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I. Introduction

Neutralinos

spin-1/2 Majorana superpartners of neutral gauge bosons and Higgs bosons
expected to be among the light SUSY particles that can be produced copiously
at future high energy colliders

In this talk, we focus on probingIn this talk, we focus on probing
the Majorana nature and CP properties of neutralinos through

the charge self-conjugate three-body decays of polarized neutralinos

Supersymmetry (SUSY)

one of the most interesting and natural extension of the Standard Model
the search for SUSY is one of main goals at the LHC and ILC

0 0
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The analysis of the CP properties and Majorana nature of neutralino taking 
into account full spin correlation between production and decay processes
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CP asymmetries in neutralino production with subsequent two-body decays
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Neutralino pair production and three body decay as probes of CP violation
and Majorana nature

Two body decays of probing the Majorana nature and CP violation
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Neutralinos produced in       decays are 100 % polarized

The rest frame of the neutralino can be reconstructed
in some cascade processes, e.g.
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Netagive helicity

Positive helicity

if CM energy and particle masses are known.
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We provide a systematic combined analysis of
the polarized neutralino decay  
in its rest frame
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II. Neutralino mass matrix
In the basis 0 0 0
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Two non-trivial phases may be attributed to M1 and mu ,

1
1 1| | , | | iiM M e e μμ μ ΦΦ= =

and render the matrix N complex, violating CP.

All          are purely real or purely imaginary in the CP invariant case.iN α



III. Three-body leptonic neutralino decays

Decay matrix elements
0 0 0 0
2 1 1 2( ) [ ( ) ( )][ ( ) ( )]D l l D u P u u l P v lμ

αβ α μ βχ χ χ γ χ γ+ − − +→ ∝% % % %

with bilinear charges ( , , )D L Rαβ α β =

Differential decay distribution
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n̂ : neutralino spin 3-vector

where



Implications of CP and CPT invariance for the neutralino decay
~
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where                  are the intrinsic CP parities of

~
1,2 iη = ± 0

1,2χ%

Since Since neutralinosneutralinos are the are the MajoranaMajorana particles,particles,

CP & CPT invariance : etc. LRD pure real for
pure imaginary for

1 2η η=
1 2η η= −

~

(T : naïve time reversal transformation)~



IV. Numerical Analyses
We adopt an mSUGRA scenario

m0 = 150 GeV,  m1/2 = 200 GeV,  A0 =-650 GeV,  tan(beta) = 10,  sgn(mu) > 0
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Production cross sections with unpolarized e+e- beams at sqrt(s)=500 GeV

{ } 80.7 fb,  { } 113.5 fbL L R Le e e eσ σ+ − ±= =m% % % %

Branching Ratios

With integrated luminosity of 1000 fb^-1,  
a sufficient number of events for the decay are expected to be selected.
In MC simulation, we assume 1000 neutralino decay events are selected.
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4.14.1 Lepton energy distribution

0 0( , ) ( , )F x x F x x− + + −= to a good approximation ( exactly in CP-invariant case)

2

0 ( , )
d

F x x
dx dx − +

− +

Γ
∝

Symmetric distribution of events on (x-,x+) Dalitz plane

Majorana nature of neutralinos

sign( )x x− +−
ev 24NΔ ≈ is within the expected error 1000 32

where 22 /x E m± ±=



4.24.2 Lepton angular distribution
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Lepton angle distribution  w.r.t neutralino polarization vector
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Majorana nature of neutralino the slope of the angle distribution
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4.34.3 Lepton invariant mass and opening-angle distribution

Near the end point of the lepton invariant mass distribution
0
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is produced nearly at rest,

Mandelstam variables
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Invarinat mass distribution decreases
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Selection rule of the orbital angular momentum by CP symmetry

2 1( 1)Lη η= − ( L : orbital angular momentum of the final system )

Decay distribution w.r.t. the opening angle between two leptons
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: maximum for 
for given x- and x+

cos 1χ = −

L=0 ( steep S-wave)  for 
L=1 ( slow P-wave)  for

1 2 1( 0 case)η η= Φ =
1 2 1(  case)η η π= − Φ =

Angular momentum conservation
forces L=0 for cos 1χ = −

ˆ ˆcos q qχ − +≡



4.44.4 CP-odd triple spin / momentum product
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A CP-odd (CPT-even) distribution~

A CP-odd quantity related to the above CP-odd distribution

(with 0)μΦ =CPA

1Φ



V. Conclusions

We have performed a systematic analysis of the polarized neutralino decay
in its rest frame for probing the Majorana nature and CP properties 

of neutralinos

The Marorana nature of the neutralinos can be checked through
lepton energy distribution,
lepton angle distribution w.r.t neutralino polarization vector

to a good approximation in CP non-invariant case (exactly in CP invariant case)

The relative CP parity of two neutralinos can be identified by measuring 
threshold behavior of the lepton invariant mass distribution and/or
the opening angle distribution of lepton pairs.

The CP violation in the neutralino system could be detected by measuring
the asymmetry on the CP-odd quantity
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