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Analysis of the neutralino system in two-body decays of neutralinos
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In the minimal supersymmetric standard model~MSSM!, the neutralinos, the spin-1/2 Majorana superpart-
ners of the neutral gauge and Higgs bosons, are expected to be among the light supersymmetric particles that
can be produced copiously at future high-energy colliders. We analyze two-body neutralino decays into a
neutralino plus aZ boson or the lightest neutral Higgs bosonh, allowing the relevant parameters to have
complex phases. We show that the two-body tree-level decays of neutralinos are kinematically allowed in a
large region of the MSSM parameter space and they can provide us with a powerful probe of the Majorana
nature andCP properties of the neutralinos through theZ-boson polarization measured fromZ-boson leptonic
decays.
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I. INTRODUCTION

The search for supersymmetry~SUSY! is one of the main
goals at present and future colliders@1# as SUSY is generally
accepted as one of the most promising concepts for phy
beyond the standard model~SM! @2#. A special feature of
SUSY theories is the existence of the neutralinos, the s
1/2 Majorana superpartners of the neutral gauge bosons
Higgs bosons. In the minimal supersymmetric stand
model ~MSSM!, the neutralinos are expected to be amo
the light supersymmetric particles that can be produced
piously at future high-energy colliders@3#. Once several neu
tralino candidates are observed at such high-energy collid
it will be crucial to establish the Majorana nature andCP
properties of the neutralinos. In this light, many extens
studies of the general characteristics of the neutralinos
their production and decays@4–7# as well as in the selectro
pair production@8# at e1e2 and/or e2e2 linear colliders
have been performed.

In the present work, we analyze two-body tree-level d
cays of neutralinos into a neutralino plus aZ boson or a
lightest neutral Higgs bosonh in order to probe the Majoran
nature of the neutralinos andCP violation in the neutralino
system. A comprehensive analysis of the two-body decay
neutralinos as well as charginos was given previously in R
@9#. We note, however, that a rather light Higgs boson m
was assumed and noZ boson polarization was considered
the previous work. One powerful diagnostic tool in th
present analysis isZ polarization, which can be reconstructe
with great precision throughZ-boson leptonic decays,Z
→ l 1l 2, in particular, withl 5e,m.

It is possible that due to the masses of the relevant
ticles, no two-body tree-level decays are allowed, in wh
case the dominant decays would consist of three-body t
level @10# or two-body one-loop decays@11#. However, a
sufficiently heavy neutralino can decay via tree-level tw
body channels containing aZ or h with its mass less than 13
GeV in the context of the MSSM@12#. If some sfermions are
sufficiently light, two-body tree-level decays of neutralin
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into a fermion and a sfermion may be also be importa
However, neutralinos heavier than the squarks will be
tremely difficult to isolate at hadron colliders because
squarks and gluinos are strongly produced and they de
subsequently into lighter neutralinos and charginos. On
other hand, ate1e2 colliders, squarks and sleptons, if the
are kinematically accessible, are fairly easy to produce
study directly. With these phenomenological aspects in m
we assume in the present work that all the sfermions
heavier than~at least! the second lightest neutralinox̃2

0.
Then, we investigate the MSSM parameter space for the t
body tree-level decays of the neutralinox̃2

0 and show how
the Majorana nature andCP properties of the neutralinos ca
be probed through the two-body decaysx̃2

0→x̃1
0Z, once such

two-body decays are kinematically allowed.
The paper is organized as follows. Section II is devoted

a brief description of the mixing for the neutral gauginos a
Higgsinos in CP-noninvariant theories with non-vanishin
phases. In Sec. III, after explaining the reconstruction
Z-boson polarization through theZ decays into two-lepton
pairs, we present the formal description of the~polarized!
decay widths of the two-body neutralino decays into a lig
est neutralinox̃1

0 plus aZ boson or a lightest Higgs bosonh
with special emphasis on the polarization of theZ boson. In
Sec. IV we first investigate the region of the MSSM para
eter space where the two-body neutralino decays are allo
and discuss the dependence of the branching ratios and d
widths on the relevant SUSY parameters. Then, we giv
simple numerical demonstration of how the Majorana nat
andCP properties of the neutralinos can be probed throu
the two-body decaysx̃2

0→x̃1
0Z. Finally, we conclude in

Sec. V.

II. NEUTRALINO MIXING

In the MSSM, the mass matrix of the spin-1/2 partners
the neutral gauge bosons,B̃ and W̃3, and of the neutral
Higgs bosons,H̃1

0 and H̃2
0, takes the form
©2004 The American Physical Society11-1
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MN5S M1 0 2mZcbsW mZsbsW

0 M2 mZcbcW 2mZsbcW

2mZcbsW mZcbcW 0 2m

mZsbsW 2mZsbcW 2m 0

D
~1!

in the $B̃,W̃3,H̃1
0 ,H̃2

0% basis. HereM1 and M2 are the fun-
damental SUSY breaking U~1! and SU~2! gaugino mass pa
rameters, andm is the Higgsino mass parameter. As a res
of electroweak symmetry breaking by the vacuum expe
tion values of the two neutral Higgs fieldsv1 and v2 (sb
5sinb, cb5cosb where tanb5v2 /v1), non-diagonal
terms proportional to theZ-boson massmZ appear and the
gauginos and Higgsinos mix to form the four neutralino m
eigenstatesx̃ i

0 ( i 51 –4), ordered according to increasin
mass. In general the mass parametersM1 , M2 andm in the
neutralino mass matrix~1! can be complex. By reparametr
zation of the fields,M2 can be taken real and positive, whi
the U~1! mass parameterM1 is assigned the phaseF1 and
the Higgsino mass parameterm the phaseFm . For the sake
of our latter discussion, it is worthwhile to note that in th
limit of large tanb the gaugino-Higgsino mixing become
almost independent of tanb and the neutralino sector itse
becomes independent of the phaseFm in this limit.

The neutralino mass eigenvaluesmi[mx̃
i
0 ( i 51 –4) can

be chosen positive by a suitable definition of the mixi
matrix N, rotating the gauge eigenstate basis$B̃,W̃3,H̃1

0 ,H̃2
0%

to the mass eigenstate basis of the Majorana fie
N* M NN†5diag(mx̃

1
0,mx̃

2
0,mx̃

3
0,mx̃

4
0). In general the mixing

matrix N involves 6 non-trivial angles and 9 non-trivia
phases, which can be classified into three Majorana ph
and six Dirac phases@4#. The neutralino sector isCP con-
serving if m andM1 are real, which is equivalent to vanish
ing Dirac phases (modp) and Majorana phases (modp/2).
Majorana phases of6p/2 do not signalCP violation but
merely indicate different intrinsicCP parities of the neu-
tralino states inCP-invariant theories@7#.

III. TWO-BODY DECAYS OF NEUTRALINOS

Before describing the two-body decaysx̃ i
0→x̃ j

0Z in de-
tail, we explain how to reconstruct theZ polarization through
the lepton angular distributions of theZ-boson leptonic de-
cays,Z→ l 2l 1, particularly withl 5e,m. In the rest frame of
the decayingZ boson, which can be reconstructed with gre
precision by measuring the lepton momenta, the lepton
gular distributions are given by

1

G@Z→ l 1l 2#

dG@Z~6 !→ l 1l 2#

d cosu l

5
3

8
@11cos2u l62j lcosu l #,
01501
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G@Z→ l 1l 2#

dG@Z~0!→ l 1l 2#

d cosu l
5

3

4
sin2u l , ~2!

for the Z-boson helicities,61 and 0, respectively, wherej l

52v lal /(v l
21al

2).20.147 withv l5sW
2 21/4 andal51/4,

andu l is the polar angle of thel 2 momentum with respect to
the Z boson polarization direction. Here, the decay wid
G@Z→ l 1l 2# is the average of three polarized decay width

G@Z→ l 1l 2#5
1

3
$G@Z~1 !→ l 1l 2#1G@Z~0!→ l 1l 2#

1G@Z~2 !→ l 1l 2#%. ~3!

We emphasize that the three polar-angle distributions~2! can
be determined without knowing the full kinematics of th
decayx̃ i

0→x̃ j
0Z. In contrast, the distributions involving th

interference of the amplitudes with differentZ helicities are
always accompanied with azimuthal angle dependent ter
As the lightest neutralinox̃1

0 assumed to be the lightes
SUSY particle~LSP! always escapes detection, the kinem
ics of the two-body decayx̃ i

0→x̃ j
0Z cannot be fully recon-

structed so that the azimuthal-angle dependent distribut
are not fully available.

The decay width of the decayx̃ i
0→x̃ j

0Z producing aZ
boson with its helicity,61 or 0, reads

G@x̃ i
0→x̃ j

0Z~6 !#5
gZ

2lZ
1/2

16pmi
3 ~ uVu21uAu2!Fmi

21mj
22mZ

2

22mimjA N6
lZ

1/2

2
ATG ,

G@x̃ i
0→x̃ j

0Z~0!#5
gZ

2lZ
1/2

16pmi
3 ~ uVu21uAu2!F lZ

mZ
2

1mi
21mj

2

2mZ
222mimjANG , ~4!

respectively, where the asymmetriesAN andAT are defined
in terms of the vector and axial-vector couplingsV andA of
the Z boson to the neutralino current as

AN5
uVu22uAu2

uVu21uAu2
, AT5

2 Re~VA* !

uVu21uAu2
, ~5!

with gZ5g/cosuW and the kinematical factorlZ5@(mi

1mj )
22mZ

2#@(mi2mj )
22mZ

2#. Combining the leptonic
Z-boson decay distributions~2! with the polarized decay
widths ~4!, we obtain the correlated polar-angle distributio
1-2
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dGcorr

d cosu l
5

3

8
B@Z→ l l #~$G@x̃ i

0→x̃ j
0Z~1 !#

1G@x̃ i
0→x̃ j

0Z~2 !#%~11cos2u l !

12$G@x̃ i
0→x̃ j

0Z~1 !#

2G@x̃ i
0→x̃ j

0Z~2 !#%j lcosu l

12G@x̃ i
0→x̃ j

0Z~0!#sin2u l !. ~6!

Consequently, each polarized decay width can be extra
from the correlated polar-angle distribution by projecting o
the distribution with a proper lepton-polar angle distributio

The explicit forms of the vector and axial-vector co
plings V and A in Eq. ~5! are given in terms of the 434
neutralino diagonalization matrixN in the MSSM by

V52
i

2
Im~Nj 3Ni3* 2Nj 4Ni4* !,

A5
1

2
Re~Nj 3Ni3* 2Nj 4Ni4* !. ~7!

Note thatthe vector coupling V is pure imaginary and th
axial-vector coupling A is pure real. This characteristic prop
erty of theZ-x̃ i

0-x̃ j
0 coupling due to the Majorana nature

neutralinos leads to one important relation between the
larized decay widths with theZ-boson helicities,61:

G@x̃ i
0→x̃ j

0Z~1 !#5G@x̃ i
0→x̃ j

0Z~2 !#, ~8!

which is valid even in theCP non-invariant theory. This
relation can be checked by measuring the forward-backw
polar-angle asymmetry of the correlated polar-angle distri
tion ~6!. However, because of the small analyzing powerj l
.20.147, it will be necessary to have a sufficient lar
number of decay events to measure the asymmetry with g
precision. In addition to the relation~8!, the relative intrinsic
CP parity of two neutralinos in theCP invariant theory can
be determined by measuring the ratio of the longitudinal
cay width to the transverse decay width, which satisfies

RLT[
2G@x̃ i

0→x̃ j
0Z~0!#

G@x̃ i
0→x̃ j

0Z~1 !#1G@x̃ i
0→x̃ j

0Z~2 !#
5

~mi7mj !
2

mZ
2

,

~9!

for the even/odd relative intrinsicCP parity with V50/A
50, i.e., AN571, respectively. In theCP non-invariant
theory, both the vector and axial couplings are in gene
non-vanishing, leading to the value of the asymmetryAN
different from61. Therefore, any precise measurements
the asymmetryAN will provide us with an important probe
of CP violation in the neutralino system under the assum
tion that the neutralino masses are measured with good p
cision, independently of the decay modes.

Next, we give the decay formulas into final states conta
ing a lightest neutral Higgs bosonh. The explicit form of the
decay width of the decayx̃ i

0→x̃ j
0h is written as
01501
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G@x̃ i
0→x̃ j

0h#5
g2lh

1/2

16pmi
3 $uSu2@~mi1mj !

22mh
2#

1uPu2@~mi2mj !
22mh

2#%, ~10!

with the kinematical factor lh5@(mi1mj )
22mh

2#@(mi

2mj )
22mh

2#. The scalar and pseudoscalar couplings,S and
P, of the Higgs bosonh to the neutralino current are define
in terms of the mixing matrixN as

S5
1

2
Re@~Nj 22tWNj 1!~saNi31caNi4!1~ i↔ j !#

P5
i

2
Im@~Nj 22tWNj 1!~saNi31caNi4!1~ i↔ j !#, ~11!

where tW5tanuW , ca5cosa and sa5sina for the neutral
Higgs mixing anglea. If the charged Higgs boson mass
the MSSM is very large,

ca→sinb, sa→2cosb. ~12!

This decoupling approximation of the cosine and sine of
mixing anglea is very good if the charged Higgs mass
larger than twice theZ boson mass@13#. For the sake of
discussion, we take the decoupling limit in the present wo

IV. NUMERICAL ANALYSIS OF TWO-BODY DECAYS

In some SUSY scenarios, the lightest neutralinox̃1
0 is the

LSP and the second lightest neutralinox̃2
0 among the other

three neutralino states are expected to be lighter than sfe
ons and gluinos@3#. Then, the two-body decaysx̃2

0→x̃1
0Z or

h as well as the two-body decays of the heavier neutrali
x̃3,4

0 @9# will constitute the major decay modes of the neutra
nos, respectively, once the two-body tree-level decay mo
are kinematically allowed. In the following numerical anal
sis we will ignore all other modes except for the two-bo
tree-level decays of the neutralinos.

A. Branching ratios

For the branching ratio calculations for the two-body d
cays x̃2

0→x̃1
0Z/h, we assume that all the SUSY paramete

are real,M1 is related toM2 by the gaugino mass unificatio
condition uM1u5(5/3)tan2uWM2'0.5M2 and the Higgs bo-
son massmh is 115 GeV. In addition, we assume that th
MSSM Higgs system is in the decoupling regime so that
characteristics of the lightest Higgs bosonh is similar to the
SM Higgs boson to a good approximation@13#.

Figure 1 shows the regions of the decays ofx̃2
0 on the

$m,M2% plane. In the region denoted by ‘‘three-body d
cays,’’ no two-body modes are kinematically allowed. In t
‘‘ Z region,’’ only the two-body decay into aZ is allowed and
in the ‘‘Z/h region,’’ both the two-body decaysx̃2

0→x̃1
0Z/h

are allowed. We divide the ‘‘Z/h region’’ into three parts,
according to B@Z#<10%, 10%<B@Z#<20% and B@Z#
1-3
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>20%. ~Here,B@Z#[Br@ x̃2
0→x̃1

0Z#.! In addition, as a ref-
erence, the region excluded by the experimental bound@14#
on the lighter chargino massmx̃

1
6>104 GeV is displayed by

the hatched region.
We first note that, ifM2&2mZ , the mass differencemx̃

2
0

2mx̃
1
0 is less thanmZ for all m and the mass difference i

very small forumu!M1 ,M2. So, as clearly shown in Fig. 1
the two-body decayx̃2

0→x̃1
0Z is allowed only when 2mZ

&M2&2umu under the assumption of the gaugino mass u
fication condition. In addition, we find from the figure th
for the two-body decays the magnitude ofm is required to be
larger than about 270 GeV and that, once the two-bo
Higgs modex̃2

0→x̃1
0h is open kinematically, this two-body

decay mode dominates in most of theZ/h region. The region
where the decayx̃2

0→x̃1
0Z is appreciable is not symmetri

between positive and negativem in the Z/h region. The
branching ratioB@Z# is significant only in a small area of th
positive m region, but in a large area of the negativem re-
gion.

On the other hand, we find numerically that, for t
heavier neutralinosx̃3,4

0 , the $M2 ,m% region for the two-

body decaysx̃3,4
0 →x̃1

0Z/h expands drastically. A large regio
with small umu but largeM2 as well as with smallM2 but

FIG. 1. Three distinct regions ofx̃2
0 decay are exhibited as

function of M2 and m, assuming thatM2 and m are real. In the
region denoted by ‘‘three-body decays,’’ no two-body modes for

neutralinox̃2
0, except for the loop-induced two-body radiative d

cays, are kinematically allowed. In the ‘‘Z region,’’ only the two-
body decay into aZ is allowed and in the ‘‘Z/h region,’’ both the
two-body decays are allowed. The ‘‘Z/h region’’ is divided into
three parts, according toB@Z#<10%, 10%<B@Z#<20% and
B@Z#>20%. For reference, the exclusion region by the experim
tal bound on the lighter chargino mass boundmx̃

1
6>104 GeV is

displayed by the hatched region. In this numerical illustration,
set tanb510.
01501
i-

y

large umu also allows for the two-body decays of the heav
neutralinos,x̃3,4

0 →x̃1
0Z/h. Only in the wedge-shaped ban

region of the width of about 100 GeV around the line sat
fying the relationM2'2umu are two-body decays for the
heavier neutralinox̃3

0 not allowed, while the heaviest neu
tralino can still decay intox̃1

0 andZ/h in the ~almost! entire
parameter space, possibly except for the region excluded
the experimental lighter chargino mass bound.

Consequently, for most of the parameter space of
MSSM the decays of the two heavier neutralinos are do
nated by two-body tree-level processes of which the fi
state consists of aZ boson orh boson together with one o
the lighter neutralinos, or aW boson and one of the charg
nos. Furthermore, the two-body decays of the second ligh
neutralinox̃2

0 can be significant in a large region of the p
rameter space of the MSSM.

In addition to the branching ratios, it is also crucial
analyze the absolute size of the decay widthG@x̃2

0→x̃1
0Z#.

Depending on the values of the relevant couplings, the tw
body decay widths could be smaller than the three-body
cay widths involving virtual sfermion exchanges, unless
sfermions are too heavy. We exhibit in Fig. 2 the depende
of the decay widthG@x̃2

0→x̃1
0Z# on the Higgsino mass pa

rameterm, assuming again thatm is real and takingM1
5(5/3)tan2uWM2 , M25250 GeV and tanb510. The decay
width decreases rapidly with increasingumu. This is because
the couplings of theZ boson to the neutralino current ar
governed by the Higgsino components of the neutralinos@see
Eq. ~7!# so that theZ-x̃ i

0-x̃ j
0 couplings are strongly sup

pressed for largeumu. Therefore, for largeumu, some three-
body decays could be more dominant than the two-body
cays.

B. A probe of CP violation

In Sec. IV A we restrict ourselves to theCP invariant case
with real parameters, as the qualitative results obtained f

e

-

e

FIG. 2. The dependence of the decay widthG@x̃2
0→x̃1

0Z# on the
Higgsino mass parameterm, assuming thatm is real andM1

5(5/3)tW
2 M2. For this numerical illustration, we setM2

5250 GeV and tanb510.
1-4
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theCP-even quantities are not expected to change so sig
cantly even if the parameters are complex. But, the par
etersM1 andm are in general complex so that it is importa
to check whether they indeed have complex phases or
The existence of the complex phases in the neutralino
tem, which in general causeCP violation, can be establishe
by the measurements of the ratio

TCP5
RLT2~mi

21mj
2!/mZ

2

2mimj /mZ
2

, ~13!

with RLT defined in Eq.~9! as well as the neutralino mass
mi and mj . The ratioTCP is 21 ~11! in the CP invariant
theory for the positive~negative! relative intrinsicCP parity

of the neutralinos,x̃ i
0 and x̃ j

0 , taking part in the decayx̃ i
0

→x̃ j
0Z, respectively.

To explicitly show the dependence of the ratioTCP on the
CP phasesF1 and Fm , we chose a specific set of real p
rameters $tanb510,M25250 GeV,umu5500 GeV% as a
simple numerical example withuM1u5(5/3)tan2uWM2,
while varying the phasesF1 andFm . Numerically, we find
that the ratioTCP is insensitive to the phaseFm . This is
because the phase dependence is always accompanied
sin 2b52 tanb/(11tan2b)'0.2 for tanb510, which is al-
ready small, and the Higgsino components of the neutrali
are small for largeumu. So, we show in Fig. 3 the dependen
of the ratioTCP ~solid! as well as the asymmetryAN ~dot-
dashed! only on the phaseF1 for the real parameter set fo
one fixed value ofFm50. Clearly, in theCP-invariant case
with F150, p or 2p, the absolute magnitude of the rat
TCP as well as the asymmetryAN is 1, but it is different from
1 in the CP non-invariant case. In the given real parame
set, we find that the ratioTCP is quite sensitive to the phas
F1 nearF15p, while it is not so sensitive to the phase ne
F150 and 2p.

In the present work the analysis for probing the Majora
nature andCP violation in the neutralino system has be
carried out at the tree level. However, it will be important
include loop corrections to the two-body tree-level deca
because, if they are small, the tree-levelCP violation effects
might be diluted by loop-inducedCP violation effects origi-
nating from other sectors of the MSSM.
a
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V. CONCLUSIONS

For a large portion of the MSSM parameter space,
decay of the second lightest neutralinox̃2

0 as well as the
heavier neutralinosx̃3,4

0 could be dominated by two-bod
processes in which the final state consists of aZ or a lightest
Higgs bosonh together with a lightest neutralinox̃1

0, as-
sumed to be the lightest supersymmetric particle. The m
conclusion of the present work is that, unless the two-bo
decay x̃ i

0→x̃ j
0Z is strongly suppressed, theZ polarization,

which can be reconstructed through great precision via
leptonicZ-boson decaysZ→ l 1l 2, provides us with a pow-
erful probe of the Majorana nature of the neutralinos andCP
violation in the neutralino system.
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FIG. 3. The dependence of the ratioTCP ~solid line! and the
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