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CP asymmetry in tau slepton decay in the minimal supersymmetric standard model
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We investigateC P violation asymmetry in the decay of a tau slepton into a tau neutrino and a chargino in
the minimal supersymmetric standard model. The new sour€ofiolation is the complex mixing in the tau
slepton sector. The rate asymmetry between the decays of the tau slepton@Rctigjugate process can be
of the order of 102 in some region of the parameter space of the minimal supergravity scenario, which will
possibly be detectable in near-future collider experiments.
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. INTRODUCTION —w,x and7 —7 x° wherey~ andy® denote a chargino
and a neutralino, respectively. These final states are also pro-
The supersymmetri¢SUSY) model is now widely re- duced at one-loop level by the final state interactions. If the

garded to be the most plausible extension of the standarigiteractions of the tau slepton viola@P invariance, these
model (SM) [1,2]. It stabilizes the gauge hierarchy and al- decays are expected to have different rates from t@éir
lows for the grand unification of all known gauge interac- conjugate process, which are measured by the asymmetries
tions [3]. In the minimal supersymmetric standard model
(MSSM) there are additional complex couplings which may
give rise toCP violation compared to the SI#]. These new
sources ofCP violation contribute toCP violation in vari-
ous processefs], the neutron and electron electric dipole
moments, rare kaon decays, addlecays, etc. Although the ALy
CP-violating phases associated with sfermions of the first
and second generation are severely constrained by bounds on
the electric dipole moments of the electron, neutron and\ssumingCPT invariance, the decay widths satisfy the rela-
muon, theCP violation phases in the mass matrices of thetion
third generation sfermions might be large and can induce
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sizableC P violation in the MSSM Higgs sector through loop I(7 —vx )-T(Tt —vxh
correctiong 6,7]; furthermore, these phases also directly af- -~ ~
fect the couplings of Higgs bosons to third generation sfer- =—[[(r =7 x)-T(r"—=7"x)] (2

mions[8]. In the MSSM with the simple universal soft su-
persymmetry breakingg], the tau S|ept0n sector contains making the total width of the tau Slepton the same as that of
two new sources o€ P violation in its Coup”ngs to H|ggs the Q.nti-tau Slepton. We will calculate and discuss the asym'
particles. It can be defined as the complex phases ofsthe Metries. . _ _
term in the Higgs superpotential and soft-SUSY-breaking  The remainder of this paper is organized as follows. Sec-
terms. These new sources ©P violation are generic to all tion Il'is devoted to a brief review of the mass spectra and
SUSY theories and provide non-SM source<Cdt violation ~ Mixing patters of the tau sleptons, charginos, and neutralinos.
required for the baryon asymmetry of the univefge]. on N Sec. lll we present a Lagrangian of the relevant coupling
the other hand, the effects of these néW violations are and analytical expressions of the rate asymmetry. A detailed
expected to be probed in near-future collidgts], such as numerical analysis of the asymmetries for a representative
the CERN Large Hadron CollidefLHC) and Next Linear SUSY parameter set is given in Sec. IV. The final section is
Collider (NLC), which could provide an opportunity for de- for summary and conclusions.
tecting newC P violating phenomena. Therefore it should be
important and interesting to investigate the mechanism and [l. SUSY PARTICLES MASSES AND MIXING
consequence of thiS P violating source in collider phenom-
enology.

In this paper we work in the framework of the MSSM
with CP violation, and we focus on thEP asymmetry in
tau slepton decays. If a tau slepton is sufficiently heavy, it

dominant decay modes are tree-level two-body decays

To fix our notation, we simply summarize in this section
the masses and mixings of the tau slepton and chargino, neu-
tralino sectors of the MSSNIL2], which will be needed later
é/vhen evaluating the decay widths.

A. Tau slepton mass and mixing

The mass-squared matrix for the tau slepton in the left-
*Email address: yangwm@mail.ihep.ac.cn right basis is given as
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M2 m.(A,+ utanp) with convention G< < /2 ,m«ils m§2. For large values of

2_
M7= m,(A* + u* tanB) M% ®) tanB and i, the mixing in the tau slepton sector can be very
strong.

with

B. The chargino and neutralino systems
Mfzm%Lerer(%M%— M) cos 28, The general chargino mass matrix is given[&g]
4
M3= m~fR+ mZ+(M3—M3,)cos 28, M, V2Mysg

© V2m wCp M

where n, . are the left- and right-handed soft SUSY-

breaking tau slepton masses, respectively. The tau Slepthhere M, is the w-ino mass parameter and we us
soft breaking trilinear coupling\, and Higgs mass mixing =sinB,cs=cosp, etc. It can be diagonalized by two real

parametey are complex, rotation matrice<C, andCg,

A=|Ale,  u=|ule. (5)

o CLMcCg*=diag my=,m;+) (11)
The complex phase and » are the source oE P violation, o2
which can vary in the range<Q¢, n<27. In the later con-
text, we will takew as real, i.e., only the phaseis left so as ~ With two rotation angles given by
to reduce the number of parameters and simplify the discus-

sion. The tau slepton mass eigenstates can be realized by a

unitary transformationU which diagonalizes the mass- an 20 :2\/§Mw(M203+MSB)
squared matriZ, b M3 u2-2Mic,
(12
UM2UT=diagm? ,m?) (6)
7 ) 26 2\2My(M,sg+ ucp)
an R™ .
where the diagonalization matrix can be parametrized as MS—,U«2+ 2M\2NCB
cosé, sing,e' ° The two mass eigenvalues of the charginos, in the ljpajt
U=l _ o -5 (7 >M,,My, are reduced to
sing.e cosé., 2, W
with 2
M= =~My— —2 (Mt 1S)
S=arg(A,+ utanp). (8) aomE e H>2p):
(13

The tau slepton mixing angles and mass eigenvalues are then
given as 2

M
m}§:|l/«|+ 7€M(M2523+M),

2m_ A+ ptan
tan 20= | > 'uz 'B|,
ML—Mg where €, is for the sign of u. For |u|—o, the lighter
(9 chargino corresponds to a puveino state with massn; -
rré12=%[ME+M§ =M,, while the heavier chargino corresponds to a pure
’ higgsino state with masm;(ztzlm.
— 22 2 . .
FV(M{=MB)?+4mZ|A + utanB|?] The neutralino mass matrix is
M, 0 —MgzsyCz  MzSySg
O M2 M2CWC - Mzcws
My= g “I. (14
- Mzswcﬁ MZCWC,B O - M
Mzswsﬁ - Mzcwsﬁ — M 0
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where M, is the B-ino mass parameter arg,= sin 6,,Cy
=Co0séyy, etc. are used. It can be diagonalized by a smgle
real orthogonal matriy,

—1_ i o e
NMyN™*=diagm clJ,ng,m;(g,m;(g). (15

In the limit of large| x| values, the mass eigenvalues of the
neutralinosmo (i=1,2,3,4) are simplified to

2
4 2
m}gle_ — (M1t uszp)sy,
o

(©

2
m;gzMz— —22(M2+,u52,3)c\2,v, ~ FIG. 1. The one-loop diagrams for the decay of a tau slepton
M into a tau neutrino and a chargino.
(16)
M2
m~0~|,u| +— 5 €,(1=Sy5)(u+ M,sa,+MC3), C. Mass spectra in the MSUGRA scenario
,u

To reduce the number of the parameters, we will adopt the
M2 minimal supergravit{MSUGRA) scenario with universality
o 2 hypothesis to discuss the SUSY particle spectra, where the
™= lul+ 25 2u? €ul1+Sp0) (1= MZSW MacCw)- scalar fermion masses and the gaugino masses are, respec-
tively, unified asmgy and my,, at the grand unified theory
Again, for |u|—, two neutralinos are pure gaugino states(GUT) scaleMyr. The relation between the SUSY particle
with massesm~o_|v|1,m o_|v|2, while the two others are masses at the scaM gt and at the weak scal®(M;) are

pure Higgsino states Wlth masseto= m~2~|M| The ma- Obtained by running renormalization group equatitR&E)

14
trix elements of the diagonalizing matrixt\;; with i,j as(14]
=1,...,4, aregiven by M;=0.4my5, M,=0.8m,,,
_ 2 2 1/2
Njp=(1+ai+bi+cf) 5 m- =m3+0.15m%,— 0.23V% cos 28,
Ni2=Nja;, (19
(17) rW =m3+0.52m2,,— 0.2M2 cos 28,
Niz=N;i;b;,
m~ =m3+0.52m2,,+0.5M3 cos 23,
Niz=N;1C;
with where n;,_ is the left-handed soft-SUSY-breaking tau
sneutrino mass. All of the free parameters now incl{Ale
M. — emo ¢, 1, tanB, my, andm,,,. We will take them as input and
a—— 1 LT use the above-mentioned equations, and all the mass spectra
! tanby M,— ¢, m;(_o' of the involved SUSY particles can then be worked out.
b = M+ — &m0} (Mo— & nmo Ill. RELEVANT COUPLINGS AND DECAY RATE
= {r(M1= &mye) (M= €nmo) prirvipisday

—M?2 _ 2 —e
MZzSpCL(M1=M2)Ciy t Mo~ € m;io]}/ A nonvanishing value for the asymmetiy.r, in Eq. (1) is
[MSy(M,— fim}io)(# Cpt fim}ios,g)]v generated if the decay” — vy, in addition to the decay
(19) -7 X% is allowed klnematlcally. The produced tau lep-
ton and neutralino can become a tau neutrino and a chargino

Gi={~ &mo(My— &iMmo) (Mo €imo) = MZcj by exchanging charged Higgs bosohs", W* bosons,

X[(M1—Mj)c2,+ M,— o]}/ and tau sneutrinaf,_ as shown in Fig. 1. The interferences
: of these one-loop diagrams with the tree diagram make the
[MzSw(M2— &m;0) (ucpt €miosg) ], rate of the decay ™ — vy~ different from that of the decay
7t —wv_x*. The relevant interaction Lagrangian femand,
wheree;=€,=1,— e3=¢€,=¢,,. as well asH™ andW™ is given by[1,12]
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1—+° 1+9°\~ g~ — 1+ 9%\~ g~ 1—9° 1+9°\ -
L= \/—VTALIT+ARIT X|+ETkV By—5— > X+ \/—Tk Flk—— > Rk 5 on
O~ —( 1+9°\=y 9 =5 1-9° 1+9°\~, 9 —y°
+ = - =H Y + -=
\/EVTVT(G] 2 XJ \/EH Xj‘y ILJ| 2 IRJI 2 Xi \/EH 7| K 2 Ve,
9. =5 1—9° 1+9°)~ —°
_EWMX?'ylL(HL“ 2 +HRj| 2 X|+ \/_WMT’)/ 2 VT+H.C. (20)
|
with 4
=2 2, ImO)IT, Mo ),
m'r
ALI:WC'BCLIZ- Ari= = V2Cqy1,
To=2 > Im(Y))Ip(m; momi-),  (29)
j n=1 24 1
mT
BkFWCﬁCuzU:z_\/ECmU:la 4
— n c
—; 2 Im(Z])I5(ms, o, )
— m, * * .
Fij__mNj3Ukl_2tanewNj1Uk2- with
Xi=KBoFhpliji,  XF=KBaFfl 1,
m
= T N..U*—(N. ) *
FRJk MWC,BN]sUkZ (N12+tan6Wle)Ukla X?:K821Ffj2|Rj11 X?:KBZJ_F,F‘{J'ZIR]']_;
1_ 2_
G;=Nj,—tanfyN;, 1) Yi=BaFgrpHij1,  Yi=BaFgrpHrj1
(24)
Y?:leFszHle, Y?:leFszHRu;
HLj|:_\/§Nj2CR|1+Nj4CR|z,
Z'=AriBaF G ZP=AriBaF},G),
Hprji=—V2N;2CLi1—NjsCuiz, 3 . 4 .
Z7=AL1BoF[ [5G, Zj=AL1B2FRG;
ILjI:COSB[\/ENJ4CRI1+(Nj2+tan0WNj1)CRI2]a and
- 1 S+T
Ilezsmﬁ[\/ENj3CLIl_(Nj2+tan0Wle)CLI2]= Ji‘=§m7m} T+(m? +m~ m mH+)InS T"
__ 1 +T
K= tan,BMW ngim;?m} T+(m mH+)InS T

wherek,|=(1,2) andj=(1,...,4). We nowconsider the 1
decay of the heavier tau slepton into the tau neutrino and the J3= 5 m~ T+(m m~ m my he)Nle—=

lighter chargmm-2 —>VTX1 and itsCP conjugate process.

S+T
S-T

The decay rate asymmetry for the processes are obtained as 1 S+T
Ji==m m~o(m~ rr‘r )In
2 S-T|
a2 T TP+ TC 22
cp_f(mg —mgf)2|821|2' b 1 B 2M3+m?
T X1 Jl—zm;(?m)(; M\ZN
where a,=g?/(47). The contributions of the diagranta), 4 S 4T
(b), and (c) in Fig. 1 are represented by?, T°, and T¢, +| m2-2M3+ 27 In|— ,
respectively. These terms are written as w/ IS =T
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2 2
mom- - 1
b_ X1 2 2 2 2
Jo=— > T+ | omome—+(m--—m: )

2M§, 27T X1

B=-m,nm -

2 2
m, (e~ )

T+3M3 In

S+T
SE I

2M3,

4 4 2 2 2 2
X \/rrr +m?+m=o—2m> m2—2me mSo— 2m2m?,,

1 2 2 2 2 (26)
_ 2
S=— (n1;2+n};(1)(n1;2 mT+m)~(JQ)
72

2 2 2
2(m;(?+m}5 my=+),

S’ is derived fromS by changingmy+ to M. In addition,
J;, are also obtained fromf} by nt; _replacingmy=. The sum

for the intermediate neutralinos in the form28) should be
done for those which satisfy the kinematical condition,

>m.+mo.

IV. NUMERICAL RESULTS

In this section we will illustrate our numerical results of
the CP asymmetry in the tau slepton decay for the relevant!?e!
SUSY parameters based on the MSUGRA scenario. Since wi

have assumed a universal masg for the scalar fermions

and a mass,, for the gauginos at the GUT scale, therefore,

the parameters appearing in our analyses |ale ¢, u,

tanB, my, my;,, and my+. For simplicity, although these

PHYSICAL REVIEW D 65 115005

3
my,2(100 GeV)

FIG. 2. The decay rate asymmetry as a function of the gaugino
massm,, for tang=2.5, and the other parameter values in Eq.
(27). The curve = o=7/2, ll=¢=mx/4.

left- and right-handed slepton masses when performing the
RGE evolution to weak scale at one-loop order if the Yukawa
couplings in the RGEs are neglected. We will choose two
representative values for t@h a low value (tarB=2.5) and

a large value (tapg=40), as well as two values for phase
¢: /2 and m/4, respectively. The other parameters are
typically taken, for example, as the following:

7=0, |u|=2 TeVv, |A]=15 TeV,
(27)
mthl TeV, m02m1/2=400 GeV.

As a result, the masses of the relevant SUSY particles are
immediately led to
m;(lrzm;(gzMZZSZO GeV,

(28)
rr1;(clJ:M1:160 GeV, m;T:49O GeV,

which do not depend on the value @fand there is only a
very small variation with the value of tgh The masses of
the tau sleptons, however, are more sensitive tgstaand

106
IO(X )

parameters are not all independent of each other, we assunr 1 2 3 4 5

phenomenologically they are independent and assume only

my,2 (100 GeV)

rough constraints coming from theoretical and experimental F|G. 3. The decay rate asymmetry as a function of the gaugino

considerations. The simple expressi¢hs) will be used for

massm;, for tanB= 40, and the other parameter values in &7).

the soft SUSY-breakin@-ino and W-ino mass, as well as The curve Bo=7/2, ||=¢=m/4.
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FIG. 4. The decay rate asymmetry as a function of the parameter FIG. 6. The branching ratios as a function of the gaugino mass
|u| for tanB=2.5, and the other parameter values in &Y). The m,,, for tanB=2.5, ¢=m/4, and the other parameter values

curve I=e =w/2, Il = ¢=ml4. in Eq. (27). The curve B (m—v.x1), I=(m—mY),
. . Il = (= 7x3).
there is a very small change with the value @f For ¢
= /4, the numerical results are given by 1074 for tang=2.5 and of order of 10° for tanB=40,
m-. =430 GeV, . =498 GeV (tang=2.5), respectively. The asymmetries are enhanced with increasing
. 2 value of my;,. In the case of tap=2.5 and¢==/2, for

(29

m;12266 GeV, m;22604 GeV (tanB=40) Iarge values Ofnl/z (m1,2~ 500 GEV), the asymmetrﬁzg

can significantly reach the order of 1% In addition, the
For tau slepton, large enough off-diagonal elements of th@arametersp, |A.|, andm, do not change the whole trends
mass matrices are obtained only for largeand tang; the of the plots, nevertheless, they can slightly shift the values of
trilinear couplingsA., play only a marginal role. We will fix Acp in the same order of magnitude. The mass of the
the latter in the entire analysis. The soft SUSY-breakingcharged Higgs boson does not, however, affect the asymme-
masses for the Higgs bosons are, however, disconnectdties obviously.
from the sfermions, moreover, our results are not sensitive to In Figs. 4 and 5, the rate asymmetr|ég,| are shown as
the Charged H|ggS bosons mamsg=, SO it will also be fixed. a function of the H|ggs mass parametﬁd for tanIB: 25

In Figs. 2 and 3, the absolute valuesAdf;, are shown as and tan3=40, respectively. The unified gaugino mass and
a function of the unified gaugino mass, for the low value  the other parameters are still given by E87). The plots
(tanB=2.5) and the large value (ta@w=40), respectively. show that the magnitude of order of the asymmetries are
The other involved parameters are fixed the same ag2#y.  similar to those of Figs. 2 and 3, respectively. For a larger
Two curves of each figure correspond, respectively, to twovalue of |u|, the asymmetries are smaller. In the case of
values of the phase= /4 ande=m/2. The plots show that tang=2.5 ande= /2, the values ofA_,| also become of
the rate asymmetrigé\ 7| are very sensitive to the value of the order of 102 for small values of x| (|u|=1 TeV). In
tanB. They have approximately a magnitude of order of

1

10(x10_6)
0.8
(o)
a
8 o
®Q0.6
&
6 -
5 0.4
| Ace| E
4 m
0.2F
2
0 L
1 2 3 5
0 : : : my,5 (100 GeV)
1 1.5 2 2.5 3

|l (TeV) FIG. 7. The branching ratios as a function of the gaugino mass

FIG. 5. The decay rate asymmetry as a function of the parametef'12 for tang=40, ¢=m/4, and the fjhe" paraTeter~\éaIues
| | for tang=40, and the other parameter values in B7). The  in EQ. (27). The curve B (r—v.x.), Il=(m—7x1),
curve I=o=7/2, Il=¢=l4. 11} =(Tz—>Txg).
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most regions of parameter space in Figs. Z;Zmominanﬂy sources OCP violat_ion Come_ from the ?Oft SUSY—breaking
decays into:zT}l’ ’ T;(g, and T;{g_ In Figs. 6 and 7, the terms associated with the third generation slepton, as well as

branching ratios of these decays are shown as a function 6lge Higgs mass parameter We presented a general formal-

the gaugino mass), , for tang=2.5 and tar8=40, respec- 'S of the effect Qf theC P-violating mixing in.the tau slep-
tivel?/ w%ere the plr%sea is f'i[ied to <p=w/Ar,ﬁand valueps of fonsectoron their decays. A detailed analysis about that was

the other parameters are the same as (E. The graphs focused on the rate asymmetry of the decay of the heavier

show that the trends of plots obviously change with the valuéxau slepton into the lighter cha_rgino and tau neutrino final
P y 9 states. In the MSUGRA scenarios where the scalar fermion

of tanB. For a smaller value ofmy,, Br(ra—v.x1) IS anq gaugino masses are unified at the GUT scale, we illus-
larger. The interactions which induce the rate asymmetry begated this asymmetry and branching ratios in the parameter

tween the decays™ — v,y andr' — v, x* also yield a rate space which are constrained by experiments. It was shown

asymmetry between the decays—7 x° and7"—7"x°,  that a rate asymmetry between the decays-v,y; and
satisfyinqthe relation in Eq3). As seen in Figs. 6 and 7, the ;;H;T}I can be induced at a magnitude of order of 10
width of 7,— v x; is generally several times smaller than iy a region of the parameter space wh&® violation be-
that of 7,—7x%, and accordingly the former decay rate comes maximal at the Lagrangian level. Even though this
asymmetry becomes larger than the latter by the same ordé€rP-violating tau slepton mixing only proceeds through loop

of magnitude. For the detection of an asymmefy, diagrams, it can give rise to order of 19 CP-violating
asymmetry even in the absence of otl@P phases. As a
result, the intrinsic property oE P violation in the MSSM

can be expected to be detectable in the near-future collider
experiments.

~1073, a necessary number of pairs 8f 7~ should be in
the order of 16. This luminosity is expected to be produced
at a futureu™ u~ linear collider with a c.m. energy of 500
GeV, where it will be possible to examine tiaP violation
through the decay— v x~.
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