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Abstract. We perform a comprehensive analysis of the decays of charginos and neutralinos in the minimal
supersymmetric standard model where the neutralino x{ is assumed to be the lightest supersymmetric
particle. We focus, in particular, on the three-body decays of the next-to-lightest neutralino and the lightest
chargino into the lightest neutralino and fermion—antifermion pairs and include vector boson, Higgs boson
and sfermion exchange diagrams, where in the latter contribution the full mixing in the third generation is
included. The radiative corrections to the heavy fermion and SUSY particle masses will also be taken into
account. We present complete analytical formulae for the Dalitz densities and the integrated partial decay
widths in the massless fermion case, as well as the expressions of the differential decay widths including
the masses of the final fermions and the polarization of the decaying charginos and neutralinos. We then
discuss these decay modes, in particular in scenarios where the parameter tan g is large and in models
without universal gaugino masses at the grand unification scale, where some new decay channels, such as

decays into gluinos and q@ pairs, open up.

1 Introduction

In the minimal supersymmetric standard model (MSSM)
[1,2], the lightest neutralinos x?,x3 and chargino Xli,
which are mixtures of the higgsinos and gauginos that
are the spin 1/2 partners of the Higgs and gauge bosons,
are expected to be the lightest supersymmetric particles.
In particular, the neutralino x{ is the lightest SUSY par-
ticle (LSP), which because of R-parity conservation [3], is
stable and invisible. In models where the gaugino masses
are unified at the grand unification scale [4], the masses of

these particles are such that m,, g~ Mk~ 2m,o in the

case where they are gaugino- hke OF Tyg ~ M+ ~ My
1n the case where they are hlggsmo—hke Thus the states

9 and x{ are not much heavier than the LSP and might
be the first SUSY particles to be discovered. The search
for these sparticles is a major goal of present and future
colliders, and the detailed study of their production and
decay properties is mandatory in order to reconstruct the
SUSY Lagrangian at the low-energy scale and to derive
the structure of the theory at the high scale.

The decays of charginos and neutralinos have been
widely discussed in the literature [5]. If the mass split-
ting between the LSP and the next-to-lightest neutralino
X3 or the lightest chargino Xli is larger than My or My,
the particles will decay into massive gauge bosons and the
neutralino xY. If not, the decays will occur through vir-
tual gauge boson and scalar fermion exchanges, leading
in the final state to the LSP neutralino and a fermion—

antifermion pair. Recently, it has been realized [6-9] that
for large values of the parameter tan 3, the ratio of the
vacuum expectation values of the two doublet Higgs fields
which are needed to break the electroweak symmetry in
the MSSM, the Yukawa couplings of third generation
down-type fermions (b-quarks and 7-leptons), which are
strongly enhanced, lead to dramatic consequences for the
decays of these particles!. Indeed, the virtual exchanges
of, on the one side, Higgs particles (because the Higgs bo-
son couplings to b-quarks and 7-leptons are proportional
to tan 8) and, on the other side, of third generation down-
type sfermions (which tend to be lighter than the other
sfermions in this case) become very important.
Furthermore, some attention has recently been devoted
to models where the gaugino masses are not unified at the
GUT scale, as might be the case in a large class of four-
dimensional string models [12] or in the so-called anomaly-
mediated SUSY-breaking models [13]. As an example, two
particular cases have been discussed in [14], where SUSY-
breaking occurs via an F-term that is not an SU(5) singlet
and in an orbifold string model. In these models the gaug-
ino masses at the electroweak scale can be very different

! Note that the scenario with tan ~ me/my is favored in
models with Yukawa coupling unification at the GUT scale
[10]. In addition, large tan 8 values, tan 8 2 3-8 depending on
the details of the radiative corrections, are needed to maximize
the lightest h-boson mass in the MSSM, to cope with the LEP2
experimental bound M}, 2 113.5GeV [11] in the decoupling
regime where the h boson is standard model-like
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from the pattern mentioned above. In particular, the Y9
and xT masses can be closer to the LSP mass in some of
these models, favoring the occurrence of three-body de-
cays of the light chargino and neutralino states (including
some new channels such as x5 — ¢g + gluino final states),
while possibly disfavoring final states with heavy fermions
(such as bb final states) and therefore dramatically affect-
ing the decay branching ratios.

In this paper, we perform a detailed investigation of
the three-body decay modes of charginos and neutralinos
in the MSSM, focusing on the scenarios with large values
of tan # and with non-unified gaugino masses at the GUT
scale. We will provide complete analytical formulae for the
Dalitz densities of the decays (in terms of the energies of
the two final state fermions) and for the fully integrated
partial decay widths. Furthermore, we will take into ac-
count the polarization of the decaying particle, which is
needed in order to obtain the full correlations between the
initial state in the production of these particles and the
final states in their decays. We will also include the depen-
dence on the masses of the final state fermions to have a
more accurate prediction for final states involving b-quarks
and 7-leptons (especially in scenarios where the mass dif-
ference between the decaying particles and the LSP is not
very large) and to treat properly the case of heavy top
quark final states. An important ingredient of the anal-
ysis will be the inclusion of the effects of the radiative
corrections to the heavy fermion and chargino/neutralino
masses, which will be shown to have a large impact.

This work extends the recent analyses made in [6-8]
for chargino and neutralino decays, and completes our
analyses of the higher order decays of SUSY particles
(sfermions, in particular stops and sbottoms, and gluinos)
in the MSSM [9, 15].

This paper is organized as follows. In the next section,
we will summarize the main features of the chargino, neu-
tralino, sfermion and Higgs sectors of the MSSM which
will be needed in our analysis. In Sect. 3, we will display
the analytical expressions of the (unpolarized) Dalitz den-
sities and the integrated partial three-body decay widths
for massless final state fermions. Section 4 will be devoted
to our numerical analysis and a short conclusion will be
given in Sect. 5. In the appendix, we present the complete
formulae for the partial decay widths, including the finite
mass of the fermion final states and the polarization of the
decaying charginos and neutralinos.

2 SUSY particles masses and couplings

To fix our notation, we will summarize in this section
the main features of the chargino, neutralino, sfermion
and Higgs sectors of the MSSM. We will then give, for
completeness, all the couplings of these SUSY particles
(i.e. couplings of the neutralinos and charginos to gauge
and Higgs bosons and their couplings to fermion—sfermion
pairs) as well as the couplings of MSSM Higgs and gauge
bosons to fermions, which will be needed later when eval-
uating the two-body and three-body partial decay widths.
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2.1 Masses and mixing
2.1.1 The chargino and neutralino systems

The general chargino mass matrix, in terms of the wino
mass parameter My, the higgsino mass parameter p and
tan 3, is given by [16]

My V2Mysg
V2Mycg 4 7

where we use sg = sin 3, cg = cos 3, etc. It is diagonalized
by two real matrices U and V,

UMV S5U=0_

M = [ (2.1)

and

0+7
V:
{USO—H

where o3 is the Pauli matrix to make the chargino masses
positive and O are rotation matrices, with angles given
by

if detM¢e > 0,

2.2
if detMc < 0, (2:2)

2v2Myy (Macg + psp)

tan26_ =

an MZ — 12 —2MZc5
2\/§MW(M255 + /LCﬁ)

tan 20, = 2.3

an —+ MQQ_M2+2M{%VCﬁ ( )
This leads to the two chargino masses:
1
ms =2 (M4t oM [(ME -t (24)

1/2
+ AME (MB35 + ME + 422 + 2Mapisas)] } :

In the limit || > My, My, the masses of the two
charginos reduce to

Mgy,
myx = My — 7 (Ma + ps2g) ,

2
me 2+ e, Ohsas +4), (25)
where €, is for the sign of pu. For |u| — oo, the light-
est chargino corresponds to a pure wino state with mass
M, Ms, while the heavier chargino corresponds to a
pure higgsino state with a mass m s = |-

In the case of the neutralinos, the four-dimensional
neutralino mass matrix depends on the same two mass pa-
rameters p and My, if the GUT relation M; = (5/3) tan®
Ow, My ~ (1/2)My [16] is used. In the (—iB, —iWs, HY,
HY) basis, it has the form (¢, = 1 — s3, = M2, /M3]

M1 0 —Mzswcﬁ Mzswsg
0 M2 Mzcwcﬁ —MZchg
My =
—Mzswcg MZchg 0 -
Mzswsg —Mzcwsg — 0

(26)
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It can be diagonalized analytically [17] by a single real

matrix Z. The expressions of the masses m,o are rather

involved. In the limit of large |u| values, tﬁey however
simplify to [18]

2

M

Mo =~ My — TQZ (My + MSQﬁ) S%/[/v
M2

myo >~ My — /72 (My + psap) Sy

1 M2

myo = [u] + 5756“(1 — 523) (b + Masiy + Micyy ),
1 M7

X0 =l + 5722 €u(1+ 525)

X (p— Myst, — Mlc%V) . (2.7)

Again, for |u| — oo, two neutralinos are pure gaugino
states with masses myo = My, myo = My, while the two
others are pure higgsino states, with masses m 0 2,y
|¢t|. The matrix elements of the diagonalizing matrix, Z;;
with 4,5 = 1,...,4, are given by

0o X~
4

Zo\2  (Zs\® (za\7]

Z/L — 1 k2 K2 K2

' +(Zi>+(2i>+<zi>

Z; . 1 My — qmX?

Zﬂ o tan 0\)\/ M2 — Gimxg)

Z;

70 = {(M(Ml — €imyo) (M2 — €;m,0)
_M%Sgclg[(Ml — MQ)C%/V + My — eimX?D
/(MZ(M2 — eimxg)SW[,UCB + €imx?$5]) }

Z;

Z: = {( — €My (M — €imX?)(M2 - qug)

,M%C%[(Ml — MQ)C%/V =+ MQ — eimxg])
/(MZ<M2 — eimxg)sw[u% + €imX?85]) }, (2.8)

where ¢; is the sign of the ith eigenvalue of the neutralino
mass matrix, which in the large |p| limit are: e = e =1
and €4 = —e3 = ¢€,. Note that we will often use the rotated
Z;; matrix elements:

Ziy = Zincw + Zigsw,

2

Zly = Zis, Zly=2;

(2

Zlo = —Zisw + Ziscw,
(2.9)

We will not only discuss the chargino and neutralino spec-
trum in mSUGRA-type models, where the gaugino masses
are unified at the GUT scale Mgur, but also when the
boundary conditions at this high scale are different. For
illustration, we focus on two scenarios discussed in [14]:

(1) Models in which SUSY-breaking occurs via an F-term
that is not SU(5) singlet but belongs to a representation
which appears in the symmetric product of two adjoints:
(24®24)5ym = 16246756200 (where only model 1 leads
to the universal gaugino masses discussed previously).
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Table 1. Relative gaugino masses at Mgur(Mz) in the Fp
representations and the OII model

Fs M3 Mo M,

1 1(~ 6) 1(~ 2) 1(~1)
24 2(~12) —3(~—6) —1(~—1)
75 1(~ 6) 3(~ 6) —5(~ =5)
200  1(~6)  2(~4) 10(~ 10)
OI  1(~6) 5(~10)  53/5(~ 53/5)

(ii) The OII model which is superstring motivated and
where the SUSY-breaking is moduli-dominated.

The relation between the gaugino masses at the scale
Mgur, m12,3, and at the weak scale O(Mz), M 23, are
approximately given by the relation [19]:

M1 ~ 0.42m1, M2 >~ O.83m2, M3 >~ 2.6m3, (210)

leading to the well known hierarchy M; : Ms : M3 =
1:2:6 for a universal gaugino mass at the GUT scale,
my = mg = m3 = My 3, as in mSUGRA-type models. The
relative gaugino masses at Mgur and at the low-energy
scale My are given in Table 1; see also [14]. The pattern for
the neutralino and chargino masses can be quite different
from the universal case 1. In particular, for large values of
the parameter u, the LSP is wino-like in the scenario 200
where My < My, implying that x{ and X1+ are degenerate
in mass. In the scenario 75, the gauginos X!, x9 and xf
have masses which are very close since |M;| ~ | M|, while
in scenario 24, the mass splitting between the LSP and
the states Xg,xf can be very large. In the OII model
and if no large loop corrections are present to increase the
gluino mass compared to the value of M3 < Mj, My (to
avoid the scenario with a gluino LSP), 9, x3 and X1+ have
to be higgsino-like and can be thus degenerate in mass.
Since x9 and X1+ can be degenerate in mass with the
LSP in some of these scenarios, it is important to include
the radiative corrections to the masses. These corrections
are quite involved [20]. Here we will work in two differ-
ent approximations, which are valid in the (almost) pure
gaugino and pure higgsino regions [21,22] and which re-
produce the complete result to better than a few percent.
For gaugino-like neutralinos and charginos, |p| > Mj,
My, Mz, we will correct only the parameters M7, M5 in
the chargino and neutralino mass matrices (which means
that terms of O(a/4m x M%Z/u?) are neglected); we as-
sume that all fermions are massless and all squarks and
sleptons are degenerate, with masses mg and mj, respec-
tively; furthermore, we work in the tree-level decoupling
limit for the Higgs sector, where M, ~ Mz and My ~
Mpg+ ~ My (see Sect.2.1.3). For the gluino mass, mg =
M3 + AM3/Ms3, needed in order to compare to the LSP
mass, we will include only the dominant QCD corrections.
In this limit, one then obtains for AM; 2 3/Mi 2.3 [21]:

AM;

B o
My

T {11812, 0,mg) + 9B (M, 0,m)

~ 229 (Bo(M7 1. Ma) = Bo(MF 1, M)
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Fig. 1a—d. The masses of x5 and xf and their mass differences
with the LSP X9 as a function of y, for tan 8 = 50 and M, =
150 GeV with the M; values given in Table 1

+Bl(M127:u7MA)+B1(M12nu?MZ)}7 (211)

AMQ o 2 2
M2 = 471_5%4/{gBl(MQaOamti)+3B1(M170amf>

- MLQSZB[BO(M%M»MA) — Bo(M3, j1, Mz)]

+ By (M3, 11, Ma) + By (M3, p, My) (2.12)
- 8BO(M227M25MW)
+ 4By (M3, Mo, M) }
AM3 3oy
5 2Bo(M2, Ms,0) — By (M3, Ms,0)
M o
— 2B, (M2,0, mq)} , (2.13)

with the finite parts of the Passarino—Veltman two-point
functions B; and By given by [23]

Bo(q*,m1,m2)

2

q _

= —Log (QQ) —2—Log(l —z4) — z4Log(l — z}")
—Log(l —z_) —x_Log(l—2~")

Bi(q®,my,my)

1 2
:2q2l (1—10gQ2)— (1—L0gQ2>

+(q* = m3 +m7)Bo(¢®, ma, mz)} ; (2.14)
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with Q2 denoting the renormalization scale and

2 2 2
xi2<q —mj; +mj

+ \/(q2 —m3 +m?)2 — 4¢%2(m? —16)). (2.15)

For higgsino-like X9, X3 and x; particles, |u| < Mj 2, we
will follow the approach of [22] and only correct the hig-
gsino entries in the neutralino mass matrix and include
the dominant Yukawa corrections to the light chargino and
neutralino masses, due to stop/top and sbottom/bottom
loops?. The masses in the higgsino limit [22] are then given
by (we keep the sign of the eigenvalues):

]\42 S23

~ 5ol |1 — —=2 2.16

s = b |1 (216)
M2 52 2
5) = =21 Wy ZW §

My, = F(u+dc) 9 ( F s28) <M12 +M22) +on,
with

-3«
b = B N2 (Bi(p? me,my,) + Bu(u?,me,ms,))

8T
+ A (Bl(u2,mb,m51) + Bl(u27mb,m52))] ,
—3a
8T
+ /\gmbs%b (BO(uQ,mb,mgl)

[/\?mtSZQt (BO(MZ, me,my, ) — Bo (1, me,my,))
- BO(,U'27mb7ml~)2)):| )

(2.17)

where 6, ;, are the mixing angles in the stop and sbottom
sectors (to be discussed in the next subsection) and A
are the reduced Yukawa couplings of the ¢, b-quarks, which
in terms of the running masses (also to be discussed in the
next subsection) are given by

my my

= A=
b \/iMWchg ‘ \/iMWsng

(2.18)

The xi and xJ masses as well as the mass differences

m_+—m,o and m,o—m,o are shown in Fig. 1 as a function
X1 X1 X2 X1

of p for tan 8 = 50, in the five models discussed above.
The wino mass parameter is fixed at My = 150 GeV and
the parameter M, is obtained from M as in Table 1. We
see that the mass difference between the lightest chargino
and the LSP can be very small® in models OII and 200,
even after the inclusion of the radiative corrections. In
model 75, the next-to-lightest neutralino and the lightest

2 We will further approximate the dc correction by d34 in
[22], which would be the case for almost degenerate squarks;
the difference is negligible in general

3 The search for charginos and neutralinos, which are almost
degenerate in mass with the LSP, can be done in eTe™ col-
lisions, either via a search of almost stable particles or by a
search of multi-pion final states with a large amount of miss-
ing energy; see for instance [24]. At hadron colliders, the direct
search of such states will be very difficult, if possible at all
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chargino can be degenerate in mass with the LSP for small
values of 1, and the mass difference hardly exceeds 20 GeV
(for the chosen value of M) even for large p values. Note
that for values u = Ms, the gluino is lighter than the
lightest neutralino x{ in model OII.

2.1.2 The sfermion system

The sfermion system is described, in addition to tan 8 and
1, by three parameters for each sfermion species: the left-
and right-handed soft SUSY-breaking scalar masses m s,
and m and the trilinear couplings Ay. In the case of the
third generation scalar fermions, the mixing between left-
and right-handed sfermions, which is proportional to the
mass of the partner fermion, must be included [25]. The
sfermion mass matrices read

M2 = mfc —Hjl%L mygAy
f meA m2 + m? ’
FAf ¥ RR

with

miy =m% + (If — ersty)Mzeap,

2 2 2 32
mpr = My, +epsiyMzeap,

Ap = Ay — p(tan g) =2 (2.19)

where Ig and ey are the weak isospin and electric charge
of the sfermion f, and s, = 1 — ¢}, = sin®fw. They
are diagonalized by 2 x 2 rotation matrices of angle 6,
which turn the current eigenstates, fL and fR, into the
mass eigenstates f1 and f2, the mixing angle and sfermion
masses are then given by

2 A 2 2
sin20y = Lfg, cos 20, = w, (2.20)
"M, MR
2 2 11 o 2
My, = My 5 ML T MRR
F \/(m%L —mig)?+ 4m?p/~lfc : (2.21)

The mixing is very strong in the stop sector for large values
of A; and makes the lightest #; much lighter than the other
squarks and possibly even lighter than the top quark itself.
For large values of tan 8 and p, the mixing in the sbottom
and stau sectors can be also very strong, Ay, ~ —ptan 3,
leading to lighter b1- and 7;-states.

Since the fermion masses provide one of the main in-
puts for sfermion mixing, it is important to include the
leading radiative corrections to these parameters [26], in
particular those due to strong interactions. The fermion
masses which have to be used in the mass matrices (2.19)
are the masses 7 (Q?), evaluated in the DR scheme at
the scale @) and which, in terms of the pole masses my,
are given by [21]
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my =g (Q )(1+Aﬂzf>

In the case of top quarks, it is sufficient to include the
one-loop QCD corrections originating from standard gluon
exchange (first term) and gluino-stop exchange (second

(2.22)

term):
A s 2
T % {310g (Q > + 5] (2.23)
me 3 mi
s
_ % {Bl(mg,mgl) + Bl(mg,m,gQ)
M
— 820, (Bo(mg, mz,) = Bo(mg, my,)) |,
t
where in terms of M = max(my, mg), m = min(m, msa)
and z = m3/m?, the two Passarino—Veltman functions
[23] Bo.1(mi,m2) = Bo1(0,m?,m3) simply read in this

limit

M? m? M?
Bo(m1,m2):—10g <C22> +1+M10g( >

1 M2\ 11
Brlm,ma) =5 {_log (Q2> MR-

log x
5 —0(1—x) logx} .

i-2) (2.24)
In the case of bottom quarks, the first important correc-
tion which has to be included is the one due to standard
QCD corrections and the running from the scale my, to the
high scale . The DR, b-quark mass (for the NNLO cor-
rections, we assume that the correction in the MS and DR
schemes are the same, since the latter is not yet available)
is given by [27]:

1 (Q%) = 1w (mj)clas (Q?) /7] /elas(mf) /7], (2.25)
with
Fy(m2) = my |1+ 2M + 12.4@ , (2.26)
c(z) = (232/6)**/%[1 + 1.175x + 1.527],
for Q2 < mf,
c(z) = (Tx/2)Y7[1 + 1.398z + 1.827),
for Q% > m?. (2.27)

After this, one has to include the sbottom—gluino and the
stop—chargino corrections which are the most important
ones [21], in particular for large tan 8 and p values:

Am Qg
b _ _3—71_ Bl(mg,mb )+Bl(mg,m52)

my

(Bo(mg, my, ) — Bo(mg, ml;z))

Bo(p,mg, )]

M-
- 8295 g
my,

! My
8ms?, M2, sin23
@ [Mgu tan 3

s20, [Bo(p, mz,) —

(c5,Bo(Maz,my,)

B drs?, | p? — M3

+ SgtBo(MQ,mt”z)) + (/14 <~ Mg)] . (228)
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For the 7-lepton mass, the only relevant corrections to
be included are those stemming from chargino—sneutrino
loops, and which simply read

Am, a  Msptan 8
= — Bo(M. 7.) — Bo(p, ms. )] .
4.71—8‘2/‘/ Mz _ M22 [ 0( 2’m 7-) O(lu’ m r)}

' (2.29)

The effect of the radiative corrections is shown in Fig.2
for the case of the bottom quark and tau lepton masses for
tan 8 = 50 as a function of p for the various models with
and without unification of the gaugino masses at Mgyr.
The wino mass is fixed at My = 150 GeV and M, M3 ~
mg at the weak scale are given in Table 1. The main cor-
rection to the DR bottom quark mass, 7,(M2) ~ 3 GeV,
is due to the SUSY—QCD corrections from gluino—sbottom
loops in the case of large values of tan 8 and w. This cor-
rection is proportional to Amy, ~ —(as/7) X tan 5umg/mg
and can increase or decrease (depending on the sign of y]
the b-quark mass by more than a factor of two. The effect
of the radiative corrections is less drastic in the case of
the 7-mass since the latter are of the order a few percent.

Let us now discuss the dependence of the sfermion
masses on the gaugino masses as well as on the param-
eters p and tan 3, in models with a universal mass mg for
the scalar fermions at the scale MgyT, but without the
gaugino mass unification assumption mj 23 = mi/. In
the case of the partners of the light fermions (including
b-quarks), one can neglect to a good approximation the
effect of the Yukawa couplings in the one-loop renormal-
ization group evolution of the soft SUSY-breaking scalar
masses. With the notation of the first generation, one then
obtains, when including the D-terms, the following expres-
sions [19]:

ma = mg+5.8mj3 + 0.47Tm3 + 4.2 x 10™*m}
+ 0.35M% cos 23,
m2% = mg +5.8m3 + 0.47m3 + 4.2 x 10~*m]

— 0.42M?2 cos 243,
mZ = m2 +5.8m2 + 6.6 x 10~2m? 4 0.16 M2 cos 203,
m% = m2 +5.8m2 + 1.7 x 1072m? — 0.08 M2 cos 23,
m2 = md 4+ 0.47m3 + 3.7 x 1072m? + 0.50M% cos 23,
mZ = mj +0.47Tm3 4+ 3.7 x 107*m? — 0.27M % cos 283,
m2 = m3 +0.15m3 — 0.23M3 cos 23. (2.30)

One has then, in the case of sbottoms and staus, to include
the mixing since in this case, large enough off-diagonal
elements of the mass matrices are obtained for large 1 and
tan 3 values (the effect of the trilinear couplings plays only
a marginal role).

The squark masses are governed by the parameter mg,
while the slepton masses are governed by the parameter
ma, and to a lesser extent my. Figures 3a,b show the vari-
ation of the soft parameters m; (a) and mz (b) as a
function of My for tan 8 = 50 and mo = 300 GeV. As can
be seen, depending on the models, the squark and slepton
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Fig. 2a,b. The b-quark and 7-lepton masses, including the
radiative corrections, as a function of u, for tan 3 = 50 and
M, = 150 GeV in the various models of Table 1

masses can be different for different models. In Fig. 3¢, the
masses mg;_,Me, and my ,mz are shown as a function of
w for tan 3 = 50; we have used the previous equations
and fixed mg = 300GeV and m; = my = mz = my/p =
120 GeV, i.e. as in the mSUGRA-type scenario. While for
small values of p, and hence small off-diagonal elements
in the b and 7 mass matrices, JR, by and €r, 71 are almost
degenerate in mass, the mass splitting increases with in-
creasing p reaching a substantial amount for g > myg.

2.1.3 The Higgs sector

The MSSM includes two iso-doublets of Higgs fields, which
after spontaneous symmetry breaking, give rise to a quin-
tet of physical Higgs boson states: h, H, A, H* [28]. While
an upper bound of about 130 GeV can be derived on the
mass of the light C'P-even neutral Higgs boson h [29],
the heavy C'P-even and C P-odd neutral Higgs bosons H,
A, and the charged Higgs bosons H* may have masses of
the order of the electroweak symmetry scale v up to about
1TeV. This extended Higgs system can be described by
two parameters at the tree level: tan3 and one mass pa-
rameter which is generally identified with the pseudoscalar
mass My4. The Higgs mass parameters and the couplings
are affected by top and stop loop radiative corrections [29],
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Fig. 3a—c. The masses of lightest sbottom a and tau slepton b
as a function of Ms for mo = 300 GeV and p = 750 GeV in the
models of Table1. The b1, dr and 71, €r masses as a function
of p, for tan 8 = 50 and M2 = 150 GeV in model 1, ¢

which in the leading approximation are parameterized by

SGFmt ’ﬁ’lz
~ 0g —
V272 sin? 8 m?’

where the scale of supersymmetry breaking is character-
ized by a common squark-mass value m. The next-to-
leading order QCD corrections can be included by using
the running top quark mass in the MS scheme. Stop mix-
ing effects can be accounted for by shifting m? in (2.31)
by the amount (A, = A, — pcot 3)

= Af[1 - A7/(12

(2.31)

Am? m?)]. (2.32)
The neutral C'P-even and charged Higgs boson masses and
the mixing angle « in the neutral sector, when expressed
in terms of M 4 and tan 3, are given in this approximation
by

m? = m? 4+ Am?

2
Mh,H ==

1
E{Mf\-i-M%—Fe

T/ (M3 + MZ + )2 — AMAM3 3, — 4e(M3s + M3c3)|

Mps = My, + M3,

M3 + M2
Mj% 7M§+E/0257
with — g <a<O.

tan 2a = tan 23

(2.33)
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In the decoupling limit, M4 > Mz, the A, H, H* bosons
become degenerate in mass My ~ My ~ Mg+ while the
lightest i boson reaches its maximal mass value M7 ~
M2 +¢; the angle a approaches the value o — —m/2. The
couplings of the h particle to fermions and gauge bosons
are then SM-like, while the couplings of the H, A, H*
bosons to down (up)-type fermions are (inversely) pro-
portional to tan 3.

In the present analysis, we will use the full renormal-
ization-group improved radiative corrections to the Higgs
sector given in [30]. We will often denote the Higgs bosons
by Hjy with k& = 1,2,3,4, corresponding to H,h, A and
H*| respectively.

2.2 Couplings

In this subsection, we list the various couplings [2,16,18]
which will be needed in our analysis. All the couplings are
normalized to the electric charge e.

(1) The couplings of the charginos and neutralinos to the
weak gauge bosons W=, Z:

LR .
GX?XJ*W+ G”W, with
Gliw = \/isw [~ ZiaVij2 + V2Z2 V1),
1
Giyw = ﬁT[Zzssz +V2ZiUj1], (2.34)
w
LR _ ALR :
iz T Gijz, with
1 1 5
GUZ = p—— 2V12V32 Vi Vi1 + dij8w |
1 1 9
Gz = p—— _§Ui2Uj2 —UinUj1 + d;s7y| ,(2.35)
LR _ .
GX?X?Z - Gl]Z’ Wlth
1
Giiz = “Sswen (ZisZjs — ZiaZja],
1
O = ¥ g 0703 = P (2.36)

(2) The couplings of charginos and neutralinos to the
Higgs bosons:

GhRo = GghR

WX H ijas  with

c
Gy = ﬁ |:Zj4Vil + (Zj2 + tanbw Zj1) Vi2:| ;

1
V2

sg 1
ng4 = g |:Zj3Ui1 — ﬁ (ij + tan OwZﬂ) Ui2:| 5
GL,R e = ka ,  with
Gr lexVij1Use — diVioUii ],

ik —
=
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Gl = S lexVirUje — diVi2Uji1 | €, (2.37)
T V2sw
L,R _ LR :
Gx?xjH+ = G;jy,  with
L 1
Gijk = m (ng — tan@wZﬂ)
X (exZiz + dpZia) +i > j
1
G%k = E (Zj — tan&wZﬂ)

X (ekZig + dei4) €+ 17, (2.38)
where €; o = —e3 = 1 and the coefficients e and d, read
er/di = ca/ = $a, €2/d2 = =54/ — Ca,

es/ds = —sg/ca. (2.39)

(3) For the couplings between neutralinos, fermions and
sfermions, f; — f — xJ, one has

o\ _mpry fso | g [ e,
aj, V2Mwsw | co; M e, |

bf msr & S
o\ Mgty ) Gy U ) Sy 2.40
{b;; } V2Myy sy { —505 } " { o5 } 240

with r, = Zj4/sinf3 and rq = Zj3/cosf for up- and
down-type fermions, and
L,
CWwWSw iz

(2.41)

e, = V2 [efZ§1 + (13 —essiy)
sy

(4) For the couplings between charginos, fermions and

sfermions, f; — f — Xj, one has for up-type and down-
type sfermions

?1 — ‘/jl _Ceu mu‘/] Seu
i (T e 7= )
52 sw | e, V2Myy swsa | .
b;:-Ll _ mdeg Co,,
bl V2Mysweg | —se, |
a;gl - Uj1 —Cy, mdeg S04
i (= S LT )
afy sw | Seq V2Myy sweg | Coa
b(j:l _ muVJ Cohy
b;ig \/iMwsWsﬁ —S6,
(5) Finally, the couplings of the W, Z gauge bosons and

the four Higgs bosons Hy, = H,h, A, H* with k = 1,...,4
to fermions are

(2.42)

(2.43)

3 2
UfZZIf deyrsy, o =
Z 4CWSW ’ Z

3
21}

461/118{/[/7
1

f f
Vi = Ay = , 2.44
2\/§SW ( )
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u d
Xi - Xi
\ d \ v
f ‘\< f ‘\<
x? X3

Fig. 4. The Feynman diagrams contributing to the three-
body decays of charginos and neutralinos into the LSP and
two fermions

f f
f_ mgry f:O f mgr f:O
vl 28wMW al ’ 2 28wMW a2 ’
213
I_0, of ——myltanf) 77 2.45
U3 » a3 Vs My (2.45)
¥ mgq tan 8 4+ mycotf
Uy = — )
ta — my,cot
af = 14 n g — mucot (2.46)
2\/§SWMW
with the coefficients 7{2:
Till :Sa/sﬁv T%ZCQ/SQ,
rd = Ca/CBs rd = —Sa/cp. (2.47)

3 Three-body decays

In this section we give the complete analytical expressions
of the partial widths of the three-body decays of charginos
and neutralinos into a neutralino and two fermions, that
we will denote to be general by v and d (although they
can be the same)

Xi — X?ucf. (3.1
We will not assume that the final neutralino is the LSP ¥,
but any of the neutralinos X? to cover also the possibility
of cascade decays. As shown in Fig. 4, these decays proceed
through gauge boson exchange (V = W and Z for X;‘i_ and
x? decays, respectively), Higgs boson exchange (Hy, = H
for Xj_ decays and Hy = H,h, A with k = 1,2,3 for x¥ de-
cays) and sfermion exchange in the ¢- and u-channels (the
flavor is fixed by the sfermion—fermion and final neutralino
vertex). For gluino decays [31,9], only the channels with
u- and t-channel squark exchange will be present; the par-
tial widths can be straightforwardly derived from those of
the neutralino decays, with the appropriate change of the
couplings. Note that for the treatment of the Majorana
nature of the initial state, we use the rules given in [32].
In this section, we will simply give the complete ana-
lytical expressions for the (unpolarized) Dalitz plot den-
sity in terms of the energies of two final fermions, and for
the fully integrated partial widths for vanishing fermion
masses®. (In the most complete analysis of these decays

4 In mSUGRA-type models, this approximation is very good
for all light fermion final states, including b-quarks and 7-
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available in the literature up to now, [6], the fully inte-
grated partial widths have not been derived: one integral
has been left-out and performed numerically.) The formu-
lae for the general case with non-vanishing values for the
masses of the final standard fermions (to be able to de-
scribe more accurately the cases of chargino decays into 7v
as well as neutralino decays into bb and 777~ final states
and to treat the case of the top quark) and where the po-
larization of the initial gauginos are taken into account,
are given in the appendix.

3.1 The Dalitz densities for the three-body decays
The Dalitz density of the decay mode (3.1) is given in

terms of the reduced energies of the two final state
fermions

T = 2Eu/mxi, To = 2Ed/mxi,
Tr3 = QEXj/mXi =2 Tr1 — T, (32)
but we will also use the simplifying notation:
Y1 =1-—z1—py, y2=1-1x2—py,
Ys = 1- T3 + Ky (33)

with the reduced masses p% = M%/m?, (for the final
state neutralino we drop the index, i.e. u, = miq /mi)
J

Neglecting the masses of the final fermions (but not in the
couplings) and the widths of the exchanged (s)particles,
the Dalitz density is given by
dry,
dxldxg

_ ehmy,
~ 64(2m)3
+dly, g, +dlva erFVJ

+dTy+ dlpg + Al ,

N [dly +dTy + T+ Al

(3.4)

where N, is the color factor (N, = 3(1) for final state
quarks (leptons)) and the dI”s correspond, respectively,
to the separate contributions of the square of the gauge
boson, @, d and Higgs exchanges and the Vu, Vd, ud, da,
®d and H, H5 interferences.

The various contributions, in terms of the couplings
given in Sect. 2.2, read

dly =
VT s — v )? w)

< {l0] = al (Gl ) + (0] + af)?
X(GiV) ]‘lel + [( ) (G]ZV)

leptons, since x93 and X7 are expected to have masses larger
than O(100GeV). The approximation would be bad for top
quark final states; however, if the three-body decays x5 — xJtt
and xI — x{tb are kinematically allowed, they will not play
a major role since the charginos and neutralinos will have
enough phase space to decay first into the two- body channels
x5 —=x¥Z, X% (and possibly x)H and x?A) and xI — xIW
(and possibly x{H™), which will be largely dominating
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+(of + af) (G ) |zaye
— AW + (@) ACy Gy Vs f, (35)
2
T1Y1
dl'; =
szzl 1=z —pg )1 —z1 —pg)
x (ag.af + bzkbzl)(a;‘lka?l + b?kb?l)v (3.6)
2
Tay2
Ay =
,;::1 (1 =y — paay, ) (1 — w2 — pray )
x (ageay + bibip) (aj,aj; + bipby), (3.7)
Pt i
T (g — )2
[((Gz]k) (Gz]k) )1’3 + 4\/ /U‘X(szk 1]k)]7(3'8)
4ysvy vg

dFH1H2 = |:(Gl]1GZJQ + ngleJZ) 3

(Y3 — pmy ) (Y3 — pm,)

+ 2\/@(@]1 Ry + GhyGRY)| (3.9)
Ni- —42 {(matctvit vat
ijzV( - alxi/)] 9511/1)
/((y3 — )1 =21 - 1g)) }
—{ (M [agka;‘ikG?iV(vg +af)
+b?kb?kG§iV(U - av)] yS)
/((ys —py)(1 =z — Mg,))}} (3.10)
dl'vg = 422: {{( a0 Gy (vF + aiy)
k=1
+hED Gy (v — af)] w2y
/((ys —pv)(1 — a2 — Mm))}
~{ (Vi [ata Gy (v + ap)
b Gl (v — )] s )
/(s = )1 = 2 - m))}}, (3.11)

{{(( ]kazlbzkbgz+azka lb b%)

X(—x1y1 — T2y + 583?!3))
)1 - a1~ pg)) |

((1 — X9
+{ (Q(G?ka?kagla?l + b?kb?kbgzb?z)\/ le/B)
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/((1 — T3 — g, )(1 —x

- ud;))}}, (3.12)
oty =~ 5 {{ (ot - oot 1,

k,l

X (x1y1 — T2y2 + T3y3) + QG%k\/NX?B) )

/((ys — ) (L — a1 — ugl))}

+{ ((ak + Uk)blla (G%jk(xlyl — Tay2 + T3Y3)

+2G%’k\/@y3))
J(on = mot - ni)} |
dI'py = Z {{((Uk ag)biiaf; (G

k.l

(3.13)

X (z1y1 — T2y2 — 3Ys) — 2G \/HxY3) )

/((y3 — ) (1 — @2 — #m))}

+{ ((a}j + v )ag; b (Gzij(xlyl — Ty — T3Y3)

26 /Fs) )

/((y3 — ) (1 — @2 MaJ)}}.

(3.14)

A few remarks need to be made at this stage.
(1) In the expressions of the couplings, the indices i and
j refer always to the decaying chargino or neutralino and
the final state neutralino, respectively.
(2) For the Higgs boson exchange contributions, in the
case of chargino decays, only the exchange of the charged
Higgs boson is present and in dI'y one has k£ = 4 only.
In the case of neutralino decays, the three neutral Higgs
bosons will contribute and k in the sum >, of dI's runs
from £ = 1 to 3. In addition, there is an extra term,
dI'y, m,, due to the interference between the exchange of
the two C'P-even Higgs bosons h and H. Note also that in
this case, there is a difference between the contributions of
the C'P-even (and the charged) and C'P-odd Higgs bosons
which appears in the terms €; 24 = 1 and €3 = —1 in the
couplings.
(3) For massless final state fermions, there is no inter-
ference between the vector boson and Higgs boson con-
tributions. In the appendix, where the fermion mass de-
pendence will be included, interference terms between the
Higgs bosons and the vector bosons, which are propor-
tional to the fermion masses, will be shown explicitly.
(4) In the sfermion exchange diagrams, there is a rela-
tive minus sign between the amplitudes of the u- and ¢-
channels, due to Wick’s theorem. This leads to dI'y 3 and
drI’, ; contributions which are anti-symmetric in the inter-

change of x1 and xo. In the case of dI's; and dI;, the
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contributions are symmetric in the interchange of x; and
29, due to the scalar nature of the Higgs bosons.

3.2 Integrated three-body partial widths

Integrating over the energies x; and xzo of the two
fermions, with boundary conditions,

Hx
1—.271’
OSZ‘lSl—/.LX,

-2y —py <29 <1~

(3.15)

one obtains the partial decay width, which is given by an
expression similar to (3.4):

o?N,
o = g, [FV 4 Ty+ T+ T+ Ty + Tva

+ Dyg+ Toq+ Do + Ty

(3.16)

Using the phase space functions A\, and the function Ly
defined by

Ak =1 =20y — 20 + (. — Nx)2a (3.17)
—1+py = ,Uk)
Ly = Arctan [ ——— X%
: — Ak { < V=g
1 — iy — Nk>:|
— Arctan | — 2" |, 3.18
(s (3.18)

one has for the various contributions:

Iy = 8|@))? + (@))?] [(Gh )+ (GF)?]

—1
x {Mg (Av + v (54 Bpy — Tuv))
v
— BV (1 + py — pv)Logay — l(Av + 20y ) Ly }

2
= 8[@])? + (a])?] Gl Gy /i

+ (1 + py — 2y ) Logpy

+ ()\V —,uv(l"i‘ux—,uv))ﬁv}, (319)
2
I'y = (alad, + blbl) (] ]k‘a]l + bjkbf)
k=1
3 2
X (1= ) Mfk—I_'ufz) 5(1_/1’X)
2
- S o1
= D=
Mfz('ufl ’ufk) K — Hx
(nj, — 1% (uj, — MX)QLO pg —1
ni (g —B7) [F, = My
2
M Logux} (3.20)
Hi By,

af)?] [(GE)? + (GR)?]

I'p = 22 [(”k)2
k
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1
{2(1_NX)(6Nk_5_5NX) thre 4 d AR J J p
1 AT = —[ag,a5, Gy (V) + ay) + b ijzV(vV ay)l,
3 2 2 3
§ - “x“k B T VR P AY = a?ka?kG?iV(v\uf +ay) + by kG]zv(Uv ay),
— gk + Tpiy iy — 24ty ] L Af = *[aflka?ijL'iv(v{d/ +af,) + bib kGﬂv(Uv af,)],
1 u _ ou u R u u
5 (1= g = g + 3p + 113) Logux} 4z “zk%kGﬂr(Uv +ay)
+0i:05.G v (v — ay), (3.24)
+ 4 |:(U]]:)2 + ( ) ] zjszjk\/ Hx
X {4y — 1) + (1 + py — 25 ) Log iy Tyi=>_ {B{ ((1 — ) (=1 + 24 — iy + 211 7)
+ (Ae = (1 + iy — k) L} (3.21) kil
— ALy — (1 + py — pg)Logpiy
- 2’Ul ’U2 (GUIGU2 + G’LJIGZJQ) ,szl — My 9
- 2L0gﬁ(ﬂx —Hj, = By, )
fi
X | (20, 4 20, — 3py — 3)(1 = py)
[ 72:U’kﬂflf(afkval—{k,ﬂflmuk)
1
b (L~ qu)A L | .
s = — 2B3 /lix | iy — 1 =~ Logyy
MH2(1+H’X7/’LH2))\ £ Mfl
- Hy~H,
HHy — HH, 1 ( i )L -1
(. — P |
+ (L 3+ iy, + B, + o o g, TR T I 1, gufl — hix
- 2<1 + :U’X)(/“LH1 + MH2)>LOgIU’X 1 + /J/kf(afkva'Hkaufla/J’k)> }7 (325)
+ 24/1y (G%le%'Z + G{?QG%O where
d_ (d
y l MK, Aot L, — HH, A, Lo, Bf = (v} — af)a zlb ngk + (v +ak)bzla]le]k’
Hm, s H, pm, B% = (Ug - a;::) ]l zlGUk: + (Uk + a’k) aj lez]k’
2 _ 2 _
4 Hn P (P‘H_l p,)(1 +MX)LOg,UJX Bf = (vi — ag)afibfy G + (vil + af)bfa5, Gy,
fitt Hity B’L2L = (,U’ILCL - G’Z) la]lGljk
—2(1— MX)] } (3.22) + (vt + af)aib} Gy, (3.26)
2
2 F~~:—2Z{(”adbub + aladbt.be)
—1 ad jk WlYik ik kYl
=4y { A{( X (a1 - dpg, +2pv) =1
k=1
1
1 - _ S _1) —
+ (L =27 + ) AvLy 8 <2<“X D@ay + 2, = e = 1) = pnLogpix
1 9 o
g (U dpn 4 i = 205, = 207, i + Loglr — (= ) (1 = pa,)
Uk
+ 2u 5 pv — i) Logpy pg, —1
* + Log———(pg, — i) (1 — )
(= ) (1 g ) F(@Y 0¥ g ) e
EREE Hp 7 G g By + (x — pagig,)
— Ag,/,ux < py —1— %LOg“X X ﬁ((ﬂak — Ho)/ B iy, — :LLX7/J’d~I7/“‘Lﬂk)>
fre
1 + (afalafad + by by by
+NV.7:(aK,a‘_/aMfka/lV)_F(Ux_#fk (i sbiitsi)
fr My, — 1
K, — 1 Hx <L0g'u~ k_ [ (i, — 1) (X — pay, )/ i,
— iyt + p JLog—H—— | b, (3.23) S
Kfe = Hx K, — 1
+ Log———(ng, — 1) (1 — 1g,) /g,

Mdl_ X
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+ 20y — 1) + (L + py — g, — paiy)
X F(man = b [P iy, — Hos B, s )

_ 'uix + 'U’X Loglu/x .
Mo :u’jl

In the previous expressions, we have used the variables
and functions:

(3.27)

ol = 5= iyt = VA, (3.28)
F(a,b, pui pij) = fla, i) + f(by i) — f(1, 1)
+ LogujLog'lZi__ulX,
F(a,b, iy 1) = fla, i) — f(b, i) — F(1, ps)
- LogujLog%, (3.29)

: Hi — Ky . ,Ui_]-
flar ) = Liz (G+Mi—1> ” <a+ﬂi—1>

— Log(a + p; — 1)Log (H) , (3.30)

where Lis is the Spence function defined by Lis(z) =
fol t~1Log(1 — wt)dt.

3.3 The two-body partial decay widths

The two-body partial decay widths can be obtained from
the expressions given in Sect.3.1 by including the total
decay widths of the exchanged gauge and Higgs bosons
and the sfermions. In this case a smooth transition be-
tween three- and two-body partial decay widths can be
obtained. We will list below the integrated form of the
two-body partial decay widths of charginos and neutrali-
nos into sfermion—fermion pairs (with massive fermions),
and into neutralino and gauge or Higgs boson final states;
see also [33].

alN,
8

L= ff) = ((af)? + })?)

mXi

x (1— py, + ) +4\//Tfa{jbf;]

X >‘1/2(:U’fuu’fj)7 (331)

«@
I'(xi — XjV) = ngiA1/2(lu’X]‘?/’l’V){ - 12\/MXJ-G;L‘1‘V
x G?iv + [(GJL'W)Q + (G%V)Q]
X (1+/"ij _:LLV)—I—(l_/’(’Xj J'_/J'V)

X (1= piy; — uv)u(/l}, (3.32)

(0%
I(xi = x;Hy) = gmxikm(uxwum)

+ 4yl G%jkGE}k}, (3.33)
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Fig. 5. The Feynman diagrams contributing to the three-body
decay xi — §qq

with

Mz,y) =1+ 22 + 9% — 2z — 2y — 2y,

px = m%c/mii, (3.34)

3.4 Decays into gluino and quark—antiquark final states

As discussed in Sect. 2.1, in models without gaugino mass
unification at the GUT scale, the lightest chargino and
the next-to-lightest neutralino could be heavier than the
gluino. In this case, the three-body decay modes
Xi — gud, (3.35)
with x; = Xli or x9, are kinematically accessible. This
decay is mediated by t- and u-channel exchange of squarks
only; see Fig. 5.
The Dalitz density and the partial decay width, ne-
glecting the masses of the final state quarks, are given by

dr, e2gzmx
i = G g A+ dT ],
daydas 8(2m)3 [T +d I+ dl
Qo
Do = malla + I+ L), (3.36)
with o1 = 2E,/m,,,x2 = 2E4/m,,. The various am-

plitudes are as in (3.6), (3.7) and (3.12) for the Dalitz
densities and (3.20) and (3.27) for the integrated width,
now with p, = mg/mii. One has also to replace the final

neutralino—f— fl couplings, afl,bfl, by the gluino—quark—

squark couplings, af, b}, which in the case of mixing read

af = b4 =sinb,, af=—b]=cosb,. (3.37)
The expressions for the three-body decays of gluinos into
the x; + ¢ final states [31,9] are given by the previous
formulae with the interchange of m,, and mg and by di-
viding the result by a factor of 8 to account for the color
numbers of the gluino. (Note that this factor is missing
in the expression of the gluino decay width in [9]; since it
is a global factor, the branching ratios are therefore not
affected.)

4 Numerical analysis

We will first illustrate our results in an mSUGRA-type
model, where we assume a universal mass myq for the scalar
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fermions and a mass my /o for the gauginos at the GUT
scale; the soft SUSY-breaking masses for the Higgs bosons
are however disconnected from the one of the sfermions so
that the pseudo-scalar Higgs boson mass M 4 and the hig-
gsino parameter u are free parameters (in contrast to the
mSUGRA model where p is determined, up to its sign,
from the requirement of electroweak symmetry breaking).
For the squark sector, we will use the simple expressions
(2.30) for the soft SUSY-breaking left- and right-handed
squark and slepton masses when performing the RGE evo-
lution to the weak scale at one-loop order if the Yukawa
couplings in the RGE’s are neglected®. One has then,
in the case of the third generation sparticles, to include
the mixing. Since for sbottoms and stau’s, large enough
off-diagonal elements of the mass matrices are obtained
only for large p and tan (8 values and the trilinear cou-
plings play only a marginal role, we will fix the latter
at A, = A, = —500GeV in the entire analysis. We will
choose two representative values for tan 3: a “low” value
(tan 8 = 5) and a large value (tan 8 = 50) and two val-
ues for the pseudoscalar A boson mass®, M4 = 100 and
500 GeV.

In a second step, we will relax the gaugino mass uni-
fication constraint m; = my = mz = my/ at the GUT
scale, and use the weak scale gaugino masses M7 and My
given in Tablel for the Fg representations and the OII
model. We will still use the soft SUSY-breaking scalar
masses given in (2.30). In this case, we will stick in the
illustrations to the large tan 8 scenario, tan 8 = 50, but
still show the effect of the Higgs boson contribution by
taking the two examples M4 = 100 and 500 GeV.

In most of the cases, the wino mass parameter will be
fixed to My = 150 GeV, which for large values of u, leads
in an mSUGRA-type model to the masses M+ ~m

0o~
X2

150 GeV and m,o ~ 75GeV (there is a very small vari-
ation with the value of tan #) and hence to states which
are accessible at the high-luminosity phase of the Tevatron
and at a future eTe™ linear collider with a c.m. energy of
500 GeV.

Note that in the entire analysis, we will include the
radiative corrections to the b-quark and 7-lepton masses,
as well as the radiative corrections to the chargino, neu-
tralino and gluino masses given in Sect.2.1. We will also
take into account the full dependence on the final state
fermion masses (using the pole masses m, = 4.6 GeV,
m,; = 1.78 GeV and m, = 1.45GeV in the phase space,
the other fermions are taken to be massless) since in some

5 As mentioned previously, for third generation sfermions,
neglecting the Yukawa couplings in the RGE is a poor approx-
imation since these couplings can be large; this is particularly
the case for top squarks which however will not be considered
in the present analysis, since we will assume that charginos and
neutralinos are not heavy enough to decay into top quark final
states

5 In the large tan/ scenario and in the non-decoupling
regime, the experimental bounds on the masses of the pseu-
doscalar Higgs boson A and the lightest Higgs boson h in
the MSSM from negative searches at LEP2 are Ma, M, 2
93.5GeV [11]

575

cases (in particular when the decaying chargino or neu-
tralino has a mass which is close to the final LSP mass),
they play a significant role.

The branching ratios for the lightest chargino Xli and
next-to-lightest neutralino xJ into the LSP and 7 and b-
quark final states are shown in Figs. 6-8, in model 1 with
gaugino mass unification at Mgyr. The wino mass param-
eter is fixed at My = 150 GeV and the choices tan 3 = 5,50
and M4 = 100, 500 GeV have been made.

In Fig.6a, BR(x; — x{7tv) is shown as a function
of the lightest 71 mass for y = +500 GeV. For large val-
ues of mz, and with a heavy charged Higgs boson (M4 =
500 GeV leading to My« = 506 GeV), the branching ratio
is small, being at the level of 10%. In this regime, the dom-
inant contribution is coming from the virtual W-boson ex-
change and BR(x]) is practically the same as BR(W —
ff),ie. ~ 10% for the v final state. However, for large
values of tan 3 and for a light H*-boson (M4 = 100 GeV
leading to Mp+ ~ 128GeV), the charged Higgs boson
contribution (since the H*v7T couplings are enhanced)
becomes dominant and the fraction BR(x{ — x{7tv)
can reach the level of 40% even for mz ~ 500GeV. For
smaller values of mz , the virtual stau exchange diagram
becomes more and more dominant, and BR(x{ — x{7tv)
becomes close to ~ 80% for stau masses of the order of
150 GeV. If in addition, H¥ is relatively light, the branch-
ing ratio reaches the level of 100%.

Figures 6b,c, where BR(x] — x{77v) is plotted for a
common sfermion mass my = 300 GeV as a function of u
and tan (3, respectively, show the same trend from a dif-
ferent perspective. For small values of tan 3, the mixing in
the stau sector and the Yukawa couplings of the 7-lepton
are not enhanced and the branching fraction is at the level
of 10%. But for large tan 3 values, the stau becomes light
and the branching ratio becomes close to unity for large
values of p. This occurs more quickly, if the charged Higgs
boson is light.

Figures 7 and 8 show, respectively, the branching ratios
BR(xY — x¥7777) and BR(x9 — xJbb), as functions of
mz, or my_ for 1 =500 GeV (a), as a function of y (b) and
as a function of tan 8 (c) for mo = 300 GeV. In this case,
there is a competition between bb and 777~ final states.
In the case of a light A-boson and for large tb values, the
A and h contributions are much more important in the
decay xJ — xJbb than in the channel xJ — x9777~ be-
cause of the larger b-quark mass and the color factor; the
Higgs contribution makes then BR(x9 — x{bb) dominat-
ing, except when 77 is very light, and the two-body decay
XS — 717 is close to occur, making BR(x9 — xV7F77)
close to unity. Even for heavy A, H-bosons, BR(xy —
x9bb) can reach the level of ~ 50%. However, for large
enough values of tanf3 and pu, it is the decay channel
XS — x{7F7~ which dominates, since for a universal
scalar mass mg, the stau is always lighter than the bi-
state and its virtual contribution is larger, despite of the
color factor. Needless to say, the sum of the two branch-
ing ratios, BR(xJ — 9777~ 4 x{bb) is in general close to
unity.
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Fig. 6a—c. The branching ratio BR(x] — xJv7™) for two
values of tan 8 = 5 and 50 and two values of M4 = 100 GeV
(solid lines) and 500 GeV (dashed lines) as a function of m#, for
# = 500 GeV a as a function of p assuming mg = 300 GeV b
and as a function of tanfg for two values of p = 100 and
1000 GeV c¢; My is fixed at 150 GeV

In Fig. 9, we illustrate the effect of the radiative correc-
tions to the b-quark mass (and to a lesser extent the tau-
lepton mass) by showing the branching ratios BR(xy —
XI7+t77) and BR(xJ — xJbb) as a function of tan 3 with
u, mg, M4 and Ms fixed at, respectively, the values 1 TeV,
300 GeV, 150 and 150 GeV. For p > 0(< 0), the SUSY
radiative corrections (in particular, the correction due to
sbottom—gluino loops) decrease (increase) substantially
the value of my, therefore suppressing (enhancing) the
x93 — x9bb rate by a sizable factor, compared to the
branching ratio without the correction (solid lines), for
large enough tan 3 values. The fraction BR(x§ — x{7+
77 ) increases (decreases) then, accordingly. These correc-
tions are therefore very important and must be taken into
account.

In Figs.10, 11 and 12, we show, respectively, the
branching fractions BR(x{ — x{77v,), BR(x§ — xI7+
77) and BR(x3 — xJbb) as functions of ; (> 0) in the
models 24, 75, 200 and OII without gaugino mass unifi-
cation as well as in the universal model 1 for comparison.
The various parameters are fixed at the following values:
tan 8 = 50, My = 150GeV, mg = 500 and M, = 100
(a) and 500 GeV (b). Before discussing the various decay
channels in these models, compared to the universal case,
let us make two general comments:

(i) The values of Mj 23 at the weak scale are different
and modify appreciably the phase space for the decays; in
particular two-body decay modes and decays into gluinos
become possible. In addition the radiative corrections to
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Fig. 7a—c. The branching ratio BR(x3 — xi7777) for two
values of tan 3 = 5 and 50 and two values of M4 = 100 GeV
(dashed lines) and 500 GeV (solid lines) as a function of m#, for
1 = 500GeV a as a function of p assuming mg = 300 GeV b
and as a function of tang for two values of u = 100 and
1000 GeV c¢; Ms is fixed at 150 GeV
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Fig. 8a—c. The branching ratio BR(x3 — x1bb) for two values
of tan3 = 5 and 50 and two values of M4 = 100GeV (solid
lines) and 500 GeV (dashed lines) as a function of mj for u =
500 GeV a as a function of p assuming mo = 300 GeV b and as
a function of tan 3 for two values of p = 100 and 1000 GeV c;
M is fixed at 150 GeV
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Fig. 9a,b. The branching ratios BR(x3 — xJbb) a and
BR(x3 — x37777) b as a function of tan 3 for |u| = 1TeV,
Ma = 150GeV, mo = 300 GeV and M> = 150 GeV, with and
without the radiative corrections to the fermion masses

ot

the gaugino masses, although only of the order of a few
GeV, could allow the opening of channels such as those
involving tau leptons.

(ii) Due to the different values of M o, the evolution of
the sfermion masses from Aguyrt to the weak scale are
modified, and the contributions of 7-sleptons and bot-
tom squarks can be enhanced or suppressed compared
to the universal case. Also, the radiative corrections to
the fermion masses are different and can lead to a further
enhancement or suppression of the Higgs boson and/or
sfermion contribution to the decays.

Model 24: For large p values, p 2 200 GeV, the light-
est chargino and neutralinos are gaugino-like and because
My ~ 6M;, the mass differences m,+ = Myo and myo —

1
myo are large, making the decays into real gauge bosons,

pe
X7 = W and x§ — xVZ, kinematically possible. The
branching ratios for x{ and x3 are then controlled by the
W/Z branching ratios: BR(W — 71v) ~ 10%, BR(Z —
7t77) ~ 3% and BR(Z — bb) ~ 15%. For smaller p
values, 1 < 200 GeV, the two neutralinos are mixtures of
gauginos and higgsinos and three-body decays are possi-
ble. The sfermion exchange channels increase the rates for
the x93 — x97t7~ and x{bb decay channels, with an ad-
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Fig. 10a,b. The branching ratios BR(x] — xIv7") as a
function of p in models with non-universal gaugino masses;
we have fixed the parameters at tan 8 = 50, mo = 500 GeV,
My =150 GeV and M4 = 100 (500) GeV for a b

ditional enhancement, in the later channel, being to the
exchange of the light Higgs bosons for M4, My, ~ 100 GeV
(this contribution is milder in the case of 777~ final states
because of the reduced Yukawa coupling).

Model 75: For pu ~ O(200) GeV, M+ — My X\~

m,o are very small even after the inclusion of the radiative

corrections (Fig. 1) and the decays of x3 and x; into the
LSP and massive fermions are not kinematically possible
(in this case, these particles if they are not almost stable,
will decay into the LSP and soft pions). For large values
of u, the mass differences between Xf,xg and the LSP
are sizable (although penalizing the bb final state of x9)
and the different evolution of the sfermion masses as a
function of the gaugino masses and the different radiative
corrections to the bottom and tau lepton masses, explain
the quantitative differences between the branching ratios
in the two models 75 and 1.

Model 200: Here, the chargino x; and the LSP are
wino-like for large values of p, and the mass difference
Myt —Myo is too small for the decay Xf — x37 v to oc-
cur. For smaller p values, this decay can receive large con-
tributions from light Higgs bosons and sizable ones from
light sfermions (in particular, by is lighter than in model
1). In the case of the decays of the neutralino x3, since the

?andm
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Fig. 11a,b. The branching ratios BR(X[Q) — X?Ttr*) as a
function of p in models with non-universal gaugino masses;
we have fixed the parameters at tan 8 = 50, mo = 500 GeV,
My =150 GeV and M4 = 100 (500) GeV for a b

difference my, X

p = 200 GeV i.e. when X3 is bino-like) the branching ratios
BR(xY = xJ77 77, x{bb) are similar to those of model 24
and are controlled by the Z-boson decay branching ratios.
Note that in this scenario, the decay x3 — §qq is possible
as will be discussed later.

o —myo is always large (exceeding My for

Model OII: In this model, the situation is similar to
model 200 for the decays of x; . Indeed, for p > 300 GeV,
Xf is almost degenerate with the LSP and the channel
XT — xJ7Fv is kinematically closed. This is almost the
case for the neutralino 3 which has a mass that is close
to the LSP mass for large p values, suppressing the bb
decay mode. However, the new feature in this scenario is
that Ms < M, 2 and for large ;v values, the decay modes
X7, x93, X — 39 open up and become dominant because
of the strong interaction part (note, however, that the neu-
tralino x! is not the LSP anymore).

Finally, Fig. 13 shows the branching ratio for the de-
cays X3 — §qq in the model 200 where myo < mg < Myo.
For small p values, the lightest neutralinos are higgsino-
like and they are degenerate in mass. For values of u
around M, the hierarchy m,o < mg < m,g is possible
while x¥is the LSP, and the decay can occur. However,
the neutralino couplings to quark—squark pairs are small
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Fig. 12a,b. The branching ratios BR(x3 — xJbb) as a function
of 1 in models with non-universal gaugino masses; we have
fixed the parameters at tan3 = 50, mo = 500 GeV, My =
150 GeV and M4 = 100 (500) GeV for a b

except in the case of (s)bottoms for large tan § values. In
contrast, the x9-x9-Z coupling is almost maximal here.
BR(x3 — §>_4qq), which is approximately the same as
BR(xY — gbb), is thus not dominant, but can reach the
level of 25%, despite of the fact that it is a mixed strong—
electroweak decay mode. For larger values of p, the neu-
tralinos X?,Q become gaugino-like and the partial decay
widths I'(x§ — §qg) are more important since the cou-
plings to fermion—sfermion pairs are enhanced; however in
this case, because M3 < Ms, the gluino becomes lighter
than the lightest neutralino which we assume here to be
the LSP.

In the case of the charginos, the branching ratio for
the decays XT — gqq' for higgsino-like charginos is even
smaller, since there is no final state with massive fermions
(the tb decay mode is not kinematically accessible) and
the first and second generation (s)particles have small cou-
plings for higgsino-like charginos. In the gaugino-like re-
gion, the lightest chargino becomes lighter than the gluino
and the decay does not occur.

We have developed a fortran code called SDECAY [35]
which calculates the partial decay widths and branch-
ing ratios of the chargino and neutralino decays. It in-
cludes not only the three-body decays, x3 — xVff and
XT — XV ff discussed in this paper, but also all the two-
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Fig. 13. The branching ratio BR(x3 — §qg) as a function
of p in model 200 with non-universal gaugino masses. The
parameters are fixed at tan3 = 5 and 50, M2 = 150 GeV,
mo = Ma = 500 GeV

body decays of the charginos and neutralinos (including
the heavy X§,4' and x3 -states) into gauge bosons, MSSM
Higgs bosons and fermion—sfermion pairs. The program
contains, in addition, the branching ratios for the two-,
three- and four-body decay modes of the top squarks, as
well as the three-body decays of gluinos and all relevant
decay modes of sfermions other than the top squarks.

The gaugino mass parameters M7, Mo, M3, as well as
the soft SUSY-breaking scalar masses m i and m FRECH
be chosen as free parameters so that decay widths and
branching ratios can be obtained in non-universal mod-
els. However, scenarios with boundary conditions at high
scales are also implemented, since the program has been
interfaced with the code SUSPECT [36] for the renormal-
ization-group equations for parameter evolution and for
the proper breaking of the electroweak symmetry. For the
parameterization of the MSSM Higgs sector, the program
has been interfaced with the code HDECAY [37], which
in addition gives the decay products for the Higgs parti-
cles. All radiative corrections discussed in this analysis are
incorporated into the program.

We have compared our results with those of [6] which
have been implemented in the program ISAJET [38]. For
massless fermions and if the SUSY radiative correction
to the fermion masses are not taken into account in the
sfermion mass matrices, the agreement was very good in
models with gaugino mass unification, giving a great confi-
dence that this rather involved calculation is correct. (The
comparison was slightly involved since the evolution of
the couplings and the soft SUSY-breaking terms as well
as the parameterization of the Higgs sectors are given in
different approximations in the programs SUSPECT and
ISAJET and we needed to use the same input parameters
at low energy in both programs”.) Our results are how-
ever different from those which can be obtained with the
program SUSYGEN (version 2.2) [40] used for SUSY par-

” We thank Laurent Duflot from ALEPH for his help with
this comparison. An independent numerical check in the case
of the chargino decays into massless final state fermions, has
also been performed by F. Boudjema and V. Lafage [39]
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ticle searches at LEP, since in the latter version, the Higgs
boson exchange contributions and the effect of third gen-
eration sfermion mixing have not been implemented®.

5 Conclusions

In this paper, we have analyzed the decay modes of
charginos and neutralinos in the MSSM where the lightest
neutralino x! is the LSP. We focused on the three-body
decay modes of the lightest charginos Xli and the next-
to-lightest neutralinos x3 into the LSP and two fermion
final states, and made a complete calculation of the decay
widths and branching ratios, taking into account all possi-
ble channels: vector boson, Higgs boson and sfermion ex-
change with the mixing in the sfermion sector included. In
this context, we have shown that the SUSY radiative cor-
rections to the heavy fermion masses, in particular to the
b-quark mass, and to the chargino and neutralino masses
can play an important role. We derived full analytical ex-
pressions of the Dalitz densities and the integrated partial
decay widths in the massless fermion case, and provided
the complete formulae for the differential decay widths,
including the finite masses of the final fermions and the
polarization of the decaying charginos or neutralinos. A
fortran code for the numerical evaluation of all the branch-
ing ratios is made available [41].

For large values of tan 3, the bottom and tau Yukawa
couplings become large, leading to smaller masses of the
tau slepton and bottom squark compared to their first and
second generation partners. At the same time, the Yukawa
couplings of tau and bottom quarks to the Higgs bosons
can become very large. The branching ratios of the de-
cays of the lightest chargino into 7v final states and of
the next-to-lightest neutralino into bb and 777~ pairs can
be thus strongly enhanced in this scenario. We have illus-
trated this possibility in mSUGRA-type scenarios where
the gaugino masses are unified at the GUT scale, but also
in scenarios where the boundary conditions for binos and
winos are different at this high scale, leading to different
mass patterns for the charginos and neutralinos, which
affect the decay branching ratios. In particular, new de-
cay channels, such as the decay of the lightest chargino
and the next-to-lightest neutralino into gluino and quark—
antiquark final states, open up kinematically and can play
an important role.

When SUSY particles will decay via cascades through
charginos and the heavier neutralinos, the events will con-
tain more 7-leptons and b-quarks, than first and second
generation leptons and quarks. This renders the search for
SUSY particles and the measurement of the SUSY param-
eters, where the electron and muon channels where used,
less straightforward as already discussed in [7]. b-tagging
and the identification of the decays of the tau leptons be-
come then a crucial issue in the search and the study of

8 These effects are being included in a new version of the
program; we thank S. Katsanevas and N. Ghodbane for dis-
cussions on this issue
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the properties of these particles, in particular at hadron
colliders such as the Tevatron and LHC.
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Appendix

In this appendix, we will give the lengthy formulae for
the three-body partial decay widths in the case of finite
masses for the fermion final states (u, # pa # 0, with
pp = m? /mZ.) and where the polarization of the decaying

chargino or neutralino is taken into account”:

Xi(@,my,) = X3 ()u(p1)d(p2), (A1)

where ¢, p,p1 and po are the four-momenta of the parti-
cles and n,, is the spin four-vector of the decaying “ino”
defined by n,, - n,, = —1 and n,, - ¢ = 0.

The partial decay width for both chargino and neu-
tralino three-body decays, following the notation given in
Sect. 3, is given by

dFXi o e4mXi
dadf ~ 64(27)3
Al + ALy g+ ATy + dlag + Ty ,

N, |dIy +dIs + ALy + ATy + T,
(A.2)

where dI'x is decomposed into the spin-independent part
(which is half of the unpolarized partial decay width) and
the part which depends on the spin four-vector of the de-
caying “ino”:

1
dI'y = 5drgg +drg. (A.3)

We will use the reduced Mandelstam variables and spin
vector:

i = (q —p1)2/mii, t= (¢ —p2)2/mii7

and

(A4)

n= nXi/mXi'

9 The expressions for three-body decays of charginos and
neutralinos, including the polarization of the initial states, are
available in the literature, see [42], in the case of massless fi-
nal fermions, no Higgs boson exchange and no mixing in the
sfermion sector
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Spin-independent part
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Al y, =

IV,

4
(U piy + o+ pa — py — G — £)?
< (@) + (G5 ([0))? + (@] )]

X [ g+ o+ )+ ) — a2 — 2
= 2fuftd — P — ftd — fix (2 + pu + Md)}
+2[(0])? = (@])?] Vitwrala + 1 = 1 = pal)
[(G]ZV) (G]zV) ]U\];a{/

B = (0= DL+ i+ p+ 1)
+ (ta = pa) (1 = )] + 4G?iVG?iV\/E
< ([))? + (@] a1 -1yl

x G2

4| @))? - (@] Vimra) } (A.5)
; 1+ux+uu+/~2td—/~tk—u—t)
% {16502 + (@R (1eD? + (@)?)
x [1+ux+uu+ud)(a+£)—(a+£)2
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— 2|(])? = (a)?] Vituria) } (A.6)

{(41}}}11)},2)/((1 + oy F oy F g — H,
— 4= 1) (1 + piy + fro + pa — pr, —ﬁ—f))}
x {20, [Gl1GRy + GG,
X L px = 2y/ptufta — @ — 1]
+ [Gi1 Gl + G Gl [(Mu+ud)
X (=1 4+ 2y/fiubtd — px) + (@ +E) (1 +
+ i+ 1a = 2y/fiatia) - (4 D7) },

2

= {(8)/((1+ux+uu+ud*uak*ﬂ*f)
k=1

x (1 ux+uu+ud—uv—u—t))}
{ Gle ijk + GleGljk} ([UIJ:U{/ + aia‘f/]
_ _ N Forf _ ff
(= py — pa + @) [vj, vy — agay]
X Vﬂd(uu + fy — E)) [GLVG ik T G Vszk]

x ([v;’fvé +afal /it (1 + pa — )

(A7)
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Phase space

To obtain the integrated partial widths, one has to express
1 and t as functions of x7 and w9

G=1—21+ py, t=1—20+ g, (A.31)
and integrate over the latter variables, with boundary con-

ditions:

2y/fin < @1 < 1+ [ — (Via + Vi)Y, (A.32)
Smin S ) S Smax; (A33)
R 1 (2 —2)(w1 = 1= pa+ piy — p) — VA
min 2 1_ T+ Ll )
1 -2 —1- — v A
2 1 — 21+ py
with
oy |1 2
A= (p —a7) | phaty = (@1 = 14 pra + iy = o)
(A.35)
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