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Tau polarizations in the three-body slepton decays with stau as the next lightest
supersymmetric particle
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In the gauge-mediated supersymmetry breaking models with a scalar tau as the next-to-lightest supersym-
metric particle, a scalar lepton may decay dominantly into its superpartner, the tau lepton, and the lightest
scalar tau particle through—| rfrf . We give detailed formulas for the three-body decay amplitudes and the
polarization asymmetry of the outgoing tau lepton. We find that the tau polarizations are sensitive to the model
parameters such as the stau mixing angle, the neutralino to slepton mass ratio, and the neutralino mixing effect.
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I. INTRODUCTION NLSP scenarios, the lightest slepton can promptly decay into
its partner and a gravitino with a sufficiently small scqlie
Supersymmetry provides a natural solution to the hierarf7]. Depending on the scalg¢F, the slepton NLSP may live
chy problem that associates with weak scale physics anbng enough to leave tracks and kinks in detectors. In gen-
Planck scale physidd ]. If nature is supersymmetric, it must eral, other NLSP scenarios are also plausible depending upon
spontaneously break supersymmetry and transmit the meghe various constructions of supersymmetry breaking mod-
sage to low-energy effective models. Two approaches arels.
widely considered to satisfy the message transmitting strat- Scalar leptons can be easily found at future linebe™
egy. One is the gravity mediation approach which has theolliders if it is kinematically allowed8]. By measuring
supersymmetry breaking scaléc about order 18 GeV  their masses and decay distributions one could determine
[2,3]. The gravitino mass is typically much larger than thosesome of the minimal supersymmetric standard model
of gauginos and sfermions under this framework. Because dMSSM) parameters. The phenomenology of sleptons in fu-
the largeness of/F, the gravitino interaction is also too ture linear colliders then deserves detailed study.
weak to play important roles in collider phenomenology. An-  In this paper we concentrate on the GMSB scenarios in
other approach uses gauge interactions to mediate the sup@fhich the lighter scalar tau leptdistay 7, is the NLSP. In

symmetry breaking effe¢#,5]. In the gauge-mediated Super- gonera) we can write down the stau mass eigenstatesd
symmetry breaking GMSB) scenarios, the supersymmetry <~

breaking scale/F is sufficiently small so that the gravitino 72 in terms of the stau mixing angle;
G is always the lightest supersymmetric partitdlSP) with B N B
mass T1=CO0S@; 1 +sinf.7g, (2)

E \2
1 TeVv

ev, (1

where Mp, denotes the reduced Planck scat®.4x 10'8 _ o
GeV. Since the soft masses of other superparticles are assghereo; ranges from & ¢7< . Since the mixing is propor-
ciated with the weak scale in the GMSB models, within ational to fermion Yukawa coupling, due to the small mixing
typical range of\F, the gravitino is far lighter than other €ffects for scalar electror(selgctron};and for scalar muons
superparticles and becomes the LSP. (smuong, the lightest selectrog; and the lightest smuon

It is well known that different scenarios for the next-to- are nearly right-handed sleptons with almost equal masses.
lightest supersymmetric particl®LSP) in the GMSB mod- e will useeg and i to represent the lighter selectron and
els pould be crucial in dlscoyerlng supersymmetry'5|gnals itsmuon, respectively, in this paper.
colliders and may lead to different phenomenologies. In the 7, can decay into a tau lepton and a gravitGoin the

neutralino NLSP scenarios, the lightest neutraliodecays  detectors if the SUSY scalgF is not too large. If the scale

into a photon and a gravitino which carries mi;sing energy.F is sufficiently large, the stau NLSPs may live long
and escapes the detectf8. If the supersymmetriCSUSY)  gnough to leave tracks or kinks in the collider detectors. In

breaking scalg/f is Less than a few thousand TeV, the neu-many of the GMSB models, the lighter selectron and the
tralino decayN;— yG would be prompt enough to occur lighter smuon are merely right-handed sleptons with nearly

within the detector. One can therefore use inclusive  gegenerate masses. Unlikg, they can decay not only
+E;+ X signals in detecting supersymmetry. In the sleptorlthrough the two-body processeg—eG and zir— 1, but
also through the processes suchlas»IN;, |g— v v, 71,
*Email address: choucl@phys.sinica.edu.tw andTR_’LT;l dspending upon the model parameters. For
"Email address: chouch@phys.sinica.edu.tw instance,l g— 177, will be kinematically forbidden if the

=2.37x10 4x

F
mg=——
\/§MPI To=—Sin#.7 +cos#.1r, 3

0556-2821/2001/6%)/0750089)/$20.00 64 075008-1 ©2001 The American Physical Society



CHIH-LUNG CHOU AND CHUNG-HSIEN CHOU PHYSICAL REVIEW D64 075008

mass differencer(r,R—m;l) is smaller than the tau mass. . ratio mmllnreR. In Sec. Il of this paper we set the notations

This could happen in the so-called slepton co-NLSP sceand give formulas for the polarizations of the tau leptons in

narios[9]. the three-body slepton decays. Numerical results are pre-
However, in the stau NLSP scenarios, there exists somgéented and discussed in Sec. lIl. In Sec. IV we make our

parameter space where the three-body procéksed 77,  conclusion.

could dominate over the two-body procesdgs-IG and Il. THREE-BODY SLEPTON DECAYS

lead to different signatures in collidef$0]. . _ _ .

If the decayr,— 7G takes place outside the detector, then S mentioned in the preceding section, the three-body
one can directly identify the stau tracks or decay kinks. Thuglecayslg—I 77, could dominate over the two-body decays
in thee™ e~ colliders, the pair-produced sleptons may decayl g—|G in some parameter space if the SUSY breaking scale
in collider detectors through*ef—fIgTF}el*I*frﬁl}l_ In JF is sufficiently large. We restrict the scenario where the
the e"e™ colliders, right-handed sleptons are producedtwo-body processesg—e+N; are forbidden, i.e., we as-
through thet-channel processes and then decayeas™ sume the following mass relation:

—T:Tg—1"1 777, 7,. Itis also found thaég andu could

have macroscopic decay lengths that are smaller than the
dimensions of typical detectors if the mass d|fferev111r¢R Therefore the only competing decay processe@faand .y
-m,— m;l| is suitably small. If this is the case, the Second'areTR—>l Tt;l: _

ary vertices of the three-body processes could be resolved Because of the invariance of charge conjugation and par-
and eacFrl particle can be identified as coming from one of ity transformation, we can write down the following identi-
the pair-produced selectrons or smuons. In this case ones for the selectron decays:

could measure the polarizations of thdeptons. Ther po-

M+ My, > Mg > Me+ M+, (4)

larization provides another observable that could help to pin I'(eg—e'rrr)=T(eg—e 70 7p), 5
down the stau mixing angle and/or the ratio of the neutrilino e -
and the slepton masses. I'(eg—e " r )= (eg—e 7r71), (6)

However, there might be the possibility that the two-body
and three-body decay modes are of comparable amplitud ns in the decay processes. Therefore we will only discuss
and can therefore decay in the detector. In this case we mig ? . yp ' y
have the decay procese e'—Tglgp—I 177 E the decays ofg . ~
—171*7* 7 EF, i.e., two tau leptons with opposite charges At tree level, the selectroeg decays through the propa-
in the final state. One of the tau leptons is coming from thegation ofB-ino B andW-ino W3. SinceB-ino B, W-ino W2,
three-body decay of the slepton, therefore its kinetic energynd the two neutral Higgsincﬁfi, Eg can mix and form the
is less tharjmy_—m, —nm, [. The other tau lepton is from the 1o, tralino mass eigenstatd, it is appropriate to do the

two-body decay of the scalar tau and hence carries largefalculation in terms of the neutralino parameters. On the ba-
momentum and is much harder than the tau lepton originated, ¢ o= (B,W8,iRY iﬁg) the neutralino states and the as-
1 il il y H

from the three-body decay. In this interesting case we can_ .. : ‘ ;
easily identify the softer tau lepton from the three-body de_@ouated diagonal mass matiikp are given by

cay fromTg. Ni=(V*Yi9, 7)
Motivated by the above observation, we calculate the po-
larizations for the tau leptons in the three-body dechys

—17777 in the paper. It is expected that the tau polariza-Here V denotes the transforming matrix which diagonalizes
tions should depend on the stau mixing angle and the maghe neutralino mass matriM:

hereL (R) denotes the leftright) helicity for the tau lep-

Mp=V*MV. (8

m, 0 m,sin 6y,cosB  —mzSinHysinB
0 m, —m;C0SH,CO0SB  mMzCOoSHySinB
M= mzsin 6,,cosB  —mC0SH,,COSB 0 - ' ©
—mysinéysinB  mzcosbysinB —u 0

wherem; is the mass of th& boson,m; denotes the soft Higgs doublets in the model, and is the supersymmetric
breaking mass oB-ino B, m; is the soft breaking mass of Higgs mass parameter.

W-ino W2, 6y, denotes the weak Weinberg angle, &is the In our study the tau polarizations are measured in the
ratio between the vacuum expectation values of the twdaboratory frame. When the collider beam energy is threshold
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(EgR,PgR) and (E,K) denote thgenergy, momentuinpairs

of the right-handed selectron and the outgoing tau lepton in
the laboratory frame, respectiveR,is the outgoing electron
energy,ni_ and my, denote the masses of the right-handed
X selectron and théth neutralino respectivel\Q, represents

the electric coupling of electron, and the coefficients
C,4j,Cyj, andVg; are given by 11]

boost direction

1 1
(9] — . 4
z 0 VU= 2sin asz, 2 cos¢9WV1J (13
FIG. 1. The selectron boost directior(¢) in the laboratory 1

frame where the electron moving direction and the tau moving di- VRj= WV” , (14)

rection spans th&Z plane. Heref denotes the angle between the w

outgoing electron and the outgoing tau lepton. Cyj =,V COSH7— \/—Q Vgising:, (15)
3j eVRj

to produce the slectrons in pairs, the selectrons may travel Caj=\,Vajsin6;+ \/EQeVLjCOStﬁ- (16)

with velocity v before decay and thus experience a boost

which is characterized by the boost factory Here)\ . is the coupling strength for the tau Yukawa coupling

=(v/c)/\J1—(v/c)?. Figure 1 shows the selectron boost di- term X H;L,R.. Similarly, the decay process~e§

rection in the laboratory frame. The moving direction of the _, e* ++7 has the transition amplitudes

outgoing tau lepton is assigned tHedirection and thexZ

plane is spanned by the outgoing electron and the tau lepton. 4 2QeV’F;J-\/E—
—

L (qP-my)

~ 2:
By summing all tree-level contributions for the decay M| =
0
+C2]-E~eR\/E+ K)cosz

t( CTmy, VE—K

—e" 777, the transition amplitudesm_g|? for different
helicities (L,R) of the tau final states are given by

2QeViVEe
. - 2_ 6
[iMg)| (P ?N) (CyjEe VE+K +Cy;Pe JE+K [ sing sing sin;

e T ened . 0 6)]]?

% my; E- K)COSE +sin¢ cose cos§—| CoS¢ smz , (17)

+C,iPz VE+K |singsi i \/—

1jPs, sin¢g sing sin 2Q.V4
lim,|2= 2 2— (—Cyjmy VE+K
0 PNE i=1 (q —mNj)
+sin¢ cose co% —icos¢ sinz)} (10
0
+CszgR\/E—K)S|n§
4 *
- 2QoViVEe o 0
limg,|?= 1—1(qz——nng) (CyjEe VE-K +Cy;P VE—K|sing sing cosy
= 3
| 9 o\1]°
5y, E+ K)sing —sing¢ cose sin§+i Cos¢ cos§>] . (18
J
. : 0 As easily seen from Eqg10)—(18), the amplitudes do de-
+Cy; Pz VE—K — :
C1iPeq ( siné sing COSZ pend upon the selectron boost angles and the selectron mo-
2 mentumPe_.

—sin¢ cose sing+i cosé cosgﬂ (12) Taking into account the selectron boost effect, tNhe decay
rate I'| g of different tau lepton helicities. or R for e is
obtained as

where

F(L,R):f dédeF (¢, o)l (L r(d,¢), (19
2 2 - .
q =m~eR—2PEeR—2PPgR5|n¢>cos(0—<p), (12 with
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dEd cosd] KPlim gl?
L r(de)= T — : : - , (20
641 EeR EeR E+Kcos6 F*eRsm ¢(sing sin 6+ cose cosb)
2 2 .
méR+mf—rrrTl—2EEgR+2PgRK sin¢ cose
p= (22)

2[E5R— E+K cosf— PgRsin ¢(sing sinf+cose cosh)]’

whereF(qS_,go).is the proba_bility dens_ity function for selec- Therefore, we calculate onlp, (e} —e* *7;) andP (€

tron boosting in the ¢, ¢) d|re;:t|on,E is the energy for the .+ 7~ 7;) and give the numerical results in this section.
outcoming tau leptonk = {(E“—m?) denotes the momen-  Generally, the transistion amplitudes and the associated
tum of the tau leptonp is the energy of the outcoming gecay rates presented in the preceding section are sensitive to

electron, and is the angle between the tau and the electronine neytralino masses and mixing effects. For instance, by
Naively, the decay rates with selectron boost effects ma

differ to those without selectron boost effects to the order Odeca rocesses in tieino-like lightest neutralino scenario
O(y), i.e., O(PgR/EgR). On the other hand, the spinless na- yp 9 '

, the amplitude functions in the limiA=(mg_—nm. )<<nyg
ture of selectrons leads to the following symmetry for btained : | R 1 R
F(b¢): are obtained approximately as

ssuming the dominance bf, propagating in the tree-level

F(o,zo)=F(d,mx0)=F(m1— ¢, > ¢)

. — 2 .
=F(m—¢. 7). (22 [img)|" | Bel Meg VE+K sin o
Thus all terms that are linear in c@sor sing should be mg 2 0
canceled after integrating out the dependence. Conse- + 5 VE—-Kcosg; COS?E , (26)
guently, by observing that
VE estt K JE=K 1—1 ing+O( 2)]
rest— Nrest™ = +5 Y COSgp SIn )i, _ _
2 23 ||m(+R)|Zo<[Ee mzVE—K siné;
2
whereE, .5 (K;es) denotes the energimomentum of the Me, 0
outgoing tau lepton in the selectron rest frame, the decay +—-VE+Kcosg; COSZE , (27)
rates in Eq.(19) are actually different than those without
selectron boost effects to the order®fy?). Therefore, we
simply do all the calculations in the selectron rest frame in
the rest of the paper.
limy|?o | Eo|mg VE—Ksing;
Ill. TAU LEPTON POLARIZATION
- 2
The tau lepton polarization asymmetry can be defined as +% E+K cosé; sinzg}, (28
I'ry—(I
o (TR =(Ty) o
() +(T'y)
We can easily calculate the asymmetry by using the formulas |im(+L)|2°C{ Ee/mgVE+K sing;
presented in Sec. Il. From Ed$) and(6) the CP invariance
leads to the following relations for the tau polarization: e, 2 0
+ —E—K cos#;| sirf=. (29
2 2
P.eg—e rir)=—P.(eg—e 7 11),

From Egs.(26)—(29), it is easily seen that the polarization
ratio P is determined by the mass ratiog/mg_. In the

P.(et—e'r r{)=—Per—e 7'71). (25 purely right-handed, limit (sin 9==1), P, becomes
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AGoV) in the three-body decays @&y with rz=2 and
cos¢;= —-0.3, —0.2, —0.1, 0.1, 0.2, 0.3.(3)
o 03 ) ) ) P(ex—e'7'7]) as a function ofA. (b) The
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A while keeping 0.%|co0s6:|<0.3. As shown in plot(a),
f dE(E2—m2)(A—E)? e keeping 0.%|cosé) wn in plottal
m, P(7")=P,(eg—e 7" 7, ) decreases aA increases. For a
P.~*—3 given A value, P(7") always has larger values for larger
f dEEVE?~m7(A-E)? cos# values. This could be explained by the fact that when
M cosé increases, the amplitudkim(+R)|2 always increases
(%) for r* final states. (30 faster than|im(+L)|2 does when the mixing angle are within

) , _ the range 0.%|cos6~|=<0.3. Although not shown in the fig-
Equation(30) shows that theP . ratios always have opposite ure, from Eqs(26) and(28) one can easily see that whan

. L ~ CT .

S|gn~s+forr an~d+r production in the selectrpn decays, i.e.. ig kept fixed, a larger ca®; will give smaller polarization

the eg—e" 7~ 7, process tends to have right-handed taup(f)EID (~e+—>e* T7~T+)

leptons in the final states and tfeg,—e" 777, process As shown in Fig. 2%) the ratio betweerP(7") and

tends to produce left-handed s in this limit. P(7") is a slow varying function of\ with fixed rg=2 for
The tau-lepton polarizations as the functions of the mass, st of the co#- range except for cog;=—0.3. This is due

difference A with different cosg; values are illustrated in to the complex interplay between the factaf& + K cos~

Figs. .Za) and 2b) Where the mass I’atIDéEmE/méRZZ S and VE—Ksin#;. When the mass differenc& is small,
kept fixed. Although it was pointed out [10] that when the JE+K and VE—K are comparable, and botim{’R)|2 and

mass differences between ande and g are less than 10 limL,|? are getting smaller as cas changing from-0.1 to
GeV, the range of cog; will be within 0.1<[cos#|<0.3, 03 On the other hand, wheh goes larger, sayA =20

we find that if we~assum~e thméENZOO GeV the mass dif- GeV, VE+K is much larger thanyE—K and |im(_|_)|2
ferences betweem; andeg and ugr can be up to 20 GeV (|im(+R)|2) is getting largefsmalle) as co9; changing from
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-0.86

P(T*)

-0.98 -0.1

= —_—

FIG. 3. Tau polarization as the function of the
mass ratio rgzm*B/ng with seven choices
cos#;=-0.3, -0.2, -0.1, 0.1, 0.2, 0.3, and

(b)

=20 GeV.(a) P (ex—e" 77, ) as a function of
rg. (b) The P(7)/P(77) ratio as a function of
rg.

1 1.5 2 25
r
B

—0.1 to —0.3. It thus leads to the intersections for thosep(7+)/P(T—) are plotted against the stau mixing parameter

curves with negative cas; values.

Figures 3a) and 3b) show the mass ratiog dependence
of the tau polarizations. As shown in Fig(a P(7") is a
slow varying function ofrg with fixed A value A
=20 GeV in the plot However, the ratioP(7")/P(7")
varies significantly for 0.£ cos67=<0.3 with a fixedA value

cos#~. with different A values in Fig. 4b). Varying therg

parameter could dramatically change the @pslependence
of P(77)/P(77). We plot P(7")/P(7~) for five choices
rz=1.0,1.5,2.0,2.5, and 3.0 in Fig(d}. As shown in the
plot, the polarization rati®(7*)/P(7~) depends omg sen-

as shown in Fig. @). This plot may help in determining the sitively when 0.3=cos67/=0.2.

model parameters such ag and co%; in the B-ino-like
lightest neutralino scenarios. For example, a
P(7")/P(7r7)=—1.5 will lead to co®);=0.3 andrg=2.5in
the model withA=20 GeV.

In Figs. 4a)—4(c) we plot the tau polarization functions

and their ratio as functions of cés for rg=2 and five
choicesA=4,8,12,16, and 20 GeV. Figurda} shows that
the polarizationP(7") increases as cdk; increases for the

cos#~. range under consideration. Similar behaviors occu

when varying theA value in the model. Usually a larger
value will imply a lower tau polarization for EG
—e"7777) and a higher tau polarization foref

We can also study the neutralino mixing effects on the

ratiotau-lepton polarizations. Figure 5 shows typical plots in both

the B-ino-like lightest neutralino scenario and in the
Higgsino-mixed neutralino region with the model parameters
Mg, =200, |x|=300, my=400, m,=800 GeV, and tap
=10. By comparing Fig. 5 to Fig.(8), we find that the tau
polarization behavior in the Higgsino-mixed neutralino

Iscenarios may look similar to that in tieino-like lightest

neutralino scenarios with a largécosé;] value. For in-
stance, the tau polarization in the Higgsino-mixed neutralino
region with co97=-0.1 would look like the tau polariza-
tion in the B-ino-dominant lightest neutralino scenario with

—e"7777). Several curves for the tau polarization ratio cosé;~—0.3.
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06
065 | (a) =

07r

075 —

P(T+)

FIG. 4. (a) Tau polarization as a function of
cos@. for rz=2 and five choiced\=4, 8, 12,
16, and 20 GeV for the selectron deca’g
—e' 77 . (b) The ratio P(r*)/P(7") as a
function of cosd; for rg=2 and five choices\
=4, 8, 12, 16, and 20 GeV(c) The ratio
P(7")/P(7") for A=20 GeV and five choices
rg=1.0, 1.5, 2.0, 2.5, 3.0.

(b) \ |

03 02 -0.1 0 0.1 02 03

L]
o~

-]
-~

tef (e)

-0.3 -0.2 -0.1 0.1 0.2 03

0
Cos ef

In Fig. 6 we plot the normalized distributions for the final aboutp:=7.5,5.8,4.3 GeM\6.0, 4.9, 3.7 GeYfor the final
state electrons and tau leptons as functions of their transversgate tau leptor{electron distributions as we vary the
momentapy in the selectron rest frame. Here we choose theérom 20, 16, to 12 GeV accordingly. It should be noticed that
model parametersi, =200 GeV,rg=1.2, cos§7=—0.15.  when the mass differenck is too small, the final state tau
We plot three different values & =12,16,20 GeV, respec- may be too soft to detect and the determination of the tau
tively. As seen from the figure, the peak values occur apolarization would be a challenge. However, if the mass
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-0.4

-0.5

0.6 FIG. 5. The dependence of tau polarization on

Pt the mass differencd =mg_—nm;. with different
(T) R 1 ;

cosé; values. Curves are plotted both in the

07 B-ino-like neutralino scenario and in the
Higgisino-like neutralino scenario for the decay

o8 process ez —e* 777 . Here we choose the
model parametersmg =200, |u[=300, m,
=400, m,=800 GeV, and tap=10.

0.9

! 0 5 10 15 20 25

A(GeV)

splitting is large enough, the polarization of the final state tau The measurements of tau lepton polarizations in the slep-

lepton can be measured. ton decays provide another window for studying the SUSY
AccorQing to .the numerical results the knowledge of themodel parameters. In the right-handegdlimit, the tau asym-

tau polarization in the three-body slepton decays can providgetry ratioP, is solely determined by the mass difference

another observable and may help to reveal the stau mixingarameteA. Numerical studies show explicit dependence on

angle and/or theB-ino-slepton mass raticnng;/mg,R in the  the stau mixing angles and/or the mass ran'p/ng.

small mass differencé <mg_ limit. Experimentally, there We also studied the distributions of the final state elec-

tions in the selectron decay by observing its subsequent tat€ntapr in the selectron rest frame. The energy spectrum of
decayst — 7 v, and 5. The tau polarizations the final state leptons are mainly determined by the mass

can be obtained by measuring the spectrunEgf /E = in difference rat|oAErrréR— .. In our chosen parameters

the decays. Mg, =200 GeV,rg=1.2, cosf7=-0.15 as we vanA from
12, 16 to 20 GeV, the peaks of the distributions range from
IV. CONCLUSION pr= 4.3, 5.8 to 7.5 GeV, respectively. However, if the mass

difference is too small, the final state tau lepton will be too

In this paper we investigated the tau polarizations for thesoft and the measurement of the polarization would be very
three-body slepton decays under the stau NLSP scenarios §ficult. But if A is large enough such that we can measure

the small mass difference limX<nw; . The exact formulas jis polarization, the knowledge of tau-lepton polarization
for calculating the slepton decay rates at the tree level armay help in determining the parameter space of a typical

provided in Sec. Il. GMSB model.

0.18

016

o.14r

of2p

FIG. 6. Leptonpt distributions in the rest
%:PL(” frame of thee; decaying toe’r*7~. Normal-
T

ized pr distributions for finale (dot-dash lines
and 7 (solid lineg for the model parameters with
Mg, =200 GeV, cog;=-0.15, rg=1.2, andA
=12,16,20 GeV, respectively.

.08 I
Qo8P ¢
0.04F ¢

0.02 Iy

20
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