt;—W*by?

and references thergin - : ~ ~0
Within the supersymmetric extensions of the standar f general dpmlnat_es ovey—Cy; » Whereas for_large ta,ﬁ
heir branching ratios can be of comparable size. In this pa-

e B o noce et e present e complets oyl for e e body ce.
plies that évery SM fermion has. two spin'O partners calle ays which are so far missing in the literature. We also per-
S = ) ~form a numerical analysis for the mass range of an upgraded
sfermionsf, andfg. In general sfermions decay according Teyatron, the LHC, and a future lepton collider including the
to fy—fx?,f"x;” where){ and;" denote neutralinos and possibility that all of the above decay channels are simulta-
charginos, respectively. Here we assume that the lightesteously open. In particular it turns out that the inclusion of
neutralino is the lightest supersymmetric partidlSP). the bottom and tau Yukawa couplingg andh, is impor-
Owing to large Yukawa couplings the sfermions of thetant.
third generation have a quite different phenomenology com- This paper is organized as follows: In Sec. Il we fix our
pared to those of the first two generatioisee e.g[8] and notation and give the analytical expressions for the decay
references therejn The large Yukawa couplings imply a amplitudes together with the relevant parts of the MSSM
large mixing betweerf, andfr and large couplings to the Lagrangian. In Sec. Il we present our numerical results for
Higgsino components of neutralinos and charginos. This is iihe branching ratios of the three-body decays in scenarios
particular the case for the lighter top squagkbecause of the 2ccessible either at the Tevatron run Il, LHC, or a future
large top quark masg9]. The large top quark mass also lepton collider. Our conclusions are drawn in Sec. IV. The

implies the existence of scenarios where all two-body decag”algggil K’rg‘#éaz fogrt]g?x S;“?Jgg t?}g“\’/'g::gﬁ: é"gi l:frfeg in
modes oft; (e.g.t;—tx{ by; ,tg) are kinematically for- PP ’ PP 9 plngs-

bidden at the tree level. In these scenarios higher order de-

cays off, become relevaritl0,11]: Il. FORMULAS FOR THE DECAY WIDTHS
~ ~0 In this section we fix our notation and we give the La-
t;—Cxi2 (1) grangian relevant for the calculation of the decay widths.
Moreover, we present the analytical formulas for the matrix
T,—W'by? (2) elements and generic formulas for the decay widths. The

complete formulas for the latter are rather lengthy and are
listed in Appendix A.
The parameters relevant for the following discussion are

_ M’, M, Mo, u, tang, Mai, Méi’ Mgi, Adi' andAui. M’

t—bl (4 andM are theU(1) andSU(2) gaugino masses, for which
we assume the grand unified theof@UT) relation M’
=5/3tarf6,yM. u is the parameter of the Higgs superpoten-

*Electronic address: porod@galileo.thp.univie.ac.at tial, mao the mass of the pseudoscalar Higgs boson, and

T, —H'by? ®)
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FIG. 1. Feynman diagrams for the deday—H "by®.
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ay,My, = mui(Aui —pmcotp),
ag Mg =My (Ag — ptang),
a;m =m (A —utans), (8)

where i is a generation index W=u,c,t;d;=d,s,b;l;
=e,v,7) which will be suppressed in the following. The
mass eigenstatds andf, are related tdf, andfx by

1, cos#;  sing;\ [T, -[FL
1=l L =R 9
f —sinf; cosbi/ |\ T4 fr

2

with the eigenvalues

2 2\ — 2 2
=3(mé +rr‘rfR)+%\/(mf —mfR)2+4af2mf2. (10)

tanB=v,/v, where v; denotes the vacuum expectation
value of the Higgs doubldtl; . Mp,, Mg, and Mg, are soft

SUSY breaking masses for the squar,kgi, and A, are tri-

The mixing angled; is given by

linear Higgs—squark couplings, ane1,2,3 is the genera-

tion index.

The mass matrix for sfermions in théL(, ~fR) basis has

the following form[8]:

2
, [ A,
M?i: arm; m
i g
with
2 2 .
m; =Mz +mﬁi+m§cos2ﬁ(%—§smzew),
Li i
2 g 2 2.2 .
meRi_Mui+mui+3mZCOSZBSIn20W’
2 2 .
m; =Mz +m§i—m§cos2,8(%— 1 sirtoy),
Li i
m2 =M2 +m2 —1m2 cos 28 sir6
dg; D; d 3"z W
2 _ap2 2 2 1 i
rT‘rILi—MEivLmIi m3 cos 28(3 —sirfby,),
M =M2 +mZ—m? cos 28 sirt6
IR E; li 4 we
and

—asmg
cosdi= )
\/(mg —mé )2+ a?m?
(6) fL fl
(mf —m )2
sing;= = ! (11
f 2 2 '
(7 —m )?+afm;
The sneutrino mass is given by
mZ =M?Z + imZ cos 28. (12)
(7

The part of the Lagrangian, which is needed for the cal-
culation of the three-body decay widths, is given by

095009-2



MORE ON HIGHER ORDER DECAYS OF THE LIGHTE. .. PHYSICAL REVIEW D 59 095009

£=9.2, b(kiPLrIiPRY Tt 2 wilkePutloPrIx; Tatg 2, X (1"PU
f=eu,r f=eu,7
2 2
+9 > f(byP +af,PR)XTTk— g\AFE YAOLP,+ORPR Y, —igW, E Atg Ié’;t‘l—iW;WPLt
i H V2
2

—gH™ 3> XAQE PL+QY PRIX{ —gH" E Cr tib] + H~b(m, tanP, +m; cot BPR)t (13
=12 \/—mW
wherePgr | =(1% vys)/2. Thevarious couplings are given in Appendix B.

The formula for the decay widti(t;—W"bx?) has already been given ii1]. Therefore, we give only the corresponding
matrix eIemenﬂvI}lHWw;(g:

(p”+pb )

2
y S SRS
Mtlﬂwﬂnxg— 2 ] Z 04D, —mB_—ImbijJd(pb)[b]lPL+ajlpR]U(pXO)e «(Pw)
i

2
+92;1U(pb)[|t1jPR+ktleL]pg 2 * [O&j,PL+O?j,PR]’y#U(p;((lJ)EM(pW)

X.
- e 'é‘i[b PL+aliPRlo(PRo) €, (Pw) 14
\/— b Lptz . mtrt 117 L 11" R X1’ S W/ -
In [11] also the formula fol (t;—cx?) [10] has been rewritten in the notation used here.
In Fig. 1 we show the Feynman diagrams for the deigay H *b}g. The matrix elemen't/lzl_,mb;(g for this decay is given
by

2 U(pbnb?lpwa%PR]v(p;g)
M k== ,Zl Cig

] p~ —mg —img I'g,

2 U(pbmijPR+kL-PL][p;;—m;;][Q&{PL+Q§{PR]v(p;g>

j=1 p2 me. —imz+T=+
- I~ +
Xj Xj Xj Xj

-9

g2 u(pp)[ M, tanBP +m, cotBPRI[ pr+ m[b};P, + atllpR]U(p}(l’)

N . (15)
V2my, pe—mg—imTy
The decay width is given by
2 2
I —H b)) = —— f(mffm”” dS(G5+5+ + G5+ + G35+ Gy + G + Gp) (16)
= +7+ + +
! ! lﬁﬂTm?lSin‘lﬁw (mb+m}g)2 X Xt XTh " t bb

with G;; given in Appendix A.

Alternativelyt, can decay into sleptons;—bvee®, by, u*, 1,—be/ ve, by v,, 1;—bv,r*, andt;—br{ .. These
decays are mediated through virtual charginos. The Feynman graphs are similar to the second one in Fig. 1, where one has to
replace the Higgs boson by a slepton and the neutralino by the corresponding lepton. Note, that the degagsitig are

negligible because their couplings to the charginos are proportional im, andm,, /myy, respectively. In the case of decays
into sneutrinos and leptons the matrix eleme'vlt{sﬁw;I have the generic form

2 u(pp)[13;Prt ktleL][lb};—m;;][l}"PRJr ki'PL]o(p))

- -~ —g2
Mt b5 =972 2 2 imeal- : (19
= ~, — — +]' 7+
! pxr Xj+ X~ X
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whereas for the decays into sleptons and neutrinos we get

2 U(py)[1};PrrtKy P~ M 1L PLIo (P

M7 by T+ =0°, 2 7. (18
e T Pay ™My T My
In both cases the decay width is given by
T 1l o’ (1, —mp)? SR (j—4)
I(t—bll)=——F——[ " * dsWyq(s)2, | 2 ¢;si™?|Di(s). (19)
167Tmtls|n Oy (mpy+np)? i=1\j=1

The explicit expressions fdV /7, c;;, andD;(s) are given  decay into the corresponding lepton piy$ except for a

in Appendix A. small parameter region where the decay i]éﬁois possible.
However, this decay is negligible due to kinematics in that
region. The branching ratios for decays inig or v, are

In this section we present our numerical results for thepractically the same as those ingp or v,. For this set of
branching ratios of the higher order decaystef Here we parameters Bﬁ@—»c}‘j) is O(10™ %) independent of cog
consider s.cenariqs Where_all two-body decays at the tregng therefore negligible. Near c6s-—0.3BR{,
Iev\e/z\l/ea rr?al\(/lenefir;eagcti”ey [];(z)arrgideetzgr.s as[il] to avoid color 7bW+XC1)) 's almost 100% because titg-x1 -b coupling

breaking minimas: we have uset , cost;, tans, andu as |11 vanishes. We have found that the deday-bW "y} is
input parameters in the top squark sector. For the sbottorﬂornm":m')d by the-quark exc Ta'?'ge' In many cases the inter-
(stay sector we have fixedlg, M5 and A, (Mg,M7, ference term betweenand x; , is more important than the
andA,) as input parameters. For simplicity, we assume tha}}iz exchange. Moreover, we have found that the contribu-
the soft SUSY breaking parameters are equal for all generaion from sbottom exchange is in general negligible.
tions. Note, that due t&U(2) invarianceMg appears in In Fig. 2(b) the branching ratios for the various decays
both up- and down-type squark mass matrices. In the shointo sleptons are shown. For small t@nsleptons couple
tom (stay sector the physical quantities;, Mg, and  mainly to the gaugino components gf . This leads to
cosgy (M, m;,, and cow) obviously change withu and  BR®, —by8)>BR({,—br. 7, because co&=0.68.
tang. The decays into sneutrinos are preferred by kinematics while
In Figs. 2a) and 2b) we show the branching ratios of  the decay intar, is suppressed by the same reaébable ).
as a function of cos;. We have restricted the césrange  Moreover, the matrix elements Eqg&l7) and (18) for the
such that|A]<1 TeV to avoid color/charge breaking decays into charged and neutral sleptons have a different
minima. The parameters and physical quantities are given istructure in the limitm, ,m;—0:
Table I. The slepton parameters have been chosen such that

IIl. NUMERICAL RESULTS

the sum of the masses of the final state particles are 215 |v|~tl_>b|+~vl~m;(_+a(pb)pRv(pl), (21)
+5 GeV. In Fig. 2a) we show BR{;—bW"X?), BR(t, '
—cx)), BR(t;—be'v,)+BR(t;—bveg), and BR{, M;vaﬁkwi(pb)Pva;_+v(pV,)- (22)

—br"v,)+BR(t;—bv,7;)+BR(1;—~bv, ;). Here we

have not included the possibility of the decTajy—>bH+’)“(2 This leads to different decay widths even in the limit of equal
because with this parameter set there exists no value,of slepton masses.

which simultaneously allows this decay and fulfills the con- In Figs. 3a) and 3b) we show the branching ratios as a
dition mpo=71 GeV[12] (we have used the MSSM formula function of tang for cos#;=0.6 and the other parameters as
for the calculation ofmy+ including 1-loop corrections as apove. For small tag the decay intot;—bW*y? is the
given in[13]). However, we will discuss this decay later on. most important one. The branching ratios for the decays into
We have summed up those branching ratios for the decaygeptons decrease with increasing gaexcept for the decay
into sleptons that give the same final state, for example: into?l. This results fron{i) for increasing tag8 the gaugino

component oﬁ(f decreases while its mass increagésthe
(20) masses of the sleptons increase with increasing taxcept
nm;, which decreases, an(ii) the = Yukawa coupling in-

Note, that in the above cases the assumptio)—m,  creases. These facts lead to the dominandg-efbv,r, for
<my implies M= Therefore, the sleptons can only large tan3 as can be seen in Fig(t8. In addition, the decay

t,—bv, 7 —br" VT)(E, t,—br v, —br" VT)(?.
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TABLE I. Input parameters and resulting quantities used in Figs. 2 and 3.

Input: tanB=3 n=530 GeV M=270 GeV
Mp=370 GeV Mg=340 GeV A,=150 GeV
Mg=210 GeV M{=210 GeV A,=150 GeV
m;1=250 GeV co¥;=0.6

Calculated myo=130 =253 =550
mgl=342 GeV n152=372 GeV co9,;=0.98
rrrrl:209 GeV m;2:217 GeV co9;=0.68
me, = 213 GeV m;, =nm; = 204 GeV

into cx} gains some importance for large tArbecause its expects an increase of BR(—bW"y}) if my_increases,
width is proportional to the bottom Yukawa coupling in the pecause the decay intow*y? is dominated by the ex-
approximation o{10]. acf‘hange whereas for the decays into sleptﬁﬁsexchange

The assumption that no two-body decays be allowed ) T o
the tree level implies thatn +>m; —m,. Therefore, one dominates. This is demonstrated in Fig&)4and 4b) where
1 1

BR(El) BR(i‘:l)
1 0.6
0.8 0.5
06 0.4
0.3
0.4
0.2
0.2 0.1
0 0
-0.75-0.5-0.25 0 0.25 0.5 0.75 5 10 15 20 25 30
(a) cos 0 (a) tan 8
- BR(E])
BR(t
R(t1) 0.6
0.2 0.5
0.15 04
0.3
0.1
0.2
0.05
0.1
0 0 o —— o
-0.7505025 0 0.25 0.5 0.75 5 10 15 20 25 30
(b) cos 0 (b) tan G
FIG. 2. Branching ratios fot; decays as a function of c@sfor FIG. 3. Branching ratios fot, decays as a function of tghfor

m;, =250 GeV, taB=3, u=530 GeV, andV =270 GeV. The m;, =250 GeV, co%;=0.6, =530 GeV, M=270 GeV. The
other parameters are given in Table I. The curve@ijrcorrespond  other parameters are given in Table I. The curve@jrcorrespond
to the transitions: O, T;—bW' Y2, A, T,—cx?, M, (; to the transitions: O, T,—bW'Y?, A, T,—cx?, m, (i,
—be" )+ (t;—bree), and @, (t,—br v)+(t,—bv,7) —be'v)+(t;—bree), and ®, (t,—brv,)+(t,—bv, )
+(t,—bw,7,). The curves in(b) correspond to the transitions: +(t;—bwv,7,). The curves in(b) correspond to the transitions:
O, t;—bre!, O, ty—bvr, A, t;—bvr, B T, O, T,—bre, 0O Ti—brr, A, T,—bv, R T,
—be*7,, and®, T, b7 . —be* 7., and®, T, —b7r" .
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BR(t) BR(t1)
1
0.8
0.6
0.6
0.4 0.4
0.2 0.2
0 | SSe—ig-e—i- et 0 ;'E—:ﬂ%ﬁ
-0.6-0.4-02 0 0.2 0.4 0.6 0.8 5 10 15 20 25 30
(a) cos 9;: (a) tan 3
BR(t,) BR(f1)
0.025 042
0.02 0.1
0.015 0.08
0.06
0.01
0.04
0.005
0.02
0 0 L
-06-04-020 02040608 5 10 15 20 25 A0
(b) cos 0{ (b) tan 3
FIG. 4. Branching ratios for; decays as a function of cafor FIG. 5. Branching ratios fot, decays as a function of tghfor

m;, =350 GeV, taB=3, n=750 GeV, M=380 GeV, and 3 =350 GeV, co#=0.7, =750 GeV, M=380 GeV and
ma0=110 GeV. The other parameters are given in Table Il. They, .~ 110 GeV. The other parameters are given in Table Il. The
curves in (@) correspond to the transitionsD, T,—bW'X?,  curves in (@ correspond to the transitionsD, T,—bW*YS,

O, L=bH Y, 4, ekt W, (Ti—be'v) +(Timbreel). 0 T,bH 'R, A, Ti—cx0 W, ([—be 79+ (T—brE),
and®, (t;—b7"v)+(ti—bv.m)+(ti—bv.7p). The curvesin - anqe@, (¥,—br"7,)+(T,—bw.7,)+(T;—bv.7,). The curves in
(b) correspond to the transitionsO, t,—bveel, 0, t1 (b correspond to the transitionsO, T,—br&, O, T,
—bv.r, A, ty—br,7,, B, t,—beve, and®, t,—b77v,. —bv7, A, T,—bv.7,, B, T,—be" 1., and®, t, b7 .

we have fixedn =350 GeV. Here also the decay into approximatelym; —myy leading to an enhancement of this

bH"Y] is possible. However, this channel is in general supwidth. We have found that contrary to the cade
pressed by kinematics. We have not found any case with_,bW+;(2 for the decay§1—>bH+;(‘f sbottom exchange can
my+=<120 GeV whilemy>75 GeV[12]. be important. This is a consequence of the different spin
These _gengral features still hold if tﬁnncrea_ses as can gtrycture of the corresponding matrix elemefgs. (14)
be seen in Figs. (& and 5b). Here we have fixed ca&  and(15)] and because of the large bottom Yukawa coupling.
=0.7~. In acc~ordance with the discussion above, the deca¥he decrease in BF~E(—>bH+}‘1)) for M5=450 GeV is
into t;—bv_7; gains impoitance With increasing tan mainly due to the fact thahy+ grows with increasingvy .
Note, that for large tagBR(t,—bH"x?) decreases since Finally, we want to discuss a scenario which is within the
my+ increases due to radiative corrections. However, thereeach of an upgraded Tevatron. Here we refer to the ex-
are scenarios where the decﬁwbH*}g becomes impor- amples of[11]. In general the decays into sleptons clearly
tant. This can be seen in Fig. 6 where the branching ratios a@ominate when they are kinematically allowéekcept the
shown as a function oMg for my=90 GeV, tan3=30, case when the couplings of the top squark to the lighter
and the other parameters as in Table II. At the lower end ofhargino nearly vanishgsIn the casem; =170 GeV,
the Mg range we getmy+=114 GeV. Moreovermy, is  cos¢=-0.7, Mg=Mz=500 GeV,A,=A,=—-350 GeV,
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BR(ty) a future lepton collider — where the tree level two-body
decayst,—by;” andt;—ty} are kinematically forbidden.
0.6 M We have found that fom; <200 GeV the decays into slep-
05 tons dominate due to kinematics. In the range 200 GeV
<m < 300 GeV all the decays mentioned above compete
0.4 with each other. The branching ratios depend crucially on the
coupling oft; to ;(1* , implying that one can get information
03 on the mixing angle of the top squarks, once the chargino
properties are known. For heavier top squark masses the de-
02 cay into bW*Xl, mainly proceeding via a virtualquark, is
0.1 in general the most important one.
In addition, we have found that for small t&nthe decays
gLeE————a—s—=—a—a into sneutrinos are more important than the decays into
400 500 600 700 800 charged sleptons. This is a result of the different spin struc-
M [GeV] tures of the corresponding matrix elements. For largeGtan

the decay into the lighter stau becomes important due to the
FIG. 6. Branching ratios fot, decays as a function dfig for ~ 1arge tau Yukawa couplingimplying also a smaller stau
m;, =350 GeV, co%;=0.7, tang=30, u=750 GeV, andmjuo mass.
—90 GeV. The other input parameters are the same as in Table Il. The decay |ntobH+X is kinematically suppressed be-
The curves correspond to the transition§), T;—bW*y?, cause the existing mass bounds on the neutral Higgs bosons
O, T,—bH*YS, A, T,—cxd, B, (T,—be 7o)+ (T, —bree), also imply a lower bound omy+. However, in scenarios
and®, ({,—br*7)+({,—bv. 7))+ (1—bv7). where radiative corrections decreasg+ and where at the
same timaml> mp, we have found branching ratios of the

u=—1000 GeV,M=165 GeV and tap=2 (scenario b order of 30%. , ,
of Table | in [11]) we obtain: BRf,— by 5f)=2 8% The large variety of possible three-body decay modes im-
. e - L

~ ~ ~ ~ 5 plies the chance to determine the propertieiloalso when
BR(t;—bv,.7,)=10.5%, BRE1—bv,75)=2X10""%, higher order decays are dominant. Clearly, a detailed Monte

BR(t,—~be"ve)=28.1%, and BR(;—~b7"»,)=27.8%. Carlo study will be necessary to see how the different chan-
The order of magnitude is independentofand cos; be-  nels can be separated.

cause the lighter chargino is mainly gaugino-like in the pa-
rameter space where the deday-bW" ! is possible(see ACKNOWLEDGMENTS
Fig. 2b of[11]). For increasing tap we have found a simi- o
| thank A. Bartl, H. Eberl, T. Gajdosik, S. Kraml, and W.

lar behawor as in Figs. 3 and 5: dominance of the déigay Majerotto for many helpful discussions and the inspiring at-

—bw/7] , anincrease of;—cx} and a decrease of all other mosphere. | am grateful to J.W.F. Valle for the kind hospi-
decay channels. tality and the pleasant atmosphere at the Departamento de

Fisica Teaico. This work was supported by the “Fonds zur

IV. CONCLUSIONS Fbrglerung der wissenschaftlichen Forschung” of Austria,

project No. P10843-PHY, and by the EEC under the TMR

We have calculated the three-body decays-bH"y?,  contract ERBFMRX-CT96-0090.
t1—>bv|li , andt;—bl™p, (I=e,u,7) including all terms
proportional tomy,, m_, and all Yukawa couplings. We have
compared these decays with—cy$ [10] andt;—bW"y?
[11]. These decays are competitive in that part of the param- In the subsequent sections the formulas for the decay
eter space — accessible at an upgraded Tevatron, the LHC widths are listed which have been omitted in Sec. Il.

APPENDIX A: FORMULAS FOR THE THREE-BODY
DECAY WIDTHS

TABLE II. Input parameters and resulting quantities used in Figs. 4 and 5.

Input: tanB=3 u=750 GeV M=380 GeV
Mp=550 GeV Mg=500 GeV Ap,=400 GeV
Mg=275 GeV M{=275 GeV A,=400 GeV
m;, =350 GeV co%;=0.7 mpo=110 GeV

Calculated m~o— 186 = 368 = 764
mp, = 502 GeV mg, = 551 GeV cog;=0.99
m;, =274 GeV ;= 281 GeV co09;=0.69
mg, =278 GeV ;= rrr,,T: 270 GeV my+=136 GeV
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1. The width I'(t;—H *bx?)
The decay width is given by

F(T,—H"by2)= naz j(rrrtfm”ﬂzds(c;~ 5+ Gyt G5+ G+ G+ Gip) (A1)
= +7+ + +
! Y 16r tglsin“ew (mp+mi0)2 X R
with
2

2 2 2 2
Gy =2 [(aj+ aizs)J?(fT‘q1+ me . +ma+ Mio— M —S, [
| 1

102 2 2,2 2
+(ai3+ai4s)Jt(rrrt1+mH++mb+m}c1) m;(i+ s,FXi+m;i+)
2/ 12 2 2, 2 2 o
+ai4Jt(nrtl+ my,+ +mp+ m;(g m}r s,FXi+m;(i+)]

02 42 22 m2 2 T~ 2,02 2 2 2 o
+(a31+a3zs),]tt(m;1+mH++mb+m}g m;q s,FX1+m;(1+,mt~1+mH++mb+m}2 m;(; s,FX;mX;)

1,,..2 2 2 2 2 - 2 2 2 2 2 .
+(a33+a34s)Jtt(rr‘rt1+mH++mb+m;(? m)-(r s,FXIm;(I,m;leranmerm;((l) m;(; s,FX;mX;)

2, 2 2 2 2 2 e 2 2 2 2 2 T~
+a34Jn(m;1+mH++mb+m;(cl> e s,FXInT;(I,rrW1+mH++mb+m;g s s,I‘X2+mX2+), (A2)
2
-~ _ 0/,.-2 2 2 2 2 _ 2
Gxﬂ_izl [(big+bipS)Jg(m +mp.+mi+ m}g—n”n;r—s,—l“xrm;q,mt Imy)

1 2 2 2 2 2 - 2
+(b;3+ bi4s)Jtt(rrrtl+ my++mp+ rn;(g—m;q—s,—1“Xl+m;(l+,mt L imy)

2 2 2 2 2 2 - 2
+big I (M +mpy .+ mp+ m;(g)—rrt(f—s,—l"xfm;(f,mt Tmy1, (A3)

2
. 0, .2 2 | 2 2, 2 2 B
Gyp= X [(Cik1+Cik25)Jst(”FbkarbkmBka”*tl*'mH++mb+m}fl)_m}1+_S’_Fxfm}f)

ki=1
1 2 - 2 2 2 2 2 _
+ cik3Jst(rn5k,l“bkrrrbk ,m;l+ my++mp+ m}g— m;(r —S, —FXl+m;(1+)], (A4)
Gy=(d;+d,8)3P(m? , T'ymy) + (d3+dys) IF(mE , Timy) +dgI3(mE  Temy), (A5)
2
2 2
Gis= 2, [(eatee)Is(m; T5,me,me ,Imy) +eads(mg e, me, mg, Iemy) ], (A6)

2 2 2 2
o NN (2 (1 fos) (fort faz9)
bb ™ 2 2 2 2 . 2 .
S k=1 (s— mBk)er I5.ms, (s—mg +ilg mp)(s—m; —il's,M)
(A7)
The integrals);i2, are
i 2 tmax tl
Je(m ,m11“1)=f dt——s——7, (A8)
e ton (t—m)?+mil]
t tl
J (mz,mll"l,mg,mzrz):Ref " dt , (A9)
v tmin  (t—mM2+imyTy)(t—m3—im,I',)
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Ji(m2,m'y,méml,)=Re———— f oy U (A10)
m7,m; 1, m5,m =
st R 2 s—m2+imCyJtmn  (t—m3—im,Iy)
with i=0,1,2. Their integration range is given by
me +mi+m2. +méo—s (M2 —mZ.)(mfo—md) \/)\(s,mg M2 N (s, Mm%, m?)
‘ _ ty H X1 ty H X7 . ty H X1 A11
max 2 2s B 2s ’ (ALY

wheres=(m1— P+)? andt=(ml— p,)? are the usual Mandelstam variables. Note, theﬂ;;m;r appears in the entries of
the integralsG;ff,j andGj+; because the chargino is exchanged inutfehannel in our convention. The coefficients are given
by

e ’ ’ 2 2 ’ ’ ~ ~ 2
3= — 4Kil 1, Q1 Q mpmya(mi + M+ meo- mg +mi ) — 2Q5 QF (Kip*+ (11 ?)meomy - (2mg + meo i)
T 7 ' ’ 2 s ' ~ '
~ 2Kl 1:((Q5)*+ (QF) Iy - (M + 2+ mf ) — (ki) A(Q) %+ (119 *(Q5)?)
XL(mE o)+ (M mi ) (meo-+m; )] = (ki *(QE)*+ (150 (QF)ImE - (mj+ meo), (A12)
a3=4k14111Q1 QT Momyo+ (K1) *(QF1)*+ (1) X(Q) ) (ME+ o) + 2Kl 11(( Q)+ (QF)Imyy - + 2Q11 QT (ki)
+(152mom -+ (ki) *(Q5) >+ (119 Q) . (A13)

a35= 4k QT QR Mo+ 2Q51 QR (Kip?+ (119 2mmomy -+ + (ki) QF)?+ (11)2(Q5)?)

X (2mE+ 2mPo - mi -+ m; )+ 2K 13((QEn)*+ (QFD) My, (AL4)
aye=— (ki *(QF)*~ (119 *(Q1)?, (A15)

— 1T AL AR 4kt 1t AL'OR’ 2 2 2
ag1= —2(11411,Q0Qmn + kllklellle)m}gm}l*(m}g+ My« +2mp)
— 4K ,Q5Q% + Kid Q5 Q) mpmya(méo+ m2 . +m2+m?
(k141 12Q12Q11 T kil 11Q11Q12)mbm}1(m}2 my,++ My mil)
Tt AL R Lt 1T AL oR! - 1t AL'AR 1T AL QR (2 2 2
— 4(ki2 11Q12Q11 + K14l 15Q11 Q1) Mpmyomy ey + — 2(ky4K1,Q1,Qxy + 114l 12Q11Q12)m}}2mx2+(m}2+ My +2mp)
— 2011 ,Q5 QY+ KLKLQR Q)L (mE+ M)+ (Mo +mE ) (m+m? )]
12112011121 K1gKi2P1, K1) LM, T Mho NARILTAULSEL Y
Tt AL AL Lkt T AR OR! 2., 2 2
~ 2(k1a 12011 Q12 k12 15Q11 Qr2) MpMT (M + M + Zm}tl))

Tt AL’ AL L Lt |t AR’ AR’ a2 2 2 Tt AL'AL (T T AR AR e 2 2
_2(k12|11Q11Q12+k11|12Q11Q12)mme2*(mb+mil+Zm;g)_z(kllkleanz*‘|11|12Q11Q12)mxl+m}2+(m}g+mb),

(A16)
80— 2011 L,5QF, + ki ki ,Q5 Q%) oy + 4(Ki 1 L,QEQE + ki 1L QE)mymy
+ 20Kk QE QR + 111 1,Q5 Q%) Moy + 2114 LR Qs + Kk i,QE Q) (mE-+ méo)
+2(Ki Qb Qb + K LQT Q) My + 2k 11Q5 Q5+ Kl 1,Q5 Q% mym;
+ 2(KEKLQ5 Q5+ 1 L,Q% Q) e+, (A17)
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— (1 1L O OR £kt Kkt AL OR' - 11T AL’ R 4t T AL QR -
ag5= 2(1 111 12Q1,Q11 +K11K1Q11 Q1z) miomy ¢+ 4(Kky4l 1,Q1,Q1; + ki 11Q11 Q1) Mpmyo

1t ALAR (1T AL’ QR - 1T AL'OL 4kt 1kt AR OR 2 2 2 2
+2(k1k12Q12Q11 * 111 12Q11 Q) Miemy; + 2(11311,Q7, Qo+ KigiQ1 Q1p) (2Mp +2mio + My + e )

T T AL'AL L Lt |t AR’ AR’ 1T AL'AL Lt |t AR’ AR’ _
+2(kyql 12Q1: Q12+ kil 11Q11Q12)mbm}1++2(k12| 11Q11Q 12+ Kiql 15Q7; Q1) mpm e (A18)
_ Tt AL'AL L Lt bt AR’ AR’
azs= — 2(174112Q7: Q12+ k11k1,Q71 Q12), (A19)
\/E Tt AL 2 2 2 2 T T AL 2 2 2 2
1= ——{b1:K, QM rmym[ (M —m~o)cotB— (My+ o) tanB]+ byl 1,Q 1y (my . my —mym=o)cotB
My X1 ty X1 X1 t X1
2, 2 2 2 T T AL 2, 2 2 2 2 2 2 2 2
—mb(mb+rr‘rt1+2m;((l))tan,8]+a11I11Q11rrg(tlJ[mb(mH++mgl—m;(g—mb)tanﬁ—mt(Zmb+n§2+mH+)cot,8]
+al kb Qb me s mymreof (M2, — m2)tanB— 2m2 cot 8] + bt k! ,QR mrompm, [(m? + m? ., — mZ—m?o)cot
11K12Q 12 M F MM 0L (M — M, B ; cotpB 11K12 911 MMMy | (M My = My~ Mo B
2 2 2 11 AR . 2 2 2 Tt AR’
_(mH++2mb+m;((l>)tan,B]+blllllQllmtm;(ngI[(mm—mb)cotﬂ—Zmbtan,B]—allkllQllmb
X 2.2 2 2 + 2 2+ 2+2 2
[(mbm;((l) m;lmH+)tanﬁ my(mg m; m;(g)cot,B]
Tt AR 2, 2 2 2,2 2
—ay11:0mn m}f[mb(m}g_ m; JtanS+mg(m;+ m}g)COt,B]}, (A20)
_\/ET?L’ Tt AL 2 Tt AL 2 Tt AR’
b= —mW{bllkllQllm;(l+mbmt tang+ b1l 1,Q MM tanB+ayyl 1,Q1ymymyo cot B+ by ky,Qyy myempmy tanB
T T AR’ 2 Tt AR 2
+ayl 14Q1y My My cotB+ayk;, Qs Mymy cotS}, (A21)
_‘/EYTL’ T 1T AL 2 ae Tt AL 2 2 2 2 2
bis=— mw{bllkllQllm}I mpm; cotB—ayyl1,Q1;m; o cotg+ byl 11Q11mt[(m';(2+ My + Mg + mg)cotB—mg tang]
+al k! Qb e+ mymeotang— bt k! QR mrom,m; tang+ b1 L, QR m+m.mro cot 8+ al 1t ,QR m2m- + tan
a11K11Q11 My MpMyo tanB— by 1Ky, Qyy Myompm tanB+ byl 1,Qyy My mymyo cot B+ ay4l 1,Q1y MphTy + tan
+ab kt QR my[ (M2 + mPo+m2 ., +mé JtanB—m? cot 1 (A22)
11K11 Q11 Mol (M + Mo+ My + My Jtan—my cotBly,
_\/E Tt AL Tt AR
b= My (b4l 1,Q11m; cotB+ay,Ky,Qpymy tans), (A23)

—ocH bt AL 4 4Dt AR 2, 2 2 b1t AL 4 kP Ikt AR Yol 2. o 2 2
€111= 2G5 j [(0131,Q1; F a3,K1, Q1) (M + i+ Zm;((lJ) +(aglQn + b11k11Q11)mX2(m}fl)+ my++2mp)

Dt AL L Dt AR e 2, .2 bt AL’ L Wbt AR
+(b1:k1,Q1; +a74l 11Q11) My (M + m;(l)) +(a11K11Q1q + b1yl 11Q11)2mbm}2m}1*], (A24)
H bt AL’ | bt AR’ bt AL’ kbt AR’ bt AL, bt AR’
C112= — 201151[(b11| 11Q11 T a3,k Q1 ) my+ (a3l 1,Q1; + b11k11Q11)m}2+ (b1,k1,Q1; +agy 11Q11)m}1+]: (A25)
— H bt AL/, bt AR bt AL L Kb |t AR
C113= — ZC’{lBl[(bu' 11Q11 a3k Q1 ) my+ (gl 1,Q11 + b11k11Q11)m}2]a (A26)

0=~ [~ (a1 ?m? cof B+ (b *mf tar? B)m?(m? +mio) +((a})?mf tar? B+ (bl ?mf cof B)(mEe—m ) (mf;. —mf)

2ma,

+2aj bl mmo (]~ mi)(m? tarf B+ mf cof B) —2mEmf ]+ 2((aly) >+ (bl HmEmE(m?, —~mo)], (A27)
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2

m; - -
do=—— (a1 *m¢ cof B+ (biy*mitarf B), (A28)
2my,
— 1 ~ ~ ~ o~
d3= —-[2((ajy)+ (bi)Hmom?+ 2a‘llbt11mtm;(2(mﬁ(2+ tarf B) + m? cof B)
W
~ (ajy’mjtar? B+ (biy)’m; cof B)(mf.+m; )], (A29)
(al,)2m2tar? B+ (bl,)?m?2 cof B
dy= — 1) My . 1) My , (A30)
2my,
J2ct B o~ - _
e ——ﬁ{ab bl ,mmzo[ (m2. —m?)cot 83— 2m? tanB]+ b2,b} 2 _mZo)cot B— (M2+ m2o)t
1= My 11P 1Mol (M« —mj)cot 3 b tanB]+ by, 11mbmt[(m{l m}tl))CO B—(mg m;(g) anp]
_ arilaij[ m2(m2+ m;%fl))cotﬂ+ mﬁ(m;z(fl)— nrfl)tanﬁ] - b?lailmbm;g[me cotB+(mz—m2 ., )tangl}, (A31)
V2cis, BT 2 BT
€10=— My (ayja3,m; cotf+by by mymetanp), (A32)
Vaciy, G 53 B
€13~ _mwl : (alilbtllmtm}‘{ cot B+ by bi;mym; cotB+ap,ay,ms tans+ blzlatllmbm}(l) tanpg), (A33)
_ _ , _
f1=— (Clt_'lf,l)z[((all)1)2+ (b2 (mE+ m’)‘(g) + 4a?1b11)1mbm}(1’]' (A34)
f1o=(Ci 5 ) (@3 + (b)), (A35)
H H b b b 1.b 2 b b b b
far=—2C7 5 Gy 5 [(alialy+ bibiy) (mi+ mio)+ 2(a3ib2,+ biiag) mymmol, (A36)
H H b b b b
fa= zc;lglc;lﬁz(a‘l’lagﬁ b2 .b2,). (A37)
One gets the remaining coefficients by replacements
aj—ay:  111—11.Ki—ki, Q1 — Q5. QF — Q% M — M
bii—byi:  13—112.Ki—Kip, Q1 — Q5. QF — Q% =M
Cii—Ciat  111—112.Ki1—ki, Q1 — Q% . Qf — Q% My r =M
b b b B H H
C11i—Coq - a?1—>ak1’2,bk1’1—> b?z,mﬁl—> mBZ,C—El'Bl—> C~t'1~62
t H H

ottt L’ L' AR’ R o~ b b b b
C11i—Coz - Ill_’llz’kll_)klz!Qll_>Q12’Q11_>Q12vmxir_>m};vall_)alz’bll_)b121m51_)m521c}'lﬁl_> b,

. b b b b H H
€1i—€y! all—’alzyb11_>b121”’%l_’mBvaIlBl_’Cilﬁz

. b b b b H H
fri—fy: an—’alzvb11_>b12-”Tﬁlﬁmﬁz-c"tlsl_’c?lﬁz-
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2. The widths ' (t;—bll")
Here the decay width is given by

~ ~ a? (i, —mp)? > > ,
F(tlﬂbll’)=#f L ds Wip(s) X, | X cisU T | Di(s) (A38)
167rrrrtlsm40W (my +nf)2 =1\ =
with
D1As) ! (A39)
1,A8)= 2 2, 2 2
S—m~4 ) +m=y '~
( xfz) Xio Xis
D4(s)=R ! (A40)
3lS)= R > |
(s—rr1;(l++|mxl+l“xl+)(s—rn}2+—|mX2+FX2+)
In the case of;—bv.e* one finds in the limitm,— 0 that
W, (8)=A"2(s,m ,mg)(s—m?), (A41)
e
1 oi a0 2 2 5 o
C1= E(kll) Vllm}fm;;e(mb_rml)' (A42)
Y B SN I S TN N SO S 2 2 Tt -
C1o=V1 s (11D M= (mi—m: )+ = (ky)“m=+ (me +me —my) + 2Kl ympmy+mes | (A43)
2 Ve ty 2 X1 ty Ve X1 ve
2 T 2mE e m? —md)— 2k _ L em? Ad4
C13= Vi 2( 1) (mil . mp) 121 12MpM 2( 17 m;(1+ ) (A44)
(I? )2V2
Cy=——5—, (A45)
2
T 2. 2
Ca1= ktllk:tL2V11V12m;(1’ s ( mp— mz ), (A46)
T2 2. T 2 | 2 T 2 T 2
Cao=V1Vad 134l t12m7,e( mg — m; )+ ktllktIZm}I' my; (M -+, — m) + 2kl tlzmbm}l+ .t 2k3 t11mbm}2+ ms 1,
(A47)
S .. - -
Cag=VVid I3l t12(”"{1+ ;= mp) — 2k tlzmbm}l+ — 2k, t11mbm}; - ktllktlzm}l+ s, (A48)
Cas=— 1141 1V11V1o, (A49)
C15= Co5=C35= 0. (A50)

The coefficients,; are obtained frone,; by the replacements, ,—k},, 13,—1},, Vi;—Vy,and my+—my+. In the case of

t,—bv.r* one finds that

W5 (5)=\"2(s,mg mp)A (s, me ,m2), (A51)
1 o2 T2
c11= 5 (k{)2(1+ (17)2(K) e - (mE—m? )(m? —m?), (A52)

095009-12



MORE ON HIGHER ORDER DECAYS OF THE LIGHTE. .. PHYSICAL REVIEW D 59 095009

~ 1 ~ ~ ~ ~
=—(<k D22+ (1)1 A(mE ~md)(m2=m? )+ 2 (k{21302 + (1) (ki (. +m? —mZ—m?)

2K (K4 (1 DM, (mE —m) + 2KL (K424 (1)) memy + (m? m2)— 4k mym, me.,

(A53)
=—<<k DKL) 2+ (172152 (mE +mE —mE—m?) =2k )2+ (1) )myms
1 onai T2t 1 1
- E((klf)z(l‘11)2+(I17)2(kt11)2)m~)2~(1+—4k I Tktlll L mpm, — 2k ((kt11)2+(lt11)2)m,m;(1+, (A54)
L 2T N2 P2e(T 2
C14:_§((k17) (kip) +(|17) (1199, (A55)
Car= (Kyky §l ot KK 115 My e me(mi—my )(m? —m?), (A56)

Tt Vo vt (1 Vo vt 1 T\ v 7y _ 2 2 2 2
C3o= (k k k14Ky 2+I1I2I11I12)(m~ m2)(m2— m~)+(k1 Kyl 2+k klzllIz)m;(fmx;(m;ler;T—mb—mT)

Vf . 2 2 VT’E T ’1'11, ;T’;TT T 2 2

+2(k 2+|< k 2|l ymom(mg —mp)+ 2(K; KKyl ;7 ko 1l 1) Mo (mg —mp)
’;T ’;}T “t‘ “t‘ —t‘ NT N‘F ;‘F ’;;T ‘-t‘ ‘-t‘ —t‘ NT NT

+2(K! kKA Gy K12 2)mbm~+(m m2) + 2(k; 7k, kL o+ K707 ymyns +(m m2)

— Ak} KEA S KK 1) mm, (A57)
17212

AVt 1t Vet |t 2 2 2_ m?2 Ve Vg t 1 APt
Ca3= (k k k11k12+|1|2|11|12)(m; +my —my—my) —2(k; k k12|11+k11| 1571 12) mphT -+

— 2Kk K I”’I"Tltl)mbm~+ (KUK Kk ”f|”)m~+mr+ AR S Kk Y ympm,

2(k1 27|‘11|‘2+k e ktlzli")mfm;‘(I—Z(k;Tk ktlzl T+k27IlTIt11I12)m my: (A58)
(k « fk‘llkt 2+|l ZTI L, (A59)
C15= Cp5= C35=0. (AG0)

T T ’;T ~
The coefficientx,; are obtained front,; by the replacemenﬂsll—>k12,l 1—>I12, 1 —>k2 ,Il I,” and My — M. N the

case oft1—>brl v, one finds

W,z (s)= A2(s,me mb) (AB1)
Cu=5 ( AL 1)2m~+m (m —m), (A62)
C12=(I~Il)2 (I l)2m~ m~+(m§—rr1%l—§ + = (k l)2m~ (m~ mb) 2|(t |tlmbm;(l+mgj, (A63)
c =(I~7)2E(IT 2 (m +2m? —m2)+ Ak}l ymymy e me +(k o | mz—m? — L2 (AG4)

13= (11 2 1) R My " b 11'11Mp 1w e | M i, 2
T 2-1 T2 2 2 o 13, 2 Tt
cu=(7) E(kll) (2m~Tl+ m;l—mb)—i(lll) m;(l+—2k11|11mbm}1* , (A65)
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1=~ 5 (112K (A66)
15 2 11 1V
Tt gt 4, 2 2
Car=I747d 714l 1A rrrTl( m; — my), (AB7)
T T K (2 — )+ 21 e (e 2 2 —m? | — 20k mpr i — 21y
Caz= |11l 15 KaaKyMZ (M7 —mMj 11! 1My My M| Mp = 5 e =My, 11K1MpMy 7M. = 211K MpMy M s
(A68)
Caa= T 11 e me s (2m2 +m2 —m?2) + 418k myme+m? + 418k mpme+m? — 2kt kb m? [ m? +1n%2 —m?
337 Tl P12y Xz( ™ t, b 110270 g 122110 o 120\ 2 Ty b |
(A69)
Cau= T TIKLKE(2m2 +m2 —m?2)— 218k myme s — 21k mome s — 11 me e me s ] (A70)
aa= |11l 1d KKy (2 +mp —my 11K 1MpM = 215K MMt — 1 gl oMy AT 2 |,
T T et et
C35— - I Ill 71-2k11k12 . (A?l)

The coefficientsc,; are obtained fronty; by the replacementsy;—ky,, 1;—11,, 17—17, andmys—my-+. To get the
coefficients fort;—br,v, one has to make the replacemeliis- 15 andm;le n,. ForTlﬂbNeEr Ve ONe gets the correspond-
ing coefficients by the replacements— —Uy; andnm; —nmg .

APPENDIX B: COUPLINGS

Here we give the couplings that were used in B®). The Yukawa couplings of the sfermions are given by

v = Y= VL (B1)
T \/fmwcosﬁ' ® \/Emwcosﬂ’ ‘ \/fmwsinﬁ'
Theqi-q'-x;” couplings read then
quj_Riqnoqu kﬂ:Riqu?Z (B2)
with
—V. —U;
t_ 1 b_ i1
©) (Ythz)’ ©) (Yijz)' (83
whereU;; andV;; are the mixing matrices of the charginfdst]. In case of sleptons we have
li=RLO%h, kij=0, 1/==Vj1, k'=Y.Uj, (B4)
with
_Ujl
9 _(YTsz)' (B5)
Thegi-g-x{ couplings are given by
aiqk:R?nALn’ bﬁk:RianLn (BG)
with
flk hi
ALZ(hf ’ B|f(= ff ’ (B7)
Rk Rk
and

095009-14



PHYSICAL REVIEW D 59 095009

MORE ON HIGHER ORDER DECAYS OF THE LIGHTE.. ..
hik= Y((Sin BNyg— CoSBNy4)

-22 1 2 Nio

C_ _ 5l 2

fle= —3—sinuNia \/5(2 3S|n0Wq)—cos¢9W

hki= Y1(Sin BNk~ C0SBNis)

L2z

h= — Yp(COSBNi3+Sin BNys)

Ny

11
2 3% 050,

2
fEk: \/?—Sin ekal+ \/E

h&k= — Yb(COSBNys+sin SNys)

(B9)

2
sin Oy (tan 6y Ny — Nyq)

f%k: 3

whereN;; is the mixing matrix of the neutralindd5]. The couplingd;-b;-W* read
(B10)

1 [ cos6cosb; —sinegcose;)

w W \T_
A = (A T= = . o
tibj ( b'tj) J2\ —cos@ysing;  sindysiné;

|

byt (B11)

The couplingd;-b;-H* are given by

1 ~
ci =(ct-)T= Rt
i5,~ (Chi) o,

m2 tanB+m? cot—ma,sin(28) my(A,tanB+ u)
2mym;, /sin(28)

my(A;cotB+pu)

The W*-x; -x¢ couplings read
2 (sinBNy3—C0SBN4) + Vj1(sin 6Ny + cosO\yNy»), (B12)

’ V
oL ==
kj \/E
r_ Y2 : i
Oy = E(cosﬂngﬂL SiNBNy4) + Uj1(Sin OyNyq + cosOwNy,). (B13)

(B14)

TheH*-x; -x¢ couplings are given by
. Via . .
V1(€0SBNys—SinBNy3) + E(Z sinfyNy; + (cosfy— sin 6, tanby) Ny»)

U.
2 (2 iGNy + (COSBy— Sin By tan 6y)Nip) (B15)

L _
Qyj =cospB

J

R' _ i
Qi; =SinB| U;1(cosBNyz+Sin SNys) — 7
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