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Abstract. Neutralinos x° in supersymmetric theories, the spin-1 /2 Majorana—type superpartners of the
U(1) and SU(2) neutral electroweak gauge bosons and SU(2) neutral Higgs bosons, are expected to be
among light supersymmetric particles so that they can be produced copiously via direct pair production
and/or from cascade decays of other sparticles such as sleptons at the planned Large Hadron Collider and
the prospective International Linear Collider. Considering the prospects of having both highly polarized
neutralinos and possibility of reconstructing their decay rest frames, we provide a systematic investigation
of the three-body leptonic decays of the neutralinos in the minimal supersymmetric standard model and
demonstrate alternative ways for probing the Majorana nature of the neutralinos and CP violation in the

neutralino system.

1 Introduction

The search for supersymmetry (SUSY) is one of the main
goals at present and future colliders since SUSY is gener-
ally accepted as one of the most promising concepts for
physics beyond the standard model (SM) [1]. All SUSY
theories contain neutralinos, the spin—1/2 Majorana super-
partners of neutral gauge bosons and Higgs bosons, that
are expected to be among the light supersymmetric par-
ticles that can be produced copiously at future high energy
colliders.

Once neutralino candidates have been detected at
high energy colliders such as the Large Hadron Collider
(LHC) [2] and the International Linear Collider (ILC) [3],
it is of great importance to verify that the observed states
are indeed the spin—1/2 superpartners of the neutral SM
gauge and Higgs bosons. For that purpose, it will be cru-
cial to measure their quantum numbers and to confirm
that they are indeed Majorana fermions [4—7]. Moreover,
masses, mixings, couplings and CP violating phases must
be measured in a model-independent way [8—10] to recon-
struct the fundamental SUSY parameters and to verify the
SUSY relations at the electroweak scale, leading to a re-
liable extrapolation to the grand unification scale or the
Planck scale [11].

In this report we focus on probing the Majorana nature
and CP properties of neutralinos in the minimal supersym-
metric standard model (MSSM) through the charge (C)
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self-conjugate three-body decays of polarized neutralinos
into the lightest neutralino ¥} and a lepton pair £¢~:

Wy ete (1)

with £ = e or y whose four—-momenta can be measured with
great precision. In particular, the decays of the second light-
est neutralino 9 will be studied in more detail since it is
expected in most supersymmetric scenarios [12] that the
three-body decay mode has a significant branching fraction
only for the second lightest neutralino, while the heavier
neutralinos decay mainly through two—body decays.

Thorough analysis of the CP properties and Majorana
nature of neutralinos produced in pairs in eTe™ annihila-
tion has been performed in Refs. [5] and [9] [CP asymme-
tries in neutralino production with two-body decays have
been investigated in Ref. [13]]. The spin—1/2 neutralinos x?
are produced polarized with the degree of polarization de-
pending on their production mechanism and polarization
of the colliding beams. Because in general the momenta
of final particles do depend on the neutralino polarization,
full account of spin correlations between production and
decay processes is necessary [5, 9].

Since the verification of Majorana character of neu-
tralinos and their CP properties are of fundamental im-
portance, they have to be scrutinized in all possible ways.
Here we consider neutralinos x3 which themselves are de-
cay products of scalar particles, i.e. sleptons. In such a case
their subsequent decay can be analyzed independently of
the production mechanism making the theoretical treat-



512

ment greatly simplified and the interpretation of various
observables more transparent.

As noted explicitly in a recent work [14], neutralinos Y3
produced in éf—f decays are 100% polarized, having negative
helicity in €, — e~ x93 and positive helicity in éz —etx).
Furthermore, it is possible to reconstruct the rest frame of
the neutralino X3 in a few specific cascade processes, for

example, in the process
+

(2)
followed by the three-body decay Y9 — X\ "~ as shown
in Refs. [15] and [16]. It is the purpose of this paper to
show that such a perfect neutralino polarization combined
with the study of angular correlations in the neutralino rest
frame can provide us with alternative ways for probing the
Majorana nature of the neutralinos’ and CP violation in
the neutralino system.

Keeping in mind the above aspects, we provide in the
present work a systematic analysis of the neutralino de-
cay X3 — X0t {~ in its decay rest frame for extracting all
the physical implications due to the Majorana nature as
well as CP violation [5,9,15,18,19] in the neutralino sys-
tem of the MSSM assuming 100% neutralino polarization.
Through the present work it is assumed that the neu-
tralino masses have already been measured with great pre-
cision [20]. On the other hand, the efficiency of reconstruct-
ing the Y9 polarization as well as its rest frame depends not
only on the cascade processes under consideration and on
the values of relevant SUSY parameters, but also on de-
tails of experimental setup. Experimental simulations with
realistic reconstruction efficiencies and with background
processes included, however, are beyond the scope of the
semi-theoretical treatment in the present paper. Neverthe-
less, we hope that our findings are interesting enough to
motivate realistic simulations.

The layout of the paper is as follows. In Sect. 2, we
briefly recall the mixing formalism for the neutral gauginos
and higgsinos in the CP non—invariant theories with com-
plex phases. In Sect. 3 the leptonic decays X — x94T ¢~ of
a polarized neutralino x? (i = 2, 3, 4) are described in terms
of quartic charges and Mandelstam kinematic variables,
the decay distribution in terms of two lepton energies and
three angles in the rest frame of the decaying neutralino
is discussed. The consequences of the CP and CPT invari-
ance on the polarized decay distributions are explained and
new relations among the decay amplitudes, unique for Ma-
jorana particles, are derived. We illustrate in Sect. 4 how to
probe the Majorana character and CP violation of the neu-
tralino system through detailed analytical and numerical
investigation of various observables in the rest frame of the
decaying neutralino 3: CP—even lepton energy/angular
distributions, lepton invariant mass and opening angle dis-
tributions, and a CP—-odd triple product of the neutralino
spin vector and two lepton momenta. Finally, we summa-
rize our findings and conclude in Sect. 5.

- xtso +50,— 50
ete” —éfér —reTX1e X3

L A clear independent evidence of the Majorana character of
the neutralinos can be provided by an experimental identifica-
tion of the selectron pair production in e~ e~ collisions, which
occur only via t— and u—channel neutralino exchange [15, 17].
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2 Neutralino mixing

In the MSSM, the four neutralinos x? (i = 1,2,3,4) are
mixtures of the neutral U(1) and SU(2) gauginos, B and
W3, and the SU(2) higgsinos, H? and HY. The neutralino
mass matrix in the (B, W3, H?, HY) basis,

M, 0 —MzC3SWw MzS35W

B 0 M2 mzcgCw —MzSaCw
M= —MmzcgsSw MzCaCw 0 — U
MzS3sw —MzSaCw — 0

3)

is built up by the fundamental SUSY parameters: the U(1)
and SU(2) gaugino masses M7 and Ma, the higgsino mass
parameter y, and the ratio tan 8 = ve /v1 of the vacuum ex-
pectation values of the two neutral Higgs fields which break
the electroweak symmetry. The existence of CP—violating
phases in supersymmetric theories in general induces elec-
tric dipole moments (EDM). The current experimental
bounds on the EDM’s can be exploited to derive indirect
limits on the parameter space [21].

By reparametrization of the fields, M5 can be taken real
and positive without loss of generality so that the two re-
maining non—trivial phases, which are reparametrization—
invariant, may be attributed to M; and u:

My = L™, p=|ule® (0<r,, <2m) (4)
Since the matrix M is symmetric, one unitary matrix N is
sufficient to rotate the gauge eigenstate basis (B, W3, HY,
HY) to the mass eigenstate basis of the Majorana fields ¥?

(5)

The mass eigenvalues m; (i =1,2,3,4) in Magjag can be
chosen real and positive by a suitable definition of the uni-
tary matrix V.

The most general 4 x 4 unitary matrix N can be param-
eterized by six angles and ten phases. It is convenient to
factorize the matrix IV into a diagonal Majorana—type M
and a Dirac-type D component in the following way:

Miag = N*MNT

N =MD (6)
The matrix D can be written as a sequence of 6 in-
dependent two—dimensional rotations parameterized in
terms of 6 angles and 6 phases. The diagonal matrix
M = diag {eio‘l, etz eio3 ei"“l} is given in terms of Ma-
jorana phases «; (0 <a; <) [8]. One overall Majorana
phase is non-physical and, for example, oy may be chosen
to vanish.

Due to the Majorana nature of the neutralinos, all nine
phases of the mixing matrix N are fixed by underlying
SUSY parameters, and they cannot be removed by rephas-
ing the fields. CP is conserved if all the Dirac phases are 0
mod 7 and the Majorana phases «; 0 mod /2. [Majorana
phases a; = +7/2 describe different CP parities of the neu-
tralino states.] As a consequence, all the matrix elements
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N, are purely real or purely imaginary in the CP invariant
case.

3 Three—body leptonic neutralino decays

3.1 Neutralino decay amplitude

The diagrams contributing to the three-body leptonic de-
cay process X9 — X{¢T¢~ are shown in Fig. 1. Here, the
exchange of the neutral Higgs boson [replacing the Z bo-
son] is neglected since the couplings to the first and second
generation SM leptons, ¢ = e and u, are very small. In this
case, all the components of the decay matrix elements are
of the (vector—current) x (vector—current) form which, after
a simple Fierz transformation of the slepton—exchange
parts, may be written for the lepton final states as

D (Xz — X1€+€ )

e2

mQO Dag [Q(X?)Vﬂpau(f(?)] [ﬂ(éi )VuPBU(€+)] (7)
X3
with the generalized bilinear charges Dos (o, 8 = L, R) for
the decay amplitudes:
D
Drp=+ 22 2 (st — 2)le —Dur grai
sty Ciy
Drr=-+ TZM + Dir gR1i
Cw
D
Dprr = - (S%V 2)211 +Dir 9144
WCW
Drr=— Tzfi — Dur 9R1 (8)
w

where the s—channel Z—boson, and the ¢— and u—channel
slepton propagators are given by

2

m2o
Dz = .
s—m%+imzly
2
mio
D r= " . I
_méLR+7’meLR €L,R
2
e+ )
Dyr.r= - 9
) 2 o _
O méL,R + ZmeL,RFeL,R
X7 r T
¥ T X —
~ Yy ~
Z ) Crr, » Crr »
r ‘ X7 T X7
s s r

Fig. 1. Diagrams contributing to the leptonic three-body neu-
tralino decay X7, — X1€+€ the exchange of the neutral Higgs
bosons is neglected because the contribution is strongly sup-
pressed by the tiny electron and muon Yukawa couplings
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in terms of the Mandelstam variables, s = (¢_ +¢4)?, t =
(pi —q+)?, and u = (p; — q_)?, where p;, ¢, and ¢_ are the

4-momenta of the decaying neutralino x? and the posi-
tively and negatively charged leptons £*, respectively. The
couplings Z;;, gri; and grs; are given in terms of the neu-
tralino diagonalization matrix elements Nj,, (i, =1—4):

1 * *
Zij = 3 (Nis i5 — Nia j4) )
grij = m(NiQCW+Ni13W)(]Vj*QCW+N]_3W)
1
grij = 5 Na (10)
Cw

The complex couplings satisfy the hermiticity relations:

(11)

so that, if the Z—boson and selectron widths are neglected
in the Z and selectron propagators, all the bilinear charges
D, also satisfy similar relations. In the CP invariant case
the mixing matrix elements V;, are purely real or purely
imaginary implying that the couplings Z;;, gr.; and gri;
are also purely real or purely imaginary. However, these
couplings are in general complex in the CP non-invariant
case, having both non-trivial real and imaginary parts.

* * *
Zij=2Z25, 9rij =91ji» 9Rij = IRji

3.2 Neutralino decay distribution

The absolute amplitude squared of the three body lep-
tonic decay X9 — X1€+€ of a neutralino X9 with its polar-
ization vector n is given by [18] (the full spin-density decay
matrix can be found in Refs. [9, 22])

[DI*(n) = 4 (m} —t) (t—mi) (N1 —

+4 (m7 —u)(u—m3)(N1+ N3)

—8m;my 8 No+ 16 m1(ping_q+) Ny

+8(n-q4) [mi(u—mi)(Ny+ N3) —mi(mi — )N

+8(n-g-) [ms(t —m?) (N] — N3) + P —u)N;]
(12)

N3)

mq(m;

where n is the x{ spin 4-vector and (p;ng_q;) =
€uvpoPin”q” q7 with the convention €123 = +1. For the
sake of notation, we introduce the abbreviations, m; =
mso. The seven quartic charges Ny 2 3.4 and Nl 2.3 for the
3- body neutralino decays are defined in terms of the bilin-
ear charges by

M= - (IDRal +1DLol? + [ Drcl? + |Desf?]
Ny = %iRe (DrrDip+ DirDir)
N3 = i[|DLL| +|Drr|? = |Drel? — |DLr)?]
Ny= 3 9m (DprDj g+ DreDiy)
Ni= i [|Drrl*+|Dre|> = |Drrl* — |DrLl?]
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N2/ = Re (DRRDZR_DLLDF{L)

N3 == [|Drr|*+|Drrl* = |Dre|* — [Drcl?]  (13)

=N =

The quartic charges IV; 2 3 4 are P—even, while the quartic
charges V] , 3 are P-odd.

We choose the rest frame of the decaying neutralino as
a reference frame to describe the 3-momenta of the decay
products. The neutralino spin 3-vector 7 = (0, 0, 1) defines
the direction of the z-axis. Since the azimuthal angle is ir-
relevant, the 3-momentum vector of the negative lepton
can be taken to fix the x-z plane and its polar angle is de-
noted by 6 (0 <6 < ). The orientation of the neutralino
decay plane (NDP) is then fully determined by specify-
ing an additional angle « (0 < a < 27), so that by rotating
the NDP by —a around the ¢~ direction it is brought to
z-z plane, as depicted in Fig. 2. The differential decay dis-
tribution is written in terms of two dimensionless energy
variables, z_ = 2E,- /m; and 4 = 2E_+ /m;, and the two
angles, 6 and «, as

d*r _ a?m;
dr_dr dcos@da 1672

X | Fo(@—,24) 4+ (¢ -7) Fi(z—, 24) + (44 - 1) Fa(z—, 24)

+7- (- x 44) Fa(z—,24) (14)

where cosf = G_ -7, G+ = ¢+/| ¢ +| and lepton masses
are neglected. The four kinematic functions Fj(x_,x4)
(k = 0-3) are expressed in terms of the dimensionless en-

g

Fig. 2. A schematic diagram of the kinematic configuration
of the momenta and spin vector in the initial neutralino rest
mass frame for the three-body neutralino decay )Z? — X?EJFE*
in terms of the two dimensionless energy variables z+ and the
two angles 6 and . The opening angle  is uniquely determined
by the two variables x+
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ergy variables, z_ and x,, and the quartic charges as

Fo(z—,z4) = z—y— (N1— N3) +a4y+ (N1+ Ns)
—2ri(z_+2p —1+47%) Ny

Fi(z—,z4) = —z_y— (N{ — N3) —raz_24 N;
Fy(z—,24) = —z4y4 (N1 +N3) +raaz-w4 Ny
Fs(z_,z4) = rinz_xy Na (15)
where yy =1—=z4 —r% with 7,1 = mi/m;. All quartic
charges are functions only of the energy variables x+, but
independent of the orientation angles, 6 and «.

In the kinematic configuration of Fig.2 with n =
(0,0, 1) taken along the positive z—axis and the negative
lepton momentum on the x—z plane, the spin dependent
scalar products are expressed in terms of the opening
angle, y, and two angles, # and «, as

_-n=cosb,

LN

4+ N =cos ) cosf —sinysinf cosa

2

(§- x G+) =sin xsinfsin« (16)

>

where the cosine of two lepton momentum directions,
cos X, is simply a function of two normalized energy vari-
ables, z_ and = :

cosx=1-2(z_+xp—1+73)/(r_2) (17)
and sin y = 1/1 — cos? . The kinematically—allowed ranges
for the angles, 8 and «, and the dimensionless energy vari-
ables, x4 and x_, are

Oge, %Sﬂ_, Ogmigl—T?]_, (1_m*)(1_‘r+)27‘1’217

r_odr>1-r} (18)
The allowed crescent—shaped x and z_ region (see the left
panel of Fig. 3) is restricted due to four-momentum conser-
vation, while the full ranges of the angles 6 and « allowed.

3.3 Majorana nature and implications
of CP transformation

Before presenting a few concrete numerical examples for
probing the Majorana nature and CP violation in the neu-
tralino system through the leptonic three-body neutralino
decays, we investigate the implications of the invariance
under CP and CPT transformations? for the three body
leptonic neutralino decays [4, 5].

In the rest frame of the decaying neutralino, three final
particles form a decay plane and every three-momentum
changes its sign under P transformation as well as T trans-
formation while C transformation exchanges the four mo-
menta of two leptons. The polarization vector n does not

2 The naive time reversal transformation T reverses the direc-
tion of all 3-momenta and spins, but does not exchange initial
and final states. Quantities that are odd under CPT can be
non—zero only for complex transition amplitudes with absorp-
tive phases which can be generated, for example, by loops, and
Breit—Wigner propagators.
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change under P and C transformations, but it changes
its sign under T transformation. Then, the CP operation
transforms the momenta and spin vector in the decay pro-
cesses as

T4 _>+x:Fv 7:‘: — _?ZF, q+-n— _q:F'ﬁv

A (G- X Gy) = =R (§- X 44) (19)
while the CPT operations transform the momentum and
spin vectors as

T4 _>+I¥a 7i _>+?>3F7 diﬁ_) _qAIF'ﬁa

A (G x 44) =+ (G- x d4) (20)
with the condition that the complex conjugation of the de-
cay amplitude is taken [23].

Since neutralinos are the Majorana particles, CP in-
variance in the three-body neutralino decay 2 — )ZJQK*Z -

leads to additional relations among the bilinear charges de-
fined in (8):

Drr=niniDrr(t <> u)
DRL:niT}jDLL(tHU) (21)
where 7; ; = i are the intrinsic CP parities [24] of the
neutralinos, f(?’ ;» respectively, and, as a result, to the CP
relations for the kinematic functions defined in (15):

Fo(z—,z1) =+Fo(zy,2-)
Fl(x—ax-‘r) = —Fg(x+,$_)
Fy(z—,zq) = —F3(zq,2-) (22)
in the three-body leptonic neutralino decays. We note that
the CP relations (22) can be satisfied only when the cou-
plings Z;;, gri; and gri; are simultaneously purely real
(for n; = n; = %i) or simultaneously purely imaginary (for
ni = —1; = ). 5

On the other hand, CPT invariance leads to the rela-
tions among the bilinear charges:

-DLR = —DER(t <~ u)
DRL:—DEL(tHu) (23)
These CPT relations are satisfied if the Z—boson and slep-
ton widths are neglected, that is to say, if there are no
absorptive parts in the process. In the approximation of
neglecting particle widths, we have the following CPT re-
lations for the kinematic functions:

Fo(r—,z4)=+Fo(xq,x_)
Fl(x—ax-‘r) = —Fg(x+,$_)
Fy(z,zq) = +F(zy,2-) (24)
independently of the mixing character of neutralinos and
whether CP is violated or not.

CP—conserving absorptive parts appear in loop dia-
grams with on—shell propagators through final-state inter-
actions or from the widths of intermediate unstable par-
ticles. In addition, CPT-odd asymmetries may arise from
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the interference between a dominant tree—level and a sub—
leading loop diagram mediating the decay. However, those
absorptive parts and interference effects are usually tiny in
the leptonic decay involving only electroweak interactions,
at most at a level of a couple of percents. In this light, we
will ignore all the width effects and electroweak loop cor-
rections in the following analytic and numerical analyses.

4 Numerical analyses

In the numerical analyses below we adopt an mSUGRA
scenario defined by

mo =150GeV, my/, =200GeV, Ag=—650GeV
(25)

at the GUT scale requiring the pole mass of the top quark
my = 178 GeV, and

tan 8 = 10, sgn(p) >0 (26)
at the electroweak scale at which all parameters are derived
with the RGE code SPheno [25] (very similar results are
obtained with other RGE codes; for comparison of differ-
ent codes see [26]). For the light neutralino and chargino
masses we find

mgo =T78.1GeV, mgo=1485GeV, m 1+ =148.4GeV
1 2 X1
(27)

and we note that the light neutralino and chargino masses
and mixing angles are reproduced fairly well with the tree-
level formulae taking

M, =80GeV, M;=158GeV, |u|=415GeV, &, =0;
tan 8 =10 (28)

The selectron and sneutrino masses derived with the RGE
code SPheno are

me, = 207.7 GeV, me, = 173.1 GeV, mp, =192.1 GeV
(29)

Relevant for our analysis, the derived branching ratios

for leptonic three-body decays of the second lightest neu-

tralino are

Br(x3 — xjete ) =4.5%,  Br(x3— X0utu)=4.6%
(30)

and for the é;, — Y9e decay

Br(éz — X9e) = 28.4% (31)
while other decay modes have Br(x3 — x97777) = 58.9%,
Br(x9 — ¥Vqq) = 9.1%, Br(x3 — x{vv) = 23.7%, Br(ér, —
Xle) = 21.4%, Br(ér — x;v) = 50.3%, Br(v. — x¥3v) =
19.6%, Br(7. — X; e) = 45%, and Br(¢; — bx{) = 98.3%,
Br(t; — cx3) = 1.6%.
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D 15
Entries 1000
Mean —0.2376E-01
RMS 0.8897

Fig. 3. Left: the Dahtz plot of the
neutralino decay XQ — X1€+€ in the
(z—,z4) Dalitz plane. Right: the num-
ber of events with sign(z_ —x4) = —
(left histogram) and sign(z— —z4) =+
(right histogram). $1 =0 is taken and
the parameter set (28) is used for the
other relevant SUSY parameters. The
1 1 event distribution is generated with the
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The production cross sections for selectron-pair pro-
duction processes with unpolarized ete™ beams at /s =
500 GeV are as follows

o{éhén} =273.41b,
o{éjé;}=80.7tb

o{éteT} =113.51b,

(32)
so that large ensembles of events, ~ 2 x 10° events for eRef
and é7 7 €, at integrated 1um1n051ty of 1000 fb~1, will be
generated. Given the branching fractions in (30) and (31),
a sufficient number of events for the decays ¥3 — xJete™
and Y9 — ¥0utu~ are expected to be selected®, allowing
the analysis of the properties of the neutralino decay at
great detail.

For completeness, we note that other production chan-
nels for SUSY-related processes that are either open or
with cross sections greater than 1 fb at /s = 500 GeV
have the following cross sections: o{x9x} = 264.8fb,
o{XIx8} = 159.1fb, o{x3x5} = 116.8fb, o{x} 5(_} =
294 fb, o{ji}iip } — 39. 8 b, cr{uL,uL} =2231b, o{7 7 }
—524fb o{71 75 }—52fb 0’{7‘27'2}—171fb {0} }
=662.2fb, o{D,0 ~u} =15.21b, {7, 7>} =16.8 b, o{t;t7}
=45fb and 0{h°Z} = 64.6 fb. Most of these processes can
be separated by simple kinematical cuts. Note that the
U.v¥ production process might be exploited for our pur-
poses if the decay mode ¥ e of 7, in one hemisphere could
be used to tag the decay mode X3v of the second electron—
sneutrino in the other hemisphere. However, since the
detailed experimental simulations to assess this possibility
are beyond the scope of the paper, we do not include the
U.U} channel in our analyses.

4.1 Lepton energy distribution

The polarization—independent kinematic function Fjy is
symmetric with respect to the energy variables z; and x_
exactly in the CP invariant case and to a good approxima-
tion in the CP non—invariant case. One of the most decisive

3 In Monte Carlo simulations we conservatively assume that
at least 1000 neutralino decay events can be selected and we
evaluate all the relevant physical quantities with their tree—
level formulas based on the parameter set (28).

=

‘0.5‘ 1 15 total number of events of 1000 by a
sign(x_-x,) Monte Carlo method

ways for confirming the Majorana nature of the neutrali-
nos, namely the observation of the symmetric distribution
of events on the (z_, z ) Dalitz plane [4], can therefore be
realized in the cascade decay process of (2) in which the x93
rest frame is reconstructable.

The left panel of Fig. 3 shows the Dalitz plot of the
leptonic three-body decay x3 — ¥4~ in the (z_,x)
plane for the parameter set (28) with @¢; = 0. The right
panel shows the numbers of piled—up events with sign(z_ —
x4 ) = — (left histogram) and sign(z_ — x4 ) = + (right his-
togram), simulated with 1000 events by a Monte Carlo
method. We note that the difference of two numbers of
events AN, ~ 24 is within the expected statistical error of
ANexp = v/Ney =~ 32 with N, = 1000.

4.2 Lepton angular distribution

Another kinematic distribution of great interest is the lep-
ton angle distribution with respect to the neutralino polar-
ization vector; the lepton angle distribution with respect to
the beam direction in the eTe™ reference frame has been
discussed in [5]. Defining 6+ to be the polar angle between
the £* momentum and polarization vector 7, the normal-
ized lepton angle distribution can be written as

L _dr’ 1 (1 4+ &4 cosby)

T dcosfy 0+ 2 (33)

with cosf+ = ¢+ -n. In the approximation of all particle
widths neglected, the slope parameters have to be equal,
§— =&, irrespective of whether the theory is CP invariant
or not. This is the consequence of CPT invariance of the
decay distribution of the Majorana particle, cf. the second
relation of (24). As a result, the sum of two lepton angle
distributions has to be flat, that is to say, independent of
the polar angles. This is one of the genuine tests of the Ma-
jorana nature of the neutralinos.

The left panel of Fig. 4 shows the lepton angle distribu-
tion for the parameter set (28) with the phase &1 = 0. The
solid line is for the cosine of the negatively—charged lep-
ton angle, cosf_, and the dashed line for the cosine of the
positively—charged lepton angle, cos 6. A simple numeri-
cal analysis based on the number of events of N, = 1000
shows that the CPT relation can be confirmed within 1-¢
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Fig. 4. Left: The normalized lep-
ton angle distribution (33) of the
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statistical uncertainty of about 8% for the whole range
of cosfi. It increases to about 10% for the range with
| cos 64| > 0.8 vetoed if the cut turns out necessary to avoid
distortions of the ¢* distributions differently by experi-
mental selection criteria [16]. Certainly, it will be neces-
sary to perform a more detailed and realistic experimental
analysis including all the systematic uncertainties before
drawing a more concrete conclusion. Such a comprehensive
analysis is, however, beyond the scope of the present theor-
etical investigations.

The quantities €1, denoting the slope of the lepton
angle distribution with respect to cosf., depend on the
values of the SUSY parameters. In the right panel of Fig. 4
the @, dependence of the CP—even quantities {1 is shown
demonstrating that the £+ measurement can provide infor-
mation on the CP-violating phase.

4.3 Lepton invariant mass and opening—angle
distribution

The invariant mass my; of two final-state leptons in the de-
cay X3 — X3¢ ¢~ is a Lorentz—invariant kinematic variable
so that it is straightforward to reconstruct the quantity ex-
perimentally by measuring the four momenta of two final—
state leptons in the laboratory frame. Furthermore, the
distribution for the invariant mass my; is independent of
the specific production process for the decaying neutralino,
because the invariant mass distribution does not involve
any spin correlations between production and decay [5].
Near the maximum end point of the lepton invariant
mass distribution, the neutralino X9 is produced nearly at
rest, the Mandelstam variable s approaches to (mg —m1)?
and the variables t and u become identical ~ mjms. Ignor-
ing the particle widths in the propagators we find from (7)
that the decay amplitude can be written approximately as

D ~ —a(x?) {ﬂ[iﬁm(XL)-F’stRe(XL)]

1
ma

T REIM(XR) + 7sRe(Xn)] }

T T T P T T T
02 04 06 08 1 12 14 1.6 1.8 2

pendence of the slope parameter

@[] &_ for the parameter set (28)

where X, = Dy, and Xg = D g near the invariant mass
end point and L*/RM = u({~)y"Pr, g v(¢") are the left—
handed/right—handed lepton vector currents. The approx-
imate form of the decay amplitude leads to the absolute
amplitude squared of the following approximate form:

|D|2 ~ 7191 (1— 7“21)2 { me(XL)Q ‘Hﬁe(XR)Q } +O(’62)
(35)

near the end point with the neutralino X9 velocity
~ /1 —py for the normalized invariant mass, pu; = my/
(mg —myq). Therefore, the invariant mass distribution ex-
hibits a characteristic steep S-wave (slow P-wave) decrease
proportional to 3 (3%) when the CP parities of two neu-
tralinos are the same (opposite), that is to say, if X g
is purely real (purely imaginary). On the other hand, in
the CP non-invariant case, where both the real and imag-
inary parts of X r are non-vanishing, the invariant mass
distribution decreases steeply in S—wave [6].

The threshold behavior of the invariant mass distribu-
tion can be understood by investigating the selection rule
of the orbital angular momentum by CP symmetry. In the
non-relativistic limit of two neutralinos, the orbital angu-
lar momentum L of the final two—lepton and LSP system
satisfies the CP relation

L

1= —mmna (-1) (36)

With the same (opposite) relative CP parity leading to

mnz = —1 (+1), the selection rule (36) forces the final two—

lepton and LSP system to have L =0 (1) near the thresh-

old. In other words, the neutralino axial-vector (vector)
current corresponds to S—wave (P—wave) excitations.

Additional clear signature of the selection rule (36) is
provided by the decay distribution with respect to the
opening angle x between two leptons [5]. Since the relation
between the invariant mass and the opening angle is given
by

s M3

mj; = —=xz4x_ (1—cosy)

5 (37)

the invariant mass my; takes its maximum value for y =7
for given x4 and z_, i.e. when the momentum directions
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Fig. 5. The lepton normalized
invariant mass distribution (left
panel) and the opening angle
distribution (right panel) in the
three-body leptonic neutralino de-
cay X9 — X1€7 ¢~ . The black solid
lines are for @¢; =0, (i.e. neu-
tralinos with the same CP pari-
ties) and the red dashed lines for
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of two leptons are opposite. In this case, the helicities of
two leptons coupled to a vector current are opposite, ren-
dering its total spin sum to be unity along the flight di-
rection. Therefore, angular momentum conservation forces
the orbital angular momentum to be zero. As a conse-
quence, when two neutralinos have the same (opposite) CP
parity, the opening angle distribution is enhanced (sup-
pressed) near cosxy = —1. A similar argument based on
total angular momentum conservation can be applied to
show that the opening angle distribution exhibits the op-
posite property for cos y = 1, i.e. for the vanishing opening
angle, x = 0.

Based on the parameter set (28), we show in Fig. 5 the
lepton normalized invariant mass distribution (left panel)
and the opening—angle distribution (right panel) for #; =0
(black solid line) and ¢ = 7w (red dashed line). The his-
tograms are based on 1000 events generated by Monte
Carlo. The invariant mass distribution decreases steeply
(slowly) near the end point and the opening angle distribu-
tion is strongly enhanced (suppressed) near y = 7 for two
neutralinos of the same (opposite) CP parities in the CP
invariant case. Note however, that since in both cases the
invariant mass distribution vanishes at the end point, the
distinction between the S- and P-wave behavior might be
tricky. On the other hand, the opening angle distribution
can have a finite value (depending on the relative CP par-
ity) facilitating the discrimination. In our numerical case,
the x?/n (with n = 20 degrees of freedom) for the fits with
&1 = 0/m, respectively, are as follows: 0.86,/0.64 for the lep-
ton invariant mass distributions (left panel), and 0.83/0.54
for the opening angle distributions (right panel), indicating
that the theoretical curves fit the Monte—Carlo generated
histograms with very good precision. Consequently, the
invariant mass and /or opening angle distributions can pro-
vide us with a very powerful handle for determining the
relative CP parity of two neutralino states x{ and 3.

4.4 CP-odd triple spin/momentum product

The CP and CPT relations in (22) and (24) ‘enable
us to comnstruct a genuine CP-odd and CPT-even

&1 =7, (i.e. neutralinos with the

COSX  opposite CP parities)

distribution?:

Fep(e2y) = 3 [ Fy(e-,.) + Fy(ary,a_)]

A typical CP-odd observable related to the CP—odd distri-
bution (38) is the triple product

(38)

Ocp =1~ (G4 xq-) (39)

formed with the spin vector # and two final lepton mo-
mentum directions. With the CP—odd observable we can
construct the CP—odd asymmetry as follows:

N(Ocp > 0) — N(Ocp < 0)
N(Ocp > 0)+ N(Ocp < 0)

_ Jpssinx Fep(z_,xy)de_du,
N Jp Fo(z—,zy)de_dxy

ACP =

(40)

where D denotes the kinematically allowed (x_, 24 ) Dalitz
region defined in (18).

As described in Sect. 2, CP violation in the neutralino
system arises when the phases of M; and/or p are dif-
ferent from 0 and/or w. These phases generally lead to
large contributions to the EDMs. For the selectron masses
under consideration in the present work, the experimental
bounds on the electron EDM put the strongest constraints
on the phases $; and &,,. Nevertheless, it has been demon-
strated in a recent work [21] that if the phase &, is set to
be 0 or m, the full range of @ is allowed. In this light, we
set &, to be zero and vary @, in estimating the CP—odd
asymmetry Acp.

Figure 6 shows the ¢; dependence of the CP-odd and
CPT-even asymmetry Acp of the triple scalar product.
Numerically we find that the magnitude of the asymmetry
can be as large as 15% for the parameter set (28), which
is expected to enable us to clearly measure CP violation
in the neutralino system directly with its expected 1-o

4 In the presence of absorptive CP—conserving phases due
to particle widths or radiative corrections, there exist two ad-
ditional CP-odd distributions; Fy(z—,z+)— Fo(z4,z—) and
F (w_, :B_A,_) + FQ(:IJ_A,_, w_).



S.Y. Choi et al.: Analysis of the neutralino system in three-body leptonic decays of neutralinos

0.1 -

L Il Il Il Il Il Il Il Il Il
020702040608 1 12 1.4 1.6 L8 2
D, [r]

Fig. 6. The &; dependence of the CP odd and CPT even
asymmetry Ac p of the triple scalar product for the parameter
set (28). We note that the 1o statistical uncertainty of the C'P

odd asymmetry is /(1 — AZ, ) /Neyv ~ 3.1% with the number of

events of Ney = 1000

statistical uncertainty of \/(1— A%4p)/Ney =~ 3.1% for the
number of events of N, = 1000.

We note finally that if the measured value of Acp turns
to be very small, close to zero, the two-fold ambiguity
$1 =0or $; =, can be resolved with the help of either the
slope parameters £ or the lepton invariant mass/opening
angle distribution, see Fig. 4 and Fig. 5, respectively.

5 Conclusions

Taking into account the possibility of having highly polar-
ized neutralinos X3 and of reconstructing their rest frames,
we have performed a systematic analysis of the polarized
neutralino decay X3 — X{¢7¢~ in its decay rest frame for
all the physical implications due to the Majorana nature as
well as CP violation of the neutralino system in the MSSM.
We have demonstrated that the decay process (1) in the
cascade channel like (2) can be used to provide alterna-
tive powerful methods for probing the neutralino system in
detail.

In the CP invariant case, the Majorana nature of the
neutralinos can be checked through the leptonic decay
X3 — XYL~ by verifying that in the Y9 rest frame:

— the charged lepton energy distribution is identical irre-
spective of the electric charge of the lepton,

— the sum of the negative and positive lepton angle distri-
butions is independent of the lepton angles with respect
to the neutralino polarization vector,

— the relative CP parity of two neutralinos can be iden-
tified by measuring the threshold behavior of the in-
variant mass distribution near the kinematic end point
and/or the dependence of the decay distribution on the
opening angle near the angle close to = and/or 0.

In the CP non—invariant case, if all the absorptive parts
(which are expected to be usually tiny for such an elec-
troweak decay) are ignored, both the lepton energy and
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angle distributions in the decay x3 — X{¢*¢~ can allow
us to probe the Majorana nature of the neutralinos as in
the CP invariant case. In addition, the three-body lep-
tonic neutralino decays allow us to construct a CP—odd
triple scalar product of the neutralino polarization vec-
tor and two lepton momenta. Numerically, we have found
that for the parameter set (28) the CP asymmetry re-
lated to the triple product could be of the order of 15%,
while satisfying the severe EDM constraints on the SUSY
parameters.

Finally, we emphasize that the analyses in the present
work are only statistical and based on the assumption
that both the degree of neutralino polarization and the
efficiency of reconstructing the neutralino rest frame are
100%. Clearly, it is necessary to perform further detailed
experimental analyses with realistic values of reconstruc-
tion efficiencies and with background processes included,
which is beyond the scope of the present theoretical ana-
lyses. However, we think that the results of our theor-
etical studies are encouraging enough to motivate fur-
ther detailed experimental investigations to assess the
feasibility for probing the Majorana nature of neutrali-
nos and CP violation in the neutralino system at future
colliders.
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