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Analysis of the neutralino system in two-body decays of neutralinos

S. Y. Choi
Department of Physics, Chonbuk National University, Chonju 561-756, Korea

Y. G. Kim
Department of Physics, Korea University, Seoul 4881, Korea
(Received 5 November 2003; published 30 January 2004

In the minimal supersymmetric standard mo@dISSM), 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 bosbnallowing 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 tBéoson polarization measured frazrboson leptonic
decays.
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I. INTRODUCTION into a fermion and a sfermion may be also be important.
However, neutralinos heavier than the squarks will be ex-
The search for supersymmet($USY) is one of the main  tremely difficult to isolate at hadron colliders because the
goals at present and future collidg¢ig as SUSY is generally squarks and gluinos are strongly produced and they decay
accepted as one of the most promising concepts for physi@bsequently into lighter neutralinos and charginos. On the
beyond the standard modé&M) [2]. A special feature of other hand, ae™e™ colliders, squarks and sleptons, if they
SUSY theories is the existence of the neutralinos, the spinare kinematically accessible, are fairly easy to produce and
1/2 Majorana superpartners of the neutral gauge bosons asétdy directly. With these phenomenological aspects in mind,
H|ggs bosons. In the minimal Supersymmetric standardvé assume in the present work that all the sfermions are
model (MSSM), the neutralinos are expected to be amongheavier than(at least the second lightest neutraling.
the light supersymmetric particles that can be produced coFhen, we investigate the MSSM parameter space for the two-

tralino candidates are observed at such high-energy collidergye \Majorana nature an@P properties of the neutralinos can

it will be crucial to establish the Majorana nature aG& ~3385 ~0
properties of the neutralinos. In this light, many extensivebe probed through the two-body dec XaZ, once such

studies of the general characteristics of the neutralinos iﬁwo—body decays are kinematically allowed,

their production and decayd—7] as well as in the selectron T_he paper1s organized as follows. Section Il is d(_evoted to
: . iz T . a brief description of the mixing for the neutral gauginos and
pair production[8] at e"e” and/ore”e” linear colliders

have been performed. Higgsinos in CP-noninvariant theories with non-vanishing

In the present work, we analyze two-body tree-level de_phases. In Sec. lll, after explaining the reconstruction of

cays of neutralinos into a neutralino plusZaboson or a Z-boson polarization through thé decays into two-lepton

lightest neutral Higgs bosdmin order to probe the Majorana gaws, we present the formal descrlptlon of tfm)_larlzed_
: oo . ecay widths of the two-body neutralino decays into a light-

nature of the neutralinos ar@P violation in the neutralino . ~p i k
system. A comprehensive analysis of the two-body decays diSt neutralingy; plus aZ boson or a lightest Higgs bosdn
neutralinos as well as charginos was given previously in RefWith special emphasis on the polarization of theéoson. In
[9]. We note, however, that a rather light Higgs boson massec. IV we first investigate the region pf the MSSM param-
was assumed and ribboson polarization was considered in €t€r space where the two-body neutralino Qecays are allowed
the previous work. One powerful diagnostic tool in the ar_1d discuss the dependence of the branching ratios and.decay
present analysis i& polarization, which can be reconstructed Widths on the relevant SUSY parameters. Then, we give a
with great precision througtz-boson leptonic decaysZ simple numenc_al demonstranon_of how the Majorana nature
—1*17, in particular, withl =e, x. and CP properties of tbe niautrallnos can be probed through

It is possible that due to the masses of the relevant pathe two-body decaysys— x7Z. Finally, we conclude in
ticles, no two-body tree-level decays are allowed, in whichSec. V.
case the dominant decays would consist of three-body tree-
level [10] or two-body one-loop decaylll]. However, a Il. NEUTRALINO MIXING
sufficiently heavy neutralino can decay via tree-level two- . .
body char):nels cgntainingbor h with its r)rllass less than 135 N the MSSM, the mass matrix of the spin-1/2 partners of
GeV in the context of the MSSWIL2]. If some sfermions are the neutral gauge bosonB, and W?, and of the neutral
sufficiently light, two-body tree-level decays of neutralinos Higgs bosonsH$ andH?Y, takes the form
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My 0 —MzCpSy  MzSpSw 1 dr[z(0)—1"1"] 3
= —sirt,, (2)
M 0 M, MzCeCy  —MzSECy r[z—1"17] d cosé, 4
N - m2CﬁSW mZCBCW 0 — M
MzSgSyw  —MzSCyy — M 0 for the Z-boson helicities£1 and 0, respectively, wheig
(D =2va/(vi+a®)=—0.147 withv,=s3— 1/4 anda,=1/4,

andé, is the polar angle of thE® momentum with respect to

o the Z boson polarization direction. Here, the decay width
in the {B,W?3,H},H3} basis. HereM; and M, are the fun- T'[Z—1¥| ] is the average of three polarized decay widths,
damental SUSY breaking (W) and SU2) gaugino mass pa-
rameters, ange is the Higgsino mass parameter. As a result
of electroweak symmetry breaking by the vacuum expecta- r[Z—1*1"1= E{I‘[Z(+)—>I+I‘]+F[Z(0)—>I+I‘]
tion values of the two neutral Higgs fields; and v, (sg 3
=singB, cz=cosp where tamB=v,/v;), non-diagonal
terms proportional to th&-boson massn; appear and the
gauginos and Higgsinos mix to form the four neutralino mass
eigenstatesy” (i=1-4), ordered according to increasing We emphasize that the three polar-angle distributi@san
mass. In general the mass parameds M, andw in the  be determined without knowing the full kinematics of the
neutralino mass matrikl) can be complex. By reparametri- decayy;— x’Z. In contrast, the distributions involving the
zation of the fieldsM, can be taken real and positive, while interference of the amplitudes with differefthelicities are
the U1) mass parametevl, is assigned the phask; and  always accompanied with azimuthal angle dependent terms.
the Higgsino mass parametgrthe phaseb . For the sake  ag the lightest neutralingy® assumed to be the lightest

of our latter discussion, it is worthwhile to note that in the g;gy particle(LSP) always escapes detection, the kinemat-
limit of large tanB the gaugino-Higgsino mixing becomes . ’

- w070 -
almost independent of tgh and the neutralino sector itself ics of the two-body degayl —x;Z cannot be fully recon-
becomes independent of the phasg in this limit. structed so that the azimuthal-angle dependent distributions

. . o o are not fully available.
The neutralino mass eigenvalugg=nno (i=1-4) can _ ~0 ~0 )
be ch itive b itable defi tl f th o The decay width of the decay; — x;Z producing aZ
€ C, osen p(?S' e by a sw.a € detini |9n~03 ~0e~r2|xmgboson with its helicity,= 1 or 0, reads
matrix N, rotating the gauge eigenstate bg®8sW>,H;,H5}
to the mass eigenstate basis of the Majorana fields:

+T[Z(—)—1 170 3)

N* M (NT=diag(mo,m~o,m>0,m>0). In general the mixing - gi\y?
N Lo oo TP =X0Z05)]1= =5 (V24| Al m?+ m?—m?
matrix N involves 6 non-trivial angles and 9 non-trivial 167m

phases, which can be classified into three Majorana phases
and six Dirac phasept]. The neutralino sector i€P con- 7
serving if w and M are real, which is equivalent to vanish- —2mmANE—Ar
ing Dirac phases (mog) and Majorana phases (mad?2).
Majorana phases of- #/2 do not signalCP violation but

Y 1/2

merely indicate different intrinsicCP parities of the neu- 0 ~o gon 32 A5 .
tralino states irCP-invariant theorie§7]. Ilxi—x;2(0)]= S(IVIPH AP =5 +mP+m;
16mm; m3
Il. TWO-BODY DECAYS OF NEUTRALINOS —m2—2m;m; Ay |, (4)

Before describing the two-body decay§—x)Z in de-

tail, we explain how to reconstruct tfepolarization through ) ) _

the lepton angular distributions of thboson leptonic de- T€SPectively, where the asymmetridg and.A; are defined

cays,Z—I|~1*, particularly withl =e, x. In the rest frame of I terms of the vector and_axml—vector couplingsind A of

the decaying boson, which can be reconstructed with greatt€ Z Poson to the neutralino current as

precision by measuring the lepton momenta, the lepton an-

gular distributions are given by IV[2— A2 2 RgVA*)
N

®

Ve

VA2
1 dl'[Z(+)—1717]

I[zZ—1"17] d cosé, with g,=g/cosfy and the kinematical facton,=[(m

+m;)?—m3][(m;—m;)?—m3]. Combining the leptonic

Z-boson decay distribution§2) with the polarized decay

widths (4), we obtain the correlated polar-angle distribution:

3
= §[1+c0520|i2§|cos¢9,],
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Weor _ 2 ez nqrio—wzc+ ~o~or1_ I 2 2
dcosg, 8 [Z=AT X = x;2(5)] Ilxi—xjhl= m3{|3| [(m;+m;)=—m{]
|
~0 70
+T[x7 = x;Z(—)1}(1+coS b)) +[P[(m—m;)2—mi]}, (10)
~0 70
+2{T[xi = xjZ2(+)] with the kinematical factor Np=[(m;+m;)?—mZ][(m;
_~n o~ Y22 ;
—F[X?HX?Z(—)]}&COS@ m;) mh_]. The scalar and pseudqscalar coupllr@an_d
P, of the Higgs bosoth to the neutralino current are defined
+2F[}?—>}?Z(O)]sin20,). (6)  interms of the mixing matriN as

Consequently, each polarized decay width can be extracted 1 .
from the correlated polar-angle distribution by projecting out S= 5 RE(Nj2=twNj1)(SaNig+ CaNig) + (1 ])]
the distribution with a proper lepton-polar angle distribution.

The explicit forms of the vector and axial-vector cou- i
plings V and A in Eq. (5) are given in terms of the %44 P =5 IM[(Nj2~twNj1)(SaNigF CaNia) + (i~ )], (11)
neutralino diagonalization matriX in the MSSM by

i wheret,,=tané,,, c,=cosa ands,=sin« for the neutral
V=— = Im(N;3N5—N;4N5,), Higgs mixing anglea. If the charged Higgs boson mass in
2 the MSSM is very large,

1 1 —
A= 5 Re(NjsN5—NjaNFy). (@) Co—SINB, Sq— = COSp. (12

This decoupling approximation of the cosine and sine of the
axial-vector (iouBIing Ais pure reaThis characteristic prop- |arger than twice theZ boson masg§13]. For the sake of
erty of theZ-)(io-)(jO coupling due to the Majorana nature of discussion, we take the decoupling limit in the present work.
neutralinos leads to one important relation between the po-

larized decay widths with th&-boson helicities,t 1: IV. NUMERICAL ANALYSIS OF TWO-BODY DECAYS

I —=X{Z(H)1=T[xP—x{Z(—)]1, (8 In some SUSY scenarios, the lightest neutralj]ds the

LSP and the second lightest neutraligh among the other

which s valid even in theCP non-invariant theory. This ree neutralino states are expected to be lighter than sfermi-
relation can be checked by measuring the forward-backwarg| P 9

polar-angle asymmetry of the correlated polar-angle distribuns and gluino$3]. Then, the two-body dECaVéHX(l)Z or
tion (6). However, because of the small analyzing power r~1 as well as the two-body decays of the heavier neutralinos
=—0.147, it will be necessary to have a sufficient Iargexgy4[9] will constitute the major decay modes of the neutrali-
number of decay events to measure the asymmetry with goaaos, respectively, once the two-body tree-level decay modes
precision. In addition to the relatiai®), the relative intrinsic  are kinematically allowed. In the following numerical analy-
CP parity of two neutralinos in th€P invariant theory can  sis we will ignore all other modes except for the two-body
be determined by measuring the ratio of the longitudinal detree-level decays of the neutralinos.

cay width to the transverse decay width, which satisfies

~0 ~0 _ ) A. Branching ratios
2T [x{—x}2(0)] _(mTm)

Rit=—=g—= ~0 =~ =
T —= X Z(+) 1+ T —Xx0Z(-)] m3

, For the branching ratio calculations for the two-body de-

cays x9— x3Z/h, we assume that all the SUSY parameters
©) are real M is related toM, by the gaugino mass unification

for the evenlodd relative intrinsiCP parity with V=0/A  condition|M,|=(5/3)tarf6,\M ,~0.5M and the Higgs bo-

=0, i.e., Ay="71, respectively. In theCP non-invariant ~SON massm is 115 GeV. In addition, we assume that the

theory, both the vector and axial couplings are in generaMSSM Higgs system is in the decoupling regime so that the

non-vanishing, leading to the value of the asymmetty charag:tenstlcs of the lightest H|gg§ bos!cmrs similar to the

different from = 1. Therefore, any precise measurements ofSM Higgs boson to a good approximatifts].

the asymmetrydy, will provide us with an important probe  Figure 1 shows the regions of the decaysygfon the

of CP violation in the neutralino system under the assump{u,M,} plane. In the region denoted by “three-body de-

tion thatthe neutralino masses are measured with good pre<ays,” no two-body modes are kinematically allowed. In the

cision, independently of the decay modes “Z region,” only the two-body decay into ais allowed and
Next, we give the decay formulas into final states containin the “z/h region,” both the two-body decaygs— x9Z/h

ing a lightest neutral Higgs bosdn The explicit form of the  are allowed. We divide the Z/h region” into three parts,

decay width of the decay,— x;h is written as according to B[Z]<10%, 10%s<B[Z]<20% and B[Z]
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FIG. 1. Three distinct regions 5{2 decay are exhibited as a
function of M, and i, assuming thaM, and n are real. In the
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FIG. 2. The dependence of the decay willfy5— x2Z] on the
Higgsino mass parametei, assuming thatu is real andM;
:(5/3)t\2,vM ,. For this numerical illustration, we setM,
=250 GeV and tap=10.

region denoted by “three-body decays,” no two-body modes for thelarge| x| also allows for the two-body decays of the heavier
neutralinoy?, except for the loop-induced two-body radiative de- Neutralinos,x3 ,— x3Z/h. Only in the wedge-shaped band

cays, are kinematically allowed. In theZ“region,” only the two-
body decay into & is allowed and in the Z/h region,” both the
two-body decays are allowed. Th&Z/h region” is divided into
three parts, according t@#[Z]<10%, 10%<B[Z]<20% and

B[Z]=20%. For reference, the exclusion region by the experimen

tal bound on the lighter chargino mass boumglz>104 GeV is

displayed by the hatched region. In this numerical illustration, we

set tan3=10.

=20%. (Here, B[Z]=Br x5—x3Z].) In addition, as a ref-
erence, the region excluded by the experimental bgaAg
on the lighter chargino masn;lt>104 GeV is displayed by

the hatched region.
We first note that, iM,<2m;, the mass differencm;(g

— e is less thamm; for all x and the mass difference is
very small for|u|<M,,M,. So, as clearly shown in Fig. 1
the two-body decays— x3Z is allowed only when th,

region of the width of about 100 GeV around the line satis-
fying the relationM,~2|u| are two-body decays for the

heavier neutralingy3 not allowed, while the heaviest neu-

tralino can still decay intg¢$ andz/h in the (almos} entire
parameter space, possibly except for the region excluded by
the experimental lighter chargino mass bound.

Consequently, for most of the parameter space of the
MSSM the decays of the two heavier neutralinos are domi-
nated by two-body tree-level processes of which the final
state consists of Z boson orh boson together with one of
the lighter neutralinos, or ¥ boson and one of the chargi-
nos. Furthermore, the two-body decays of the second lightest
neutralino}g can be significant in a large region of the pa-
rameter space of the MSSM.

In addition to the branching ratios, it is also crucial to
analyze the absolute size of the decay wilifhyo— x3Z].
Depending on the values of the relevant couplings, the two-
body decay widths could be smaller than the three-body de-

<M ,=2|u| under the assumption of the gaugino mass uni-cay widths involving virtual sfermion exchanges, unless the
fication condition. In addition, we find from the figure that sfermions are too heavy. We exhibit in Fig. 2 the dependence
for the two-body decays the magnitudegofs required to be  of the decay widtﬂ’[}g—ﬁ(gZ] on the Higgsino mass pa-
larger than about 270 GeV and that, once the two-bodyameteru, assuming again that is real and takingM;
Higgs modey2—x°h is open kinematically, this two-body = (5/3)tarféwM3, M,=250 GeV and tag= 10. The decay
decay mode dominates in most of #h region. The region width decreases rapidly with increasihg| . This is because
here the deca®®— 307 is appreciable is not symmetric the couplings of theZ _boson to the neutralino current are
w Cakz X1 AP >y governed by the Higgsino components of the neutralises
between positive and negatiye in the Z/h region. The Eq. (7)] that thez-30-50 i t | i
branching ratids[ Z] is significant only in a small area of the g. (7)] so that theZ-x;-x; couplings are strongly sup

i ) ) - . pressed for largéu|. Therefore, for larggu|, some three-
gi%sr:twe,u region, butin a large area of the negatjere body decays could be more dominant than the two-body de-

On the other hand, we find numerically that, for the cays.
heavier neutralino3,, the {M,,x} region for the two-

body decayx 3 ,— x3Z/h expands drastically. A large region
with small || but largeM, as well as with smalM, but

B. A probe of CP violation

In Sec. IV A we restrict ourselves to ti@&P invariant case
with real parameters, as the qualitative results obtained from
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the CP-even quantities are not expected to change so signifi- 1
cantly even if the parameters are complex. But, the param-
etersM,; andu are in general complex so that it is important

to check whether they indeed have complex phases or not. 05
The existence of the complex phases in the neutralino sys-
tem, which in general causeP violation, can be established
by the measurements of the ratio

Ratio
o

Ryr—(mf+m?)/ms
Tcp=

: (13
2
2m;m; /mz 05 |

with R 1 defined in Eq(9) as well as the neutralino masses ; ‘ ‘ ‘ ;
m; andm; . The ratioZcp is —1 (+1) in the CP invariant 0 05 1 15 2
theory for the positivénegative relative intrinsicCP parity @ /m [rad]

of the neutralinosy{ and, taking part in the decay;
FIG. 3. The dependence of the rati@p (solid line) and the

~0 )
X Z, re'sp'ectlvely. asymmetry Ay (dot-dashed lineon theCP phased; for the set of
To explicitly show the dependence of the rafig- on the parameters{tan8=10M,=250 GeV|u|=500 Ge\l. The

CP phasesb; and®,, we chose a specific set of real pa- phased,, is set zero in this numerical illustration figure, as the ratio
rameters {tanB=10M,=250 GeV|u|=500 Ge\} as a 7T.,and the asymmetryl, are found to be insensitive to the phase
simple numerical example withM,|=(5/3)tarféyM,, @, for the given specific set of real parameters.

while varying the phase$, and® . Numerically, we find
that the ratio7Zp is insensitive to the phasé, . This is _
because the phase dependence is always accompanied withFor a large portion of the MSSM parameter space, the
sin28=2tanB/(1+tar?B)~0.2 for tand=10, which is al- decay of the second lightest neutraling as well as the
ready small, and the Higgsino components of the neutralinokeavier neutralinos}%4 could be dominated by two-body
are small for largéu|. So, we show in Fig. 3 the dependence processes in which the final state consists @fa a lightest

of the ratio 7¢p (solid) as well as the asymmetifly (dot-  Higgs bosonh together with a lightest neutraling?, as-
dashedl only on the phaseb, for the real parameter set for sumed to be the lightest supersymmetric particle. The main
one fixed value ofb,=0. Clearly, in theCP-invariant case conclusion of the present work is that, unless the two-body

with ®,=0, 7 or 27, the absolute magnitude of the ratio decay;(?ﬁ}?z is strongly suppressed, th& polarization,
Tcpas well as the asymmetryty is 1, but it is different from  which can be reconstructed through great precision via the
1 in the CP non-invariant case. In the given real parameteneptonic Z-boson decayZ—1"1~, provides us with a pow-
set, we find that the rati@cp is quite sensitive to the phase erful probe of the Majorana nature of the neutralinos &fd

&, neard =7, while it is not so sensitive to the phase nearviolation in the neutralino system.

$,=0 and 2r.
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