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Sleptons can easily be found at future linedre™ colliders if kinematically accessible. Measurements of
their masses and decay distributions would then determine MSSM parameters. This paper presents a detailed
MC study of the production and decay of the lighter scalé&pton,7,, decaying exclusively into the lightest
neutralino. We found thaty;, and ¢ (the left-right mixing angle of") would be measured within an error of
a few percent. It is also found that {&ns determinable in some region of the parameter space through
simultaneous studies af;- ande-pair production: the polarization measurement of théeptons from7,
decays and th# ;, myo determination usingg pair production and decay. We also point out the possibility to
determinegaz . through the measurement of the angular distribution ofgdeair production. The error on
the coupling is expected to be comparable to its typical SUSY radiative correction, which is proportional to
log(mg /my). The radiative correction affectd, and tarB determination, necessitating the full one-loop radia-
tive correction to thég production processes. The implication of these measurements of the MSSM param-
eters on selecting models of the origin of supersymmetry breaking is also disd.&3866-282(96)03823-4

PACS numbeps): 14.80.Ly, 12.60.Jv, 13.16.q, 13.88+¢

I. INTRODUCTION This is indeed the case at proposed future linebe™
colliders(LC’s) operating at/s=500 GeV[5-8], which are
The minimal supersymmetric standard mo@B5SM) [1]  designed to provide a luminosity in excess @f=30
is one of the most promising extensions of the standardb ~'/yr [9,5,8. It should also be stressed that the back-
model(SM). It predicts the existence of superpartners of SMground fromW boson production to SUSY processes can be
particles (sparticles below a few TeV to remove the qua- suppressed drastically thanks to the highly polarized electron
dratic divergence which appears in radiative corrections team available only at linea" e~ colliders[5,6].
the SM Higgs sector. The model is thus free from the so- The production and decay of the lighter chargjpp and
called hierarchy problem inherent in any nonsupersymetrigeg|ar lepton® and z at a LC are studied extensively in
(non-SUSY grand unified theoryGUT) models. It should  previous workg9,5—8. In particular, it has been shown by
also be noted that the gauge couplings unify very precisely afjonte Carlo(MC) simulations that some relations among
high energy in the MSSM, consistent with a SUSY (S soft SUSY-breaking parameters, which are predicted in
GUT prediction[2]. minimal supergravity(MSUGRA) models, can be tested
Supersymmetry is, however, not an exact symmetry ofery stringently[5,6,8. It has also been pointed out that one
nature; instead, it should be somehow broken to give a masgan verify some SUSY relations, such as that between the

difference between each particle and its superpartner. Varisg_giagonal elements of the chargino mass matrix and the
ous attempts have been made at explaining the existence Rfsss of thaN boson or that between gauge boson-fermion-
soft SUSY breaking3,4]. Those different models of SUSY o mion and gaugino-sfermion-fermion couplings.

breaking lead to different relations among the soft breaking In this paper, we discuss production and decay of scalar

mass paramejters at some high energy sbbig; this SC"?"e leptons7 and€g, and show how various MSSM parameters
could be as high ablp, or as low as~10* GeV, depending : .
can be measured from their production only.

n the models. Evolving the m rameters with the renor- . . ) . . .
on the models. Evolving the mass parameters with the reno The 7 is a very interesting object to study, since its mass

malization group equatioRGE) of the model fromM g5 to - )
the weak scalé/ .o, one thus ends up with different spar- parameters depend very sensitively on phychs a.t the GUT
scale Mgyr) [10]. In SUSY-GUT models ther is in the

ticle mass spectra. I M >
Precise measurements of masses and interactions of st@Me multiplet witht aboveMgyr. Therefore ther is ex-

perparticles will be one of the most important physics target®ected to have a very large coupling, proportional to the top
once they are discovered. If the precision reaches a certaitkawa coupling, to color triplet Higgs bosons predicted in
level, we will be able to test if a new particle satisfies rela-GUT models. Even though all sfermions have equal mass at
tions predicted by supersymmetry. It will also enable us toMp in MSUGRA models, the large Yukawa coupling re-
measure SUSY-breaking mass parameters and to discrimiiuces thér mass atM gyt compared to those of the other
nate between models of even higher energy scale responsitdealar leptons, which might be regarded as a signature of
for SUSY breaking. quark-lepton unification at the GUT scale. This observation

implies that the stau can be found earlier than the other

charged sleptons, which is also phenomenologically interest-

*Electronic address: nojirim@theory.kek.jp ing.
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In order to obtain the GUT scale mass parameters, onthe typical radiative correction to the SUSY relation
has to evolve the mass parameterdvig}., toward Mgyt UBege,= \/Eg’, which is proportional to logtg/my). This is

This requires knowledge not only of the mass matrix at  he first example where radiative corrections to couplings

Muears but also of the weak scale Yukawa coupling inolving superpartners might be measured experimentally.
Y,=—gm,/(V2mycosB), which is determined by the ratio We also discuss what tHé (7— 7x ) measurement im-
of vacuum expectation values {anY . may have very large i the limit wh d ltl In thi
effects on the RG running cnﬁ;1 for tanB3~50: Such a large plies in the fimit w ereXl is dominantly gaugmo n s
value of targ is expected in a minimal S@0) GUT model limit, the sensitivity to tap dlsappears since nt)rH1 inter-
[11] action is involved in thérry 2 71 coupling. However, in this
The measurement &f . is known to be difficul{5], butit ~ case, we show that sensitivity to the chiral natureroB
has been pointed o(ii2,13 that the decay distribution of coupling emerges, offering another test of a supersymmetry

7 contains some information on this coupling. relation.

7 production and decay are different fr@or u, because The organization of this paper is as follows. In Sec. Il we
of the non-negligibler Yukawa coupling involved in their review the physics involved in the; mass matrix. In Sec.
mass matrix and interactions. Because of this coupling, Il A, we describe the relation between the weak scale param-

and 7 mix, and the mass eigenstates are not necessanl@rtersm M5, and ¢> and GUT scalér mass matrices in
current elgenstates The same Yukawa coupllng appears agygiajl. The |mportance of measurig and targ is stressed
non-negligible 77HY coupling, where H1 is a neutral there, since it allows us to check the relation betwegrand
Higgsino. This interaction is involved in decay into a neu- m- at Mg,;. Section Il B is devoted to describing the pro-
tralino (Y?) and = or a charginog; ) and v,, since the cedure to determine t#n from the measurements of
X's are mixtures of Higgsinos and gauginos. P.(7— 7x) and oféeg pair production. In Sec. Il C, we dis-

Another feature of decay that distinguishes it from other cuss the energy distribution &fdecay products, from which
slepton decays is that the daughtelepton from the decay P (7— 7y) and m;, are measured.

T—>X| 7 further decays in the detector, which enables us to oyr MC studles ofr pair production and decay are de-
measure the average polarization of theP (7—7x)]1[14].  scribed in detail in Sec. Ill, where one can find our error
The 7 lepton from'7, decay is naturally polarized. The po- estimates orm=, 6+, and P, for f£dt=100 fo 1. Some
larization P in the decayq-l—>X, 7 depends orY,. This  preliminary studies have been given in proceedings reports
dependence arises because the interaction of gauginos with3], where the effects of the"e 7"+~ background were
(s)fermions preserves chirality and is proportional to a gaugenot properly taken into account. In this paper, we present our
coupling, while the interaction of Higgsinos flips chirality final results with an optimized set of cuts to remove the
and is proportional tof .. P, from decayingr, reflects the  background, while minimizing acceptance distortion for pa-
ratio of the chirality flipping and conserving interactions andrameter fitting. These cuts are detailed in Sec. Il A. The
is therefore sensitive t¥ . results of the fitting are discussed in Sec. Il B.

P, also depends on the left-right mixing angle#; and In Sec. IVA, we define a function called y?, which
on the neutralino mixing\;;, which in turn depends on allows convenient estimates of errors on MSSM parameters
(M1,M;,,u,tanB). 6z can be determined independently that could be obtained through fits ‘efand€ decay distri-
from a measurement of the pair production cross section. butions. Section IV B is devoted to the yardetermination
On the other hand, information dwi; must be obtained else- from a simultaneous fit 6F, and€g production using\ x?,
where, for example, froreg pair production and decay. Se- demonstrating a unique opportunity to measurestifrit is
lectron pair production involveschannel exchange of neu- large. In Sec. IV C, we go further to determie€r) coupling
tralinos. By studyingeg pair production followed by the to neutralinos. Section V then summarizes our results and
decay"éR—>e3('2, one can thus not only measure the mass oftoncludes this paper.
the}?g (m;g), but also very strongly constrain the gaugino

mass parameterM,. Making use of the measured _

P.(7—7x ) and assuming a GUT relation betweleh and Il. PHYSICS OF 7,

M2, we can in princip!e determine all the parameters of the A Origin of supersymmetry breaking and the mass of7
neutralino mass matrixM,u, and ta. One purpose of

this paper is to reveal the feasibility of the ameasurement TiR) IS the superpartner of (), the third generation
at future LC’s. lepton. This makesr a unique object in the context of

SUGRA-GUT modelg10].

In minimal supergravity models, SUSY breaking in a hid-
den sector induces a universal soft breaking nmagsa uni-
versal gaugino maskl,, and a universal trilinear coupling
) . . - A, through gravitational interactions at the Planck scale
turns o~ut to prowde_ clear information on t&e_R'eR COU-  My,. If the soft breaking masses remain universal from
Pling gge e, Assuming that theg angular distribution can \, _ through Mg, this boundary condition results in the
be reconstructed from that of daughter electrons, we find thagnjversality at the weak scale of sfermion soft breaking
the sensitivity to the couplin@ge_ e, Would reach~1%  masses within the same representation of the
(which corresponds to a few percent sensitivity to the pro-SU(3)XSU(2)xU(1)y gauge interactions in the MSSM as
duction cross sectignThe sensitivity is then comparable to long as their Yukawa interactions are negligible:

Another aspect of th@g and 7, measurements is also
treated in this paper. In the high energy limgg production
involves s-channel exchange of the U({d)gauge bosorB
andt-channel exchange of its superpartigr The process
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5 . . .
M| ea= (MG VD 2+0.5MGYT)?, (13 Yet another source of the reduction of; is left-right

mixing [16]. The mass matrix of a slepton fIachrL (TR) can

2 be written as
MElweai= (MU N2 +0.15MgYVT)2. (1b)

Herem( g, is the soft breaking mass of the superpartner of a MZZ( ML mLR)

left- (right-) handed lepton, andh$"" and MSYT are the

universal scalar and gaugino massedvigdyr. The model 2

also predicts the following relations among gaugino soft ( mr+mi+0.2D  —m(A +utans)

breaking mass parameters: =1 (A + utang) mg+m|2+0 o | (5
= .
5 . o : .-
M 1:3ﬂ MSUT, Mzzﬂ MSUT, Ms:ﬁ MSUT, Here u is the Higgsino mass parametéyj, is the coefficient
@6 “e @G of the soft breaking term proportional tt-I,-H,, and

2 . . .
@ DE.—_micos(Z%). The left-right mixing element r?g) is
whereM;, M,, and M are the masses of U(1) SU(2), negligible for the Ilghtgr generations. Howe_ver, for if
and SU(3) gauginogcalled B-ino, W-ino, and gluino, re- tanB~50, the suppression from a factor of. is compen-
spectively. ag is the gauge coupling a¥lgyr where the Sated as long as the diagonal mass parameterO@rgy).
a;'s unify. The mixing is also non-negligible |fn,_T,mRT<,u. Mixing
Equation (1) does not apply for7, due to the possibly makes the lighter mass eigenvailme;1 lighter than diagonal
large 7 Yukawa coupling allowed in MSSM. The Yukawa mass terms. The mass eigenstates and eigenvalues are ex-
interaction of the third generation fermions is described inpressed as
the MSSM by the superpotential _
cos¥; singz\ [T 5
| —singz cospz/\ TR/’ (63

T1
Wy=Y H,E°L+Y,H.D°Q+YH,UQ, 3 <~

T2

where H; (H,) is the Higgs doublet with hypercharge
Y=-1/2 (1/2) that gives masses to dowfp-) type fer-
mions after SU(2XU(1)y symmetry breaking:
(H)=((1/y2)v1,0) and (H,)=(0,(1\2)v,). Fermion mz —mi

masses are thus not simply proportional to their Yukawa tan9;=m—2. (60)
couplings but depend on vy, as well:

Y= —gm,/(y2mycosB), where taB=v,/vy. In asimple = may hence be lighter thad, even in a model with a

SQ(10) model where all the Yukawa couplings are unified atcommon soft breaking sfermion massMi,ea.

the GUT scaleY,~1 atMgyr and tarB is predicted to be We learned that determination of farcharacterizing the

around 5( 11]. For such a large tg the contribution of the  RG running ofm= from Mgyr to Myeq and of the weak

7 Yukawa interaction to the RG evolution ofrz is nON-  gca1e7 mass matrix parametrized by ,m-=_, and 6~ is
Tq? T

. - . . . . . . 7'21
negligible.m~ receives a negatlvg radiative correction gpmgnecessary to extract: andmz at Mgyr. The values at
down from Mgyt t0 Mea, l€ading to a mass reduction ) Sk T -

compared toms. Numerical values of th& soft breaking Mgyt are interesting since they sensitively depend on the

masses aM . for a unified Yukawa coupling at the GUT nature of quark-lepton unification, as has been emphasized
scaleYeyr=1 can be obtained usird.5] recently in Ref[10]. The reason is the following: In simple

grand unified models such as supersymmetric(180 or
SU(5) models, therg ) superfield is in the same multiplet as
the top quark superfield abovd ;. Thus from Mg, to
Mgur, the 7gqy supermultiplet is subject to the same
mé :0.13MOGUT)2—0.23nH|éUT+ 0'55n|éUT' (4b) Yukawa interaction as the top quark. This redumﬁ [and
! m{ ] atMgyr from that atM, for the SU5) [SO(10)] GUT

Herem| gyt is the universal soft breaking mass of sfermions,model[10]. The reduction is predicted as a function of the
and my| gyt is the soft breaking mass of Higgs bosons attop Yukawa couplingYy, mo, Mo, andAg. mg_and mg_
Mgur, which may be different fromm|gyr in the SA10)  could be as light as zero &l gy for a large value ofA,,
model® One can subtract Eq1) from Eq. (4), after setting  even if mgq&o,
Myl cur andm|gyr equal tomgY™, to single out the maximal Phenomenologically the MSUGRA-GUT suggests that
possible effect of the Yukawa RG running froMgyr to 7, can be the lightest charged SUSY particle, thus to be
Myeak- The effect reduces the coefficient cmg‘” 2from1 observed first, or might even be the only SUSY particle to be
to 0.32 formz and to 0.65 form? . accessible at the first stage of proposed next generation linear
R L e’e™ colliders. However, we should stress that there exist
models which predict totally different soft breaking mass

The original formula in Ref[15] containsD-term contributions, ~Parametersmg g . Dine, Nelson, Nir, and Shirman re-
which we have neglected here. cently constructed a relatively simple model which dynami-

me = 3[mf +mies (M —mZp2+4(mR)?], (6b)

2
mi =0.53MGV")?—0.1amy|Zr+ 0.7MI3yr, (49
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cally breaks SUSY at some intermediate scptel10°’
GeV] [Dine-Nelson-Nir-ShirmanDNNS) model [4]]. The

breaking is then transferred to our sector by a U(&auge \ TR \ JL
interaction, whose scaM,, is ~10* GeV. Its prediction of

the gaugino mass parameters turns out to be the same as that

of the MSUGRA model. This is not the case for the slepton Tr / TR
masses, which are predicted to be commonl{q) and

Ir, respectively, aM,:

o~
0
H;

2

FIG. 1. Interactions of neutral components of gauginos and
) 3( az)z 5(1)2( a1>2 7 Higgsinos with7g and 7, or 7g.

i an

3

4 The 7,-to-neutralino or chargino decay branching ratios

depend on the scalar mixing 6+ and the parameters of the
—> 5[1\% a;\? gaugino sectokM,, (M,), u, tan3). The measurement of
mﬁ“g 2 \ax (7b) the 7, branching ratios might give us extra information on
these parameters, but the existence of various decay modes
also makes the analysis @f production very complicated.
OThis point has been discussed in previous wdtkd in de-
tail, and we will not repeat it here.
Hereafter we concentrate on the case in whichhés

Unlike in the SUGRA-GUT model, the slepton masses d
not run too much fronM,, to M ear, 8SM, is considerably
closer toM .5 and there is no strong Yukawa interaction

involved at these energy scales. . . .
The determination ofy , My , and mgz at the GUT j[he sg%onq lightest SUSY partlcle 'and decays exclusively
4 T m into 7y ;. Figure 1 shows the interactions of the neutral com-

scale would therefore give us a good handle to distinguisrﬂ)Onents of ; — P ;
. gauginos and Higgsinos withand 7. The inter-
the MSUGRA and DNNS models or if the scale of SUSY action is completely fixed by supersymmetry. Namely, the

breaking is below or above the GUT scale; it is hot enough ) ~ . .
~ coupling of therg to B is proportional to the (1) gauge
to only observan=<mg, but tarB and 8> must be measured ~

oo ~ . ; ~ coupling g;, while the coupling toH$ is proportional to
to determinem;_andmg_atMgyr. This shows the impor Y.. The two interactions have different chirality structure.

tance of precision studies of production and decay;08t  The (supejgauge interaction is chirality conserving, while
future LC's. We discuss in the next subsections how we cafhe (superyYukawa interaction flips chiralitfin the figure,
measure these parameters usmgpair production and de-  he arrows next to the and 7 lines show flow of chirality.

cay. Since the polarization of the lepton P (7r— 7x 5) mea-
sures the ratio of the chirality flipping and the conserving

B. Determination of MSSM mass parameters interactions, it is sensitive to tg@n
from production and decay of sleptons As we mentioned already, the gauginos and Higgsinos are
not mass eigenstates, but they mix to form the neutralino

Information on 6+ and taB can be extracted from the
production and decay of [12,13. In this subsection we
sketch our strategy to do this. The determinatiomnq]; will

be discussed in Sec. Il C.

mass eigenstatég’(i=1, . . .,4). The7g and7, also mix.
Hence théy ?Flr couplings depend not only on tarbut also
on the stau mixing)> and the neutralino mixindy;; , where
A ’; decays into a Chargin’ﬁ; (l :1'2) p|us av,, or a Nlj is defined beI _NilB+ Ni2W+ Ni3H1+ N|4H2 There-
fore, the measurement @&, alone cannot uniquely deter-

7, plus aW™ oraH ™, or a neutraling? (i=1, ... ,4)plus . - . ;
a 7. Here the neutralinos are some mixtures of the neutra]r[r]'r_]eYT unIessGT_ andNj; are spegf(;e_d. For exa”_‘p'e’ in the
= o= imit where the lightest neutraling ; is a pureB-ino state

g%mponents of gaqglnos and H|gQand3, (W, Hj, and &Nllﬂl) and in the"r'lﬂ?R(,_) limit, P, is expressed as
H5), and the charginos are some mixtures of the charge

components. Throughout this paper we assume that the light- —  4sirf6~—coLh-~

est SUSY particle(LSP) is the lightest neutralinoyS. P.(f,—Br)=——F———, (8a)

Because oR-parity conservation in the MSSM, the LSP is 4sir? g+ cos

stable and escapes from detection. The decay products of any ) )

SUSY particle contain at least oié,. P (FamX oT):(g V2Ny5tandw)®— (Y Nsg) 8b)
When both of the pair-producéd decay intoy S+ 7, the TR AL (92N tandy) 2+ (Y N9

event yields a simple acoplanaf v~ final state. If7, decays

to heaviery ? are allowed, the event might contain associated - (V2Y,N19)%— g2(Nyo+ Nystanby)?

jets or leptons. Notice that if thg ° decays intovvy { the P7L—X 17):(\/§Y Ny2)2+ G2(Nypt Ny gtanfy)?

event has the same signature as thatef 7y . If one or e/ TRz Ratafw (80)

both7,’s decay intoy;” +v,, the event results in only one
or zerot lepton + jets or a leptort missing momentum.  respectively. In the gaugino dominant limR,. does not de-
pend on tap as expected. On the other handNif; is non-
negligible,P . depends on tg®, but how it depends differs as
%Even if we take a very larg¥, at the GUT scale, the weak scale Sing; varies from 0 to 1. The interactions involving,
value of Y, is smaller compared to that of, andY;,. S('io, andy;” and the dependence Bf. on these interactions
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mg0o=100GeV contours thet-channelB exchange. One can see that only the interac-
B AL tion with the U(1), gauge bosonRg) and the gauginoR) is
' relevant in the limit, sinc@g is an SU2) singlet.
The differential cross sectioo(e*e” —~€r€R)/coH is
very sensitive tdV ;. In Ref.[6], €€ production and their

400 F

200 —
= I subsequent decaygs —e™ Y have been studied in detail. It
o . ~
S, ] was pointed out that the three-momentumegfcan be de-
= rived from the momenta of the final-state electron pair with a

I e T ] twofold ambiguity, provided thang and myo are known.
-200— |/ - ~ ~ i

Y 1 Theeg andx‘f masses can, on the other hand, be determined

Lo 1 from the energy distribution of the electrons with an error of
—400— |I: o 7 ~1 GeV. The study o€y therefore provides two out of the
50 100 150 200 250 300 350 three parameters of the neL_Jtrallno sector. The remaining

freedom of tag can then be fixed by, (7,— 7).
M[GeV] In order to illustrate how the above procedure works, we

calculate the cross section contours &re” —€r€5 and
P.(7r— Tx (1’), fixing myo at 100 GeV and varying/, and

tanB. Curves in theM ;-u plane which satisfy th@? mass
constraint are shown in Fig. 2 for different values of gan
are listed in Appendix A, together with the definitions of With the mass constraint, one can specify the position in the
neutralino and chargino mixing angles.

Now let us turn to the determination @f; andN;; .

7, Mixing angle#. Since a polarized electron beam will 10 s
be available at future linea" e~ colliders, the mixing angle clo
6~ can be determined by the measurement of the production i I
cross section foe*e”—71 7, [12]. This can easily be seen sl i Jewo
by taking the limitm,</s and P,=+1. In this limit, the i
7 production solely proceeds through the exchange of the
U(1)y gauge bosorB. The hypercharge for (g is —1/2
(—1); thus,o(7r) ~40 (7). Though the cross section also
depends upomn it can be separately extracted from the
energy distribution ofr decay products or from a threshold
scan[12]. _

Neutralino mixing angles N [6,13]. The neutralino mix- 2 |
ing N;; depends orM,M,,u, and ta. If we assume the 00 180 200 20 300 350
GUT relation M;=5a4/(3a5)M,, we can determine two (a) M,[GeV]
out of the three parameters usiBg€ pair production as
we will discuss below. Combining it with theo and P, 5
measurements, one can then determine all the parameters of Tl
the neutralino mass matrix in principle.

The eg pair production proceeds though tisechannel
exchange of gauge bosons and thehannel exchange of
neutralinos. We list the amplitudes for tge” —€5€x
production in Appendix B. In the [imitM,u>m;,
Js>m;, andP,= +1, the amplitude reduces to

FIG. 2. m;tl)=100 GeV contours in th#,-u plane: Solid and
dotted lines correspond to t8r 1.5 and 30, respectively.
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where 6 and B¢ are the polar angle and the velocity of the  (b) M,[GeV]

‘€ - The first term in the square brackets corresponds to the

s-channel exchange of gauge bosons and the second term toFIG. 3. () o5+ contours withmg =200 GeV,/s=500 GeV,
andP.=1 in theM,-tanB plane. At each point of the figure, is
chosen so tham;r£=100 GeV. Solid lines correspond toa>0

3For any numerical calculation in this paper we assume the GUolution and the dashed linese< 0. (b) P,(7r— 7x}) contours in
relation, though the ratio might be determined model independentlythe M ;-tan3 plane with the same neutralino mass constraint. Only
using chargino productiof®,7]. the contours ofu>0 solutions are shown.

i M—iBsg’tarf 6,ysing| 1—

100 200 300 400 500 600
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parameter space of the neutralino sectohbyand tag, up ~ masses at the low energy scale are consistent with the posi-
to a twofold ambiguity of positive and negatiye solutions ~ {ive scalar mass requiremerett Mgyr.
for the largeM ; and tarB region or up to a threefold ambi-
guity of two solutions in the negative and one solution in C. Energy distribution of 7 decay products
the positiveu regions for small valuésof M, and tarB.
The 0% %, contours corresponding to positive and nega-
TT!

tive 1 solutions are shown in Fig(8 as the solid and dotted  om the7, decays. As discussed in Secs. Il A and Il B, these

lines, respectively. The difference of the two solutions isparameters are important to determine both#hmass ma-

larger for smaller ta@. For tan3>10, the difference be- iy and tang. In Ref.[12], one of ussM.M.N.) has proposed

comes negligible. measurements using the pion energy distribution in
The dependence on t@n is also mild for 7 .39 .39, |n this paper, we discuss measurements

o(ete” —€ReR), since it only comes in though the effect using the decay chain—y 27— Spv,, since we find this

of the gaugino-Higgsino mixing, which is suppressed bychannel advantageous oversy %7y, as explained below.

mZ/max(M;,.)> and sirfd, compared to the leading term. st consider the primary decay- 7x . The kinematics

The effect is visible for taﬁ<5 but it essentia”y vanishes is ana|ogous to thﬂé or ’,ZJL cases studied in Relfﬁ] The

for tan3>10. On the other hand, the cross section is veryenergy distribution is flat between the end points given by

sensitive toM 4 as expected: It decreases monotonically with

increasingM, and turns out to be extremely small when T EX+pp:

M~ /s, where the-channel ang-channel diagrams almost maxmin>:W’

cancel each other. T
Figure 3b) is a contour plot ofP, (7r—xJ7) in the

M-tang plane. As long as, is not very close ton, the where EY and p} are ther energy and momentum in the

parentr rest frame,

In this subsection, we discuss the measuremenm@f
o7z, and P from the decay distribution of the leptons

(10

polarization depends on tg@rsensitively in the region of the
parameter space shown in the figure. As one can easily see

from Figs. 3a) and 3b), if we know M, precisely from the m?;—m;m— m?
er productionfgoss section, we can extract@dy measur- E¥ :—1, p¥ = \/(Ej)z_ mf, (11)
ing P (7r—x3i7) unless M1~m)~(clJ. Notice when 2m

M~ myo, the lightest neutralino is gaugino dominant and

there is no significant Yukawa coupling involved i, as ~ and Bz=(1-4m3/s)"? is the T velocity in the laboratory

shown in Eq.(8a). Therefore we cannot expect any sensitiv- frame. Knowledge of the two end point energies allows us to

ity to the 7 Yukawa coupling in such a region of parameter detérminemz andmso, unlessgz is very close to 1.

space. ForM1>m~g, the lightest neutralino is Higgsino However, ther decays intoAv,, whereA=eve, uv,,

m, p, @y, etc., andp™ further decays intar~7° anda; to

m= = w* or = w07°. Thus the signature of the* 7~ pro-

duction is an acoplanar two-jet event with low multiplicity.
In the limit E.>m_, the decay products keep the original

7 direction. However, the visible energy is smaller since

some of ther’s energy is carried away by neutrinos. In order

tt())edeterminem; and Mo, one must reconstruct the original

7 end point energies from the energy distribution of the de-

dominant and}?g has significant Higgsino component. In
such a case, some sensitivity to gais expected for a mod-
erate value of tafl where the first and second terms of the
numerator of Eq(8b) are comparable.

Notice that in Fig. 3 we did not exclude the region for-
bidden by the minimal supergravity model. In MSUGRA,
one has to require the square of any scalar mass parameter

positive atMp;. This condition leads to the following in- .
equalities atM eq Mz_=10.8M7+0.2D [see Eq.(1)]. g‘."‘y products. In Figs. (@) and 4b), we show the energy
] _ istributions of thep and 7 from a decayingrg ) with a
For instancemg_ =200 GeV requireM ;<215 GeV. If we  fiyed E_in the limit E,>m_[18]. The energy distributions in
find M1>215 GeV, it will immediately bring us to conclude the c.m. frame are obtained by convoluting these distribu-
that the SUSY-breaking scal®gg is much lower than tions with ther energy distribution, which we show in Figs.
Mgur, and aboveMgg the theory is different from the 4(c) (for 7,— 1) and 4d) (7,— 7 ) for a representative set
MSSM. In the following numerical calculations, we will not of parametersn;, =150 GeV,my;=100 GeV, andy/s=500
assume the positivity of the scalar potentiaMgr, since  Gev.
the existence of models witM gg<<M g7 IS not excluded.
The DNNS model is an example of such a model with
Mgg<Mgyr, although their resulting slepton and gaugino SAnother important set of constraints could be obtained from re-
quiring the scalar potential neither be unbounded from below
(UFB) nor have charge- or color-breakif@CB) minima deeper
than the standard minimufii7]. One would then find strong con-
straints onmy, and ms,, at the weak scale, depending gnand
“The ambiguities inw might be removed for ta®<10 by mea- mﬁz. In this paper, we do not consider these constraints, since we
suring other processes such as chargino production and decay. will not specify ms,. mﬁz, andu in the later analysis.
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FIG. 4. (a) and(b) Energy distributions of the and = from (a) 7z decay andb) =, decays with a fixe&E, (E,>7) as functions of
z=E,(,/E.. (c) and (d) Energy distributions of the and = from a cascade decay of afor mz, =150 GeV, m;gzloo GeV, and

\s=500 GeV. Thér decays exclusively intog in (c) and(d).

The 7 energy distribution depends &h, very strongly. It Furthermore, the polarization of themeson depends on
is harder(softep for a #~ from a TR(L) [see Figs. &) and P, very strongly, which can be seen in the distributions of
4(d)], due to angular momentum conservation. However, & 1, in Figs. 4c) and 4d) (dashed lines Namely, a7y
substantial correlation betweéh and the number of identi- decays mostly to a longitudinally polarized meson p,)
fied events is expected due to the inevitabl|g andPr cuts  and a7, decays mostly to a transversally polarizetheson
to remove thee*e™ 7 7~ background9]. As we will see in (p7). One can thus determirie, by measuring®, , which in
Sec. lll, applying these cuts drastically reduces events ifi,rn can be determined from the distribution ’Z)f helecay
lower energy regiorE<E;,, where most of the events re- nroducts. Ap™ decays intor*#°, and the distribution of
side forP_~—1.[The maximum and minmum energies of E,= inthep m— =~ 0 decay is a very simple function of
the original 7 lepton E .,y are shown in Figs. @) and  z =E_-/E,, whereE, is the total energy of the jet to which
4(d).] If Ef;»=P$" it is thus hard to measure the energy the == belongs, and can be written in the fofit8]
distribution precisely, which results in large errors Bf;,
andP .. This uncertainty irP , also affects the determination

of E . @s the energy distribution ne&f, ., depends orP . dl'(pr—2m)ldz~22.(1—2,)— 2m3Im2, (123
. .. PT Z: C C 7 po
strongly. Finally, the acceptance dependsRn giving ex-
tra uncertainty in the; total cross section measurement.
The p mode is preferable to the mode in these aspects. 5
The dependence of the energy distributionpofesons on dI'(pL—2m)/dz.~(22.—1)%, (12b)

P is mild, since kinematics forbids low energy mesons.
The energy distribution is peaked ndgf,, for anyP,. The
P, dependence of the energy distribution né&gr,, is also
moderate. Because of this pseudpindependence, we can
carry out the determinations of> and (m;g) and the cross

section without any strong correlation By..

where we have ignored term®(m/E2) but retained
O(m2/m?) contributions, and z, is_in_the range
(1-8,)12<z.<(1+pB,)/2, with 8= \/1—4m27,/mp2.

By fitting the z; distribution together with thé&;e, distri-
bution, one can determine bokh. and ms,. The error from



54
the smallP . dependence of thg, distribution is reduced by
the simultaneous use of ttzg distribution.

I1l. MONTE CARLO SIMULATIONS
A. Event selection

In this section, we investigate the feasibility of thatud-
ies outlined above at future lineaf e~ colliders.

As discussed in the previous section, measuringEhe
distribution of the cascade decay,—7—p and the
z(=E,+/E,) distribution of the subsequenp decay
p—m*m°, one can determinen; , P, and 6. However,
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(2) both of the two jets must clear the polar angle cut
|cosfe] <0.8; (3) the net charge of each jet must be unity
and opposite in sign to that of the othéf) the acoplanarity
of the two jets has to be large enough,>30°; (5) these
two jets have to have invariant masses consistent with
hypothesis Mgy, Miey<<3 GeV; (6) the missing transverse
momentum P5) has to exceed 15 Ge\7) there has to be
no electron or position abové,>50 mrad from the beam
axis.

In addition we need cuts to identify decay products as
p or a; in order to analyze each decay mode separately.

p cuts. A jet with twoy and oner™ candidates is iden-

in order to measure these parameters, one has to introdugified as ap™ — =~ #° candidate ifm,,<0.25 GeV and
cuts to control backgrounds. We also have to reconspuct m;<0.95 GeV. If there is only one candidate in the jet
a;, or 7 from 7, decays with minimum mis-ID probability (y+ 7*), we requirem;,<0.95 GeV, assuming a possible
among these channels. The reconstruction efficiency heavilgluster overlapping in the calorimeter.

depends on detector performance, necessitating Monte Carlo a, cuts. A jet is identified asa, if it contains three
(MC) simulations with realistic detector and machine paramcharged’s only, or four or threey’s + one 7*, or two
eters. In this subsection we discuss the dominant backgroungls + one 7* with m,,>0.25 GeV.

from ete"—ete 7t

setup to reduce it. We also define our cuts to identifgnd

7 and present our cuts and detector

Cuts (1)—(4) are similar to the one used in the previous
studieq 6]. These cuts together with c(B) were designed to

a; and MC-examine the contamination due to misidentificateduce the background from gauge boson productions
tions. The result of the fit to MC data after the cuts will be (WW,evW,eeWW to less than 1 fb forP,=0.95 at

presented in Sec. Il B.

In the following we study a sample case ®f 7, pair
production followed by exclusive ; — 7y 5 decays. We will
not treat the other decay processes— 7 x°,(i=2) or

Js=500 GeV.

Cuts (2), (4), (6), and (7) are to remove the
e'e —e'e 7' background, where the two photons ra-
diated off from the initial-state™ ande™ collide to produce

v.x- where the expected event signatures are much mora 7 pair, while thee™ ande™ escape into the beam pipe.

complicated. The helicity amplitudes fat; 7; production

and their subsequent decays imﬁ‘{ are calculated using
the HELAS library[19]. The final stater leptons are gener-
ated using th@Asesor SPRINGpackagd20] and are decayed
with TAUOLA version 2.3[21]. The effects of initial state

In the previous Monte Carlo studies of the backgrounds
for sfermion productions, the*e™| "I~ backgrounds were
eliminated by cuts on acoplanarity angle akg [9]. The
same applies to theerr background in thér production
studies. One might worry about the decay giving extra

taken into accouni22].

energy of ther decay products compensates this effect. For
example, at the JLC1 model detectorPa>35 GeV cut

The end-product stable particles¥, v, e, u,...) are
then processed through a detector simulator, and are identogether with an assumed electron veto anglef’= 150
fied, if possible, as £~ ,y, ...) candidates. In this paper, mrad, the cuts on polar angleut 2), and acoplanarity angle
we assumed the JLC1 detector parameters, except for tHeut 4 turns out to remove most of the background events
forward electron veto system. The model detector is(Fig. 5. We have generated 110 &e” 7" 7~ events with
equipped with a central drift chambdiCDC: AP;/P,  0.<150 mrad, E, +E,>15 GeV, |co®]|<0.9, and
=1.1x10 *P,(GeV) ©0.1%)], electromagnetic and hadron BOacop>10°, using a codedeveloped by Kurod423]. The
calorimetersfEMC: AE/E= 10%/\E(GeV) &1%; HDC: corresponding production cross section is 1.10 pb, and there-
AE/E= 40%/E(GeV)®2%], and muon drift chambers, fore the generated events are abpdtt=100 fb ! equiva-
whose parameters can be found in R6f. The used detector lent. Twelve events survived cutél)—(5) and (7) and
simulator is the same as the one used in the previous studi®;>35 GeV: o(eerr)|,=0.12 fb=0.035 fb. Notice that
[6]. It should be noted that we tried to link charged paritclesvetoing e*’s above #>150 mrad allows the two-photon
detected in the CDC to energy clusters detected in the EM®ackground with thé?; of the 7 pair system up to as high as
or HDC, and when linked, we used the CDC information,75 GeV kinematically, and up to 37.5 GeV typically, since it
since it has better resoluction in general. To be realistic iris quite rare that the two initial-state particles give the maxi-
this linking process, we generated calorimeter hits with amum possible transverse kick in the same direction to the
finite shower size and simulated the cluster overlapping. 7+7~ system.

The event signatures for thepair production are acopla- Introducing such a high missing; cut might introduce
nar two jets or one jet- one lepton. The former mode is an extra correlation between the acceptaiocehe measured
cleaner since the latter mode suffers frakfiw, evW, and
eeWWhbackgrounds. We will, therfore, concentrate on the
former mode. We used the following basic cuts to select such®we have generated the*e 7" 7~ events in the phase space
an acoplanar two-jet eveft) There exist two and only two sufficiently larger than the one defined by c(@s and(4), because
jets for somey,>2.5X 10 2 wherey,, is imposed on the the reconstructed jet axes do not in general coincide with the origi-
reduced jet invariant mas&;E,(1— cost;,)/(Eyis) > Yeut; nal 7 directions.
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Energy Distribution of p Candidates for Different Pr Cuts

P; Distribution of Signal and Background
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FIG. 5. P distributions of events passing cuf)—(5), for FIG. 6. Ej distributions of 167, pairs decaying exclusively to

Js=500 GeV,m;1=150 GeV, andn;(c1>:100 GeV. The solid and 7 for different totalP; cuts: noP; cut (dotted ling, P+>15 GeV
dotted lines with higheP- tails are for 16 7 pairs decaying exclu-  (S0lid line), and FD{T>35 GeV (dashed ling P7>35 GeV is the
sively into 7, and 5 respectively. TheP; distribution of the  OPtimal cut for 6¢%°=150 mrad, whilePr>15 GeV for §"*°=50
eerr background, also shown in the figure, corresponds tgnrad.

fL£dt=100 fb 1.
the same cuts are 17.0% and 16.0% fBr=1 and

| f the pai ducti i dth | ,~—1, respectively. Jet energy distributions of
value of thér pair production cross sec ipan the pofar- p-identified events for differen® cuts are shown in Fig. 6
ization of a7 lepton from r; decay, because jet energies for® m= = 150 GeV.m~o=100 GeV. and®.= — 1. One can
become softer for a smallé (7— 7y) as discussed already 1 X ' T i

n Sec. lIC. Our MC simulation for ms, =150 signal events as expected, while for #hg>35 GeV cut, the
GeV, mp=100 GeV, and ys=500 GeV shows that acceptance diminishes drastically <50 GeV, making
17.3%@P,=1)/17.1%@P,=—1) of the generated signal the determination oE”.. difficult.

events are identified &g with no Py butE,;s>10 GeV cut] In order to realize the 50 mrad veto angle, we need to
while only 12.6%@,=+1)/9.8%(FP,=—-1) of them place additional veto counters in the beam background mask,
identified® for P+>35 GeV. Though the correlation between hich might produce extra beam backgrounds. On the other
P, and the acceptance is smaller than that of thenode,  hand, having a tighter forward veto can significantly reduce
andP . can also be constrained from thedistribution of the  the SM background in the lo® region, which will help us

p decays, the reduction of the acceptance by up to a factor @xtend our discovery reach to SUSY particles with a mass
2 and its strongP, dependence might be worrisomgee  which is very close to that of the LSP. Further studies are
Fig. 5 for thePP+ distribution of the signal events correspond- necessary to optimize the parameters for the extra forward
ing to 10* generatedr pairs and theeerr background for  electron veto. Another possibility to reduce the cut value
J£dt=100 fo L) It should also be noted that events with is of course to go down close to thepair production thresh-
smaller jet energies are less likely to be accepted. This mighi|d. If the 7 production is accessible af's=350 GeV,

see that thd?+>15 GeV cut has no significant effect on the

complicate the simultaneous measuremeningb andnmr,  p.>25 GeV must be enough to eliminate terr back-
as the measurement of the energy distribution &gy be-  ground.
comes more difficul{see Fig. 6. Now we are going to discuss tipeanda; cuts. These cuts

In this paper, we therefore assume a forward coveragare chosen to minimize contaminations mfto a, or vice
down to 50 mrad. The“e™ 7" 7~ production cross section versa due to mis-reconstruction of photons. As described ear-
for E,1+,2> 15 GeV, |cos9,]<0.9, Oacop>10°, and 6.<50 lier, the p anda, decays involver”’s, which in turn decay
mrad is 0.719 pb. Out of 70 K generatesle 7" 7~ into 2y’s. For a high energyr®, however, the two photons
events , which correspond t§£dt=100 fb !, only 19 are occasionally misidentified as a single photon due to the
events remained as background after applying €lits(7). cluster overlapping in the calorimeter, and therefore ahe

The overall detection efficiencies for the signal events aftesometimes has the same signaturepagigure {a shows
the jet invariant mass distributions of the events consisting of

a 7w and one- or two-photon candidates coming from

"The acceptance is smaller than that of the other sleptons sincewe 7~ — 777" — a7 p~ andw"a; . The solid histogram is
had to require bothr's to decay hadronically. The background to for p~ decays from 50 K7 pairs forced to decay into
the search mode where omelecays inte/ « is larger but expected 7" p~, and the bars are the data of 718(airs forced to
to be manageable. We also had to apply a tighter jet polar angle cut
to reduce thee*e™ 7+ 7~ background.

8The P, dependence comes mostly frafr,— p events, where %The jet energy distributions are slightly softer than that of Fig.
7’'s tend to have low energy foP .= —1. Those events are less 4(d), as the MC simulation includes beam effects and initial-state
likely to be accepted due to tHe; cut. radiation. These effects will also be included in the fits of Sec. Il B.
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jet invariant mass distributions decay intor*a; . The #"p~ data are scaled so that its

i ] T i relative normalization tor"a; is correct. Because of the
800 f o ) — misreconstruction, the events have a considerably smaller jet

r p ~»m 2% or 1y 1

invariant mass distribution compared to thatgfs decaying
into 277~ =" (dotted histogram The p cut on the invariant
massm;,<0.95 GeV only removes half of the, contami-
nation.

In Figs. 1b) and 7c), we plot the jet energy ang. dis-
tributions of thep candidates that satisfy the cuts in the
samen”p~ andw"a; samples. Solid histograms are those
from thew ™ p~ sample and bars are from the"a; sample.
The number of identifiedp events from 7w p /7" a,
samples is 4522/400 foP,=+1. The contamination is
larger for a higheE;; and a lowerz;. This is because high
energym”’s from a; decays have less chance to be identified

@

<)

1<)
f

Number of Events/bin
0 N
<o ()
< o
\ I

jet energy distributions of p candidates as two photons, thereby sneaking into thesignals. The
L e I I I same MC simulation told us that very feay decays could
i m=150GeV, mge=100GeV ] be reconstructed withl =3 if Ej;>50 GeV.
5400 - P,=+1, V5 =500GeV - The contamination affectsr; and P fit to Ej; and z,
% PR LT TP 1 distributions. In principle thea; contamination to thep
= 300 2 sample must be corrected for before the data are fitted to
5 ] obtainm; or P,. However, because of rather low expected
- 1 statistics (- 1400p candidates expected to survive after the
200 B cuts for 1d 7 pairg, we did not attempt to make such cor-
2 ] rections at all. We will see in the next subsection that input
§1oo - parameters of MC and the corresponding best fit values of
& P on aT P 1 them: andP, fits to ~10% 7, pair events are consistent with
I R L Sl At Ok LA TS E T B each other.
0 25 50 75 100 125
(b) Ejet[GeV]

2. distribution of p candidates ]
500 T B. Fit to MC data

In this subsection we present the results of our fits to the
selected MC data for representative sets of parameters, with
mz, =150 GeV, mpp=100 GeV, and\s=500 GeV, and
backgrounds fof £dt=100 fb~! and P,=0.95.

In Secs. Il A and Il B, we have discussed the importance
of measuringn;l and ¢~ to determine the weak scafemass

matrix andP, to determine ta. These parameters can be

measured by looking gt candidates fromr, cascade decay
(Sec. Il Q: m_ is measured through the energy distribution,

400 [
300 |

200 |

100 |

[ .
;1 II I[ITIlITf:IaII fEjTean] 1 sing; through the production cross sectimh, and P,

% 0.2 0.4 0.6 0.8 1 through thez, distribution.
© 2(=En/Ejer) In the following, we fit theE;e andz, distributions of the

p candidates selected from the signal MC data to numerical

. o . o functions calculated by convoluting the—p ) decay
FIG. 7. (8 Invariant mass distributions of jets consisting of spectra with the- energy distributions. The fit parameters are
7~ + one or twoy's for 77 — 7" xIx9, followed by M, My, P_, and the number of producéd pairs N=~

Y ot p v, (solid ling and w*a; v.v, (bary. The latter . _——
T —mp vy ) oyl (barg The results of the fit to 10and 5x10° 7,7, pairs will be

corresponds to misidentifiea — 7~ 77— 7~ 4y. We assumed X . . . .
the parameters of the JLC1 model detector. The invariant Imasg_hown in this section. Notice that the production cross sec-

distribution for the jets from a, three-prong decays tOn Of 7r(7) with m>=150 GeV is about 0.09 p{®.02 ph
(af —2m =) is also shown as the dotted line. Because of thefor Pe=1; therefore, the generated “18, events roughly
photon mismeasurements, the jet invariant mass distributian of correspond tg' £dt=100 (400) fb !, respectively(see Fig.
one-prong decays sits below the one for three-prong detiaykhe 1 of Ref.[12]). The fit will be extended to include the mea-
jet energy andc) z. distributions for the events that satisfycuts. ~ surement ofeg production and decay in Sec. IV, to obtain
The solid line is the distribution fof *7~— @ " p~, while bars are  the error on tag.

of 77-—m*a; as before. The contamination is larger for small ~ We first describe our calculation of the theoretical distri-
z or higherEje,. butions for the fit. As we mentioned earlier, thg, and/or
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TABLE I. Dominan‘t_’tla(:kground CTOSE segtionSFBeF +0.95 Mass Fit to p Energy Distribution of 10* 7] Pairs
to the processete —7,7, followed by 7'1—>X(1)7'. Background 150 [
cross sections after requiring the cuts described in the text and the - r
average number gb background events fof £dt=100 fb ! are a8 125 [ ] MC and best fit curves v

. . F input: m;‘=150GeV, mﬂ:IOOGe ]
also shown in the table. S N best fit: mz=147CeV, mp=97GeV |
& 100 — ]
Number ofp v { I Mc data ]
Process op—+095 (fb) oeu (fb) candidates100 forh § 75 [ afit =
WWos 7 7 6.23 0.16 14.9 = T [ :
eeWW- 777 2.16 0.21 17.9 R E
2727w 4.88 0.59 51.0 2 : [HET] ]
Sty AR 0.46 0.07 6.3 E & I g
average SM background i

Z for fLdt=100fb~" I,

o Bt
0 25 50 75 100 125 150
(a) Ejet[GeV]

z. distributions are numerically calculated by convoluting
the 7— py () and ther energy distribution$? In the calcula-
tions of the theoretical distributions, we took into account the
effect of beamstrahlung and initial-state radiation onhe
energy distribution as befor22]. We also found that the
acoplanarity angle cutut (4)] has a significant effect on the

Contours of Constant Ax®

|l|r|lv|||u|||||||||

155 —

energy distribution. Since the acoplanarity angle cut is very 0
complicated to implement in the numerical calculation of the 8
energy distribution, we approximated the effect by imposing .
an acolinearity cut of 30° in the c.m. frame of the pairs 145

instead. The resultant jet energy distribution that was calcu-
lated this way roughly reproduced the shape of the energy L
distribution of a statistically larger MC event sample {10 140 —
7, pairg. The overall normalization has been determined by I ]
comparing it with the MC simulation and corrected for a PPN AU TSN I E——

P .-dependent acceptance factor. Agreement between the (b) 90 925 % mi7[%ev] 1oo 1025
distribution of the MC data and that of the numerical calcu- o
lation was poor forz.~0 or z.~1 due to the acceptance

effects; we therefore fit the. distribution only over the
range 0.08:2,=<0.92. ing to [£dt=100 fb~! has been included in the fita) the jet

In the 'preV|ous subsection we have seen thatfthe 15 energy distribution for the events selected from data MC events
GeV cut is necessary to reduce therr background for an (barg and the best fit histogram. In the fit we kePt=+1 and

electron veto of 50 mrad. Since the signal events are hardly,maized the histogram so that the total number of events agreed
affected by the cut, and since it is hard to implement theyith that of the MC data. The average SM background is also
PT cut in the numerical calculation of the f|tt|ng curve, We shown in the f|gure(b) Contours forszz_']_ and 4 in them»);o_
decided to ignore th@+ cut for both the MC events and the m=. plane. !
fitting curve, and neglected theerr background altogether, !

though the dominant backgrounds froMW, eeWW ZZ, o
and vvZ corresponding tof £dt=100 fo-* have been in- ization of the curve so that the total number of events agreed

cluded in the fits in this sectiolf. The production cross sec- With that of the MC data. Figure(8 plots the jet energy

tions for the backgrounds before and after the selection cugdistribution of the MC events together with the best fit curve
and the number of remaining events are listed in Table 1. obtained by minimizing the log-likelihood function=(x*)

We first separately perform a fit ofiz and myo to the With mz and myo as free parameters. The contours for

Eje: distribution, and that oP, to thez, distribution. Figures Ax?=1 and 4 inmyo-mz, plane are shown in Fig.(B). The
8(a) and 8b) are the results of our mass fit to tBe, distri- MC events were generated fom;lz 150 GeV and

bution of 10 7,7, events decaying intog X 9 exclusively. myo=100 GeV, while the best fit values ane: =147 GeV
Here 14.76 e"ef‘ts were identified asand used for the jet andm>o=97 GeV for this MC sample. The values are con-
energy fit. In this fit, we kepP_.=+1 and set the normal- X1 i
sistent with the |nputsAm)~(rl)=2.8 GeV antﬂm—;l=3.9 GeV
can thus be expected as Errors on these quantities.

FIG. 8. Results from the mass fit to 8,7, pair events decay-
ing into TR}ZE exclusively, where the SM background correspond-

10we included the effect of the finite width for the jet energy The errors on the two parameters might be reduced fur-
distribution as in Ref[18] but did not take it into account for the ther. Notice that we have only used the events identified as
z. distribution. 7,— 7—p here. The other modes inte, a,, or other leptons

YE o>10 GeV is implicit for all the MC event generation in this can also be used to increase the statistics. One may combine
subsection. This condition is not included in the fitting curves as it¢he information from other sparticle decays once they are
effects were found negligible. observed. The previous analysis @f decays showed that
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P. Fit to z. Distribution to o3 if the integrated luminosity and acceptance is

R T T ] known). Here 1224 events in the interval 098,<0.92
TP TR P.—0.995:0.07 1 were used for the fit withP,=1.

- - The resultant errors obtained from this fit agreed very
‘ [ [ : MC data well with the previous estimates. The best fit values for the
{ ~: best fit I _ masses argr; =146.3 GeV andn;(g= 95.4 GeV. The shape

of the x? contour projected onto thm;tl)-m;l plane looked

- quite similar to that of Fig. 8. The estimated errors are
1 Am; =4.07 GeV andAm;2=2.99 GeV, being consistent

; with the previous estimates, taking into account the differ-
11 1 ence in the number of events used for each fit. The error in
| average SM backgournd for Jfdt=100b~, | ] P, was also calculated aIIowingl;(g, mz_, andN,; to move
@ 0 02 345}3 */E,O'G 08 1 freely in minimizing x2. The best fit value ofP, is
e et P.=0.89+0.07, again consistent with the previous estimate.

100 [ ) These results support our assumption of a small correlation
L 1> TL P,=—0.99120.08 - between the energy distribution aRj for the 7—p decay
I : MC data 1 mode.
80~ ~U: best fit 1 Finally we move on to the determination of themixing

1 angle 6. As discussed already, our strategy is to use the

measurement of the production cross section together with
that of m=. We generated 5008, pairs decaying inta-x3
with P,=0.6788. The SM backgrounds fof£dt=100
fb~ 1 were also included. The signal sample corresponds to
sing;=0.7526, andn;l=150 GeV with aB-ino dominant
1 LSP.
froreae S Backaround B Judt-100t™ I We used events in the region 0:08.<0.92, which, after
0 T T s o4 o6 o8 selection, reduced to 628 events. Since the acceptance differs
(b) 2.=Ep+/Ejer by about 12% betweef.=1 andP_,=—1 due to thez,
cut? we minimized x* in the Nz~ -m:_plane, varying
P, mz, andm;g. No significant correlation was found be-

—
(o]
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~
o
I

Number of Events/bin
(o))
(=
I
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T T
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FIG. 9. z, distributions for thep candidates selected from 4.0
7. pairs decaying exclusively int@) 7 and(b) 7, together with )
the best fit histogram. The samples wifi,>20 GeV and tween Nz~ and mpo and the estimated errdfs are
0.0&zcso.gz are usgd for the fit. The best fit valueskof and Am71: 6.6 GeV andAa;h:Z.Z fb. The mass error is con-
their errors were obtained to be 0.996.082 and—0.991+0.008  gigiant with the previous estimate if one takes into account
for 7% and 7, respectively, for fixedmz =150 GeV and .o gitference in the numbers of produced events and the
mye=100 GeV. acceptances. The error on the cross section is consistent with
the error simply estimated by the statistics of the accepted
events.
duceAm; downto 1.5 GeV. Figure 10 plots contours of constant minimizgd sur-

On the other handP, can be determlned by fitting the faces projected onto them~ -sing; plane. We found
m* fraction of the parenp energy g.=E,+/Ej). In this  Asing:=0.049. One can see that the correlation with
fit, we fixed myo andms, to their input values and the nor- | oves the error large. It is possible to reduce Fpemass
malization of the fitting curve to the total number of the MC error by using them~o obtained from other measurements as
sample. Figures(®@) and 9b) show thez. distribution for the was discussed earl|atm~o— 1 GeV would reduc&m~ to
selectedp candidates together with the best fit curve. Here
we used the data in the region 0:08,<0.92 andE;e>20 2.21 GeV, in which case the error on 8in1s less thap 0 93_

However, the error cannot be less than 0.014, which is lim-

GeV since the low energy region is insensitiveRp. Here | i
924(885 MC events were used for the fit whetg's de- ited by the observed number _Of events. . .
The 7, decay process studied above is quite complicated

cayed intorg(7)’s. The best fit values and their errors were - . :
obtained to be 0.9950.082 and—0.991+0.08 for 7 and compared to that of or u. Nevertheless, in the above dis-

7., respectively.

In order to justify such separate fits Bfs; and z; distri-
butions with some of the fitting parameters fixed by hand, we
must make sure that there is no strong correlation amon ar
m,, mg o P, anda~~ For this purpose, we calculated the oq of fitting _curves. The.c.ie.pende.nce of the acceptande,tde-

scribed here is purely artificial, unlike that causedfycuts.
e_rrors o_n the masses an‘@ by fitting a two-dimensional 13, assumed £dt=100 foL.
distribution in Eer,Zc), varyingmyo, mz , P, and the total  14,¢1yding other decay modes in the analysis would improve sta-
number of produced stau pair evehts, (which corresponds tistics and reducé @ .

Amyo=1 GeV can be achieved typically, which would re-
1

12The data inz;~0 or 1 can of course be used once detector
erformance is understood and included in the numerical calcula-
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£ Mass and Mixing Angle Fit of the neutralino mass matrix obtained from the measure-
BN S S S I S e S S I A ments ofég production and decay. Some MC simulation of
] ‘e production had already been carried out for a specific set
of parameter$6], and we have just finished a corresponding
MC analysis forr, in the previous section. It is now straight-
forward to perform combined fits to determine the MSSM
1 parameters for representative points in the parameter space.
- Nevertheless, it is quite time consuming to do it exactly as in
] a real experiment.
- Therefore, in this paper, we definefsy?-like function
i Ax? to estimate the sensitivity of LC experiments to these
- SUSY parameters. As we mentioned already, we take a
Lo T sample case where both andeg are produced at a future
140 nﬁo[Gev] 160 LC. The'eg pairs are selected requiring acoplareire™
o paris, while ther, pairs are taken from an acoplanar two-jet
FIG. 10. Ax? contours in them- -siné= plane, resulting from sample. Since these samples are statistically independent of
the fit to 50007, pairs generated féf £dt=100 b2, ms =150 each other, we define tfieand7, parts of theA y? functions

GeV, me=100 GeV, andP,=0.6788. The MC sample corre- AX% and Ax% separately in this subsectioxz and Ax=

sponds to ar, with sing,=0.7526 decaying exclusively into a are functions of two sets of input parameters:
B-ino-like lightest neutralino. (Mg ,M1(My),u,tand)  and (mLeR’Mi(Mz)’,M’,tanB')

for AxZ and  (Mz,07,My(Mp),utand)  and
cussions, we have found the measurements of masses (mLT ,ﬁﬁiMi(Mé),M’,taﬂG') for A}?;. The Ax? functions

myo, P., and N7, could be done without any significant 5.6 gefined in such a way thaty?=0 when the two
correlations each other. We have also learned that the masgts are equal and the projection of the hypersur-
ehrrors Ufgn%fégoo) aCCG_Ff)tehq? Ievents are CQ”ISiS}Fm Wilthd face of Ax?=1(,4,9,...) to one of the parameters
those o events if the latter are statistically scaled. ../ , - ;

The error(in thg Cross section is consistent withythe err0|(mER’M1' ) fixing (Mg, My, . ...) roughly agrees with
estimated by the statistics of the accepted events. This allow§e 1,2,3 ...)— o error of that parameter. In this subsec-
us to estimate the errorsim; , P, N3z, andé reliably by tion, we first defineA}%(;) in detail, and then discuss the
simple statistical scaling of each error in a wide region oferror on tag8 in the next subsection. Readers who are inter-
parameters space. This fact is used when we combine thested only in the results can skip this subsection.

7, measurements with th@ measurement in the Sec. IV. The polar anglef) distribution and the end point energies
In this subsection we assumed that a tight forward elecof electrons fromeg decays can be measured at future LC
tron veto is possible and applied a smBYl cut as was dis- experiments as discussed already in Sec. Il B. Therefore we
cussed in the previous subsection. If tifis cut has to be defineA}% by using the two sets of quantities as

increased to 35 GeV, the result of this subsection must
change. The mass measurement is based on the measurement

090

070

of E fax(min) EXtracted from the energy distribution pfcan- AVZ(m= M. (M tang: m. ' ro ,
e ) 1M a 1m~ 1 M M ’ 1ta
didates. As can be seen from Fig. 7, events &ay are not X5 Ma(M2). 1, tan3 5 Mal 2) ' 1)
affect_ed by the_z cut; therefora E/ ., will not change e|_ther. Nin (n/ _ni)2 Eﬁ;ax_ ES.. 2 Eﬁ"l/in_ e 2
E .. IS sensitive tom; —nro; therefore,Am: obtained =
g ! 1 L i=1 n; AEre}lax AEemin ,

with myo from other slepton measurements will not change

significantly.AP . will not be affected too much, either, since
the z. distribution is not sensitive t®, for E,<20 GeV,
which is the region most affected by the.>35 GeV cut. , ,
Finally, some extra dependence of the acceptancePon yvhergni andn; are the .expected numbers of events in the
should be introduced by the largg, cut. This might in- 1th bin between—1+2(i—1)/ny,< cosy <—1+2i/nyp,
crease the error in the production cross section, since tHgdiculated for the first and sec,ond sets of input parameters
acceptance moves by 20% wikh, varying from 1 to—1. (Mg, M1(M2), u, tang) and(mg_, M1(Mp)’, u’, tang”),
However, the dependence can be tamed by measiting respectively. For later use we calculated assuming
from thez, distribution. JL£dt=20 (or 100 fb~1, /s=500 GeV, a 27% acceptance,
andny,,= 25, making use of formulas for tfe pair produc-
tion cross section listed in Appendix B. The acceptance is
IV. COMBINED ANALYSIS chosen to be a factor of 0.6 smaller compared to the value
obtained by the MC simulatiof6]. This is because our ex-
pression for the selectron production cross section does not
In this section we are going to extract faby combining include any effects of initial-state radiation, beam energy
the measurements & ,(7— 7x), sind;, and the knowledge spread, and beamstrahlung.

(13

A. Ax% and Ay 2 functions
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ESC) andES.) are the upper and lower end points of the Npi, Can even exceel,, or becomes zero, making nonsense
energy distribution of electrons for the firtecond set of  of Eq. (15 and the error estimate. Therefore in Etd), we
parametersAE; ,, andAES,, are defined by replacedNy;, by N,/2 , which corresponds to the choice of

binning whereE[,, min) IS approximately at the center of the

AES = /—><E _ (14) edge energy bin. In such a case, the fluctuation of the edge
maxmir) Ng, —on bin becomes Gaussian-like as longNg, is large enough,
thereby justifying our estimation.
whereNay=NiotaEbin/ (Emax— Emin) » With Epin=4 GeV being Several comments are in order. One might think that the
a kind of bin width, anmtota|:E?Z”1ni. measurement of the end point energies does not fit)@ny
A}% is chosen to reproduce the actusy? of the MC  analysis implying a Gaussian distribution if the energy reso-
data fitted with the second set of parametg(m%R, lution is too good and the expected numbers of the events in

M{(M), &', tand') whenn;, No>1 andnigesNay. The the edge bins are too s;nall. In such a case the probability

reason is the following: Ih;'s are replaced by actual data, distribution for Er,,, or Ery is expected to be asymmetric,
the first term of Eq.(13) is x2 of the data fitted with the because if an event is observed in some energy bin between

parametergmy , M](M,)’, u', tan3') based on Gaussian Eé and E,, seleciron and neutral_lno masses which give

distributi 'Fh diff bet the dat d di Enmax<E1 or E,<E,, are strongly disfavored. However, the

istributions. the difierence between e data ﬂﬂ. A" number of events in a single bin is expected to be large

vided by n; must be small in the limit of large statistics if hin the * - " oh fth

(mz_, M{(M,), u, tanB) is the parameter set that nature hasonough in the “precision measur.ement phase o .t ¢ L(?’
epr U IVT2 P o and hence our treatment assuming a Gaussian distribution

taken; therefore, the projection of the hypersurface that Sakan pe justified: We have checked if our treatment of

. e —2 - . <
isfies A xz=1 to one of the fitting parameters roughly indi- 5 ;ax(min) roughly reproduces the previous resultsiopro-

cates the size of- 1o deviation of the parameter from the duction and decay6], and found that the\x? contours by

best fit point. In this sense, we can call the first set of paraml-JSing the last two terms of E4L3) but replacingE;ax(mm) to

eters as input parameters and the second set as fitting param- i !
eters. max(miny iN the mg-myo plane agree very well with the pre-

The second and third terms are intended to represent thaous results for the same number of accepted events.
sensitivity of the electron energy distribution measurementto When we calculated thé distribution or the electron en-
determineEy,,, andEr,,. As has been mentioned already, ergy distribution we occasionally found, less than 15 or
mz,, and myo can be determined from the end points of the3AEfnaX(mm)> Epn/2. In such a case, we merged the €os
energy distribution of electrons. In actual experiments, elecbins or enlarged,,;,. Our treatment underestimates the sen-
tron energies are measured by some detector with a finitsitivity compared to any log-likelihood analysis based on a
energy resolution. The Japan Linear Collig@tC1) model  Poisson distribution and therefore is conservative.
detector, for example, hasg/E=15%/JE®1% [5], de- The Ax? analysis mimics the trug? fit to the 6 andE,
manding us to take into account the finite sizekf,~2 distributions, though it neglects the correlation between the
GeV. Moreover, the energy distribution can also be smeared and E, distributions through the total number of events:
and distorted due to finite beam energy spread, beamstrahthe fluctuations of the events i, bins have correlations
ung, initial-state radiation, and possible dependence of agwith the fluctuations of’s, since the events must add up to
ceptance on electron energies. In the previous study thgn equal number in both distributions. This correlation dis-
shape of the energy distribution and its dependencengn  appears, however, in the limit where the number of events in
and myo were obtained from the MC study itself, and the the edgeE, bins is negligible compared to the total number
mass errors were estimated by actually fitting the energy disof events, thereby justifying our method.
tribution. Finally, in the definition ofA}%, we assumed that the

For simplicity we assume here that the energy distributiorproduction angles are reconstructed precisely. This is not
is flat betweerEy,,, and Er,,, while conservatively taking true since there is always a wrong solution éffor each
Ewin= 4 GeV. If the average numbeN(,) of events in a event. The wrong solutions must first be included in the
single bin is large enough so that the fluctuation is negligibledistribution, which must then be subtracted statistically,
compared tdN,,, the central value o maxmin)is Obtained as  bringing more uncertainty into our analysis. We also as-

sumed that all the selected selectrons contribute to the deter-

mination of the production cross section, angular distribu-
e _ec . [Nbin—™ Na/2 E 15 tion, and masses, and will not distort the measurement due to
max(min) — =end | TN Ebin (19 er decays into heavier neutralinos.

For 7, pair production and their cascade decay
whereES, 4 is the central energy of the uppdowen edge 7,— 7—p, we have already discussed that it is important to
bin, Ny, is the number of events in it, arid,, is the average measure the total cross sectidh, from the decay distribu-
number of events in some intermediate bin. Based on th#on of the p decay products an&,, and E,,, from the
statistical error iy, estimated assuming a Gaussian distri-energy distribution op candidates. Fits to £0r, pairs have
bution, the error orES,.,min) IS AEqinmax/Esin= 1/\Npin.  been done in Sec. 1l B, taking into account backgrounds

However, when the actuslf,,, i, i Very close to a bin ~ corresponding tof £dt=100 fo~*, and the errors ims ,
boundary, the fluctuation oN,,, becomes non-Gaussian. myo, and N7~ have been obtained. In the following we
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define ther, part of ourA y?-like function A}% so that it
reproduces the results in Sec. Il B:

(N_N,)z +( rTnax_ Er’nTax)2
N AE;ax

n rq;lin_ r,n7|-n 2+ PT_P;' 2
AErTnin APT ,

s
X7

(16)

whereN() is defined to be the sum of constant background <

(Npy and the total number of signal events (), for
which both of7's decay directly intoy 97 and ther's then

decay hadronically. We took,,=100.N{), was estimated
using an integrated luminosity of 100 Tb, the tree level
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Error on M, in %
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cross section without any beam effects, and the acceptance

obtained in the previous simulation with ®; cut. The
branching ratio to:-}? was calculated by the formula in Ref.

FIG. 11. 1o error band orM ; estimated using thA}g function.
Solid and dotted lines plot values ®;— M, in percent, where

[12]. Notice that in the region where the lightest neutralino isAXZ|;,,=1 for the M varying other fitting parametersng, u',

Higgsino like, the lighter charging ; and the lightest and
the second lightest neutralin(f\'s‘l) and}% are almost mass
degenerate. Then the decay modes:y 97 and7,—x; v~

B
tanB’). Input values are chosen so tha <i=100 GeV andu is
positive for eachiM ;. Solid lines are for ta@=1.5 as input where
the parameter region with<itan3’<100 and 50 GeV¥ u'<10*

generally open up, which would yield rather complicated fi-GeV was searched to obtaiM ;. Dashed lines for tafi=15, but
nal states with associated jets. As we have not studied thenly the parameter region with tan- 10 is searched to obtain these
sensitivities and backgrounds to these modes, we will note limits on M;.

include them in the study below; instead, we will simply take

the number of events where bof's decay intoy $ to esti-
mateN{,.

The first term of Eq(16) is intended to show the statisti-
cal significance of the totat, pair production cross section.

On the other hand, the second and third terms express sen

tivity to Ef, andEf,,. We again calculatd Ef ., min) USINg
a rather simple set of formulas:
AEL=4.8V2INyEpin,  AELn=1.8V2INgEpn, (17

where Na=EpiNiota/ (Emax— Emin)- The effect of the
smearing of the energy distribution by the cascade decay

7, is taken into account by the overall factors on the right-
hand side of Eq(17). The factors are chosen so as to repro-
duceA ms, andAm;(-rl) in the previous subsection. The larger

factor for AEp,,, compared tAAE/;, may be understood as
the effect of the higher reduction of the events riggy, due
to the = decays[see Figs. &) and 4d)]. Finally, AP, is
estimated statistically scaling the error Bn in Sec. Il B:

AP,=0.07x (1400A/1400+ Npg)/(Nygra/ VN).  (18)

0)

pected at a future LC, we have definAE%(;) functions in

the previous subsectiolxZ is a function of two sets of
MSSM parametersnz M1, . ..) and (nLeR,Mi, ...).In
the limit of infinite statistics, the projection of the hypersur-
face of Ax?=1(,4,9,...) to one of the parameters
(mieR,Mi, ...) fixing (mg_,My,...) agrees with the
1(,2,3,...)o error of that parameter obtained by using the
cod distribution and the end point energies of electrons from
‘eg decays of real data. The definition AE?; is similar, but
here the data used are the number of sigh@vents from
71— X Jrfollowed by — v.p, the end point energies of the
af's the7, decays, and the averagepolarization.

We will start our discussion with the determination of the
parameters of the neutralino mass matrix fregproduction
alone.mg_ and Mo are determined essentially by through

the energy distribution of the electrons fragg decays. On

the other handM, is mainly constrained by theg produc-

tion cross section. The dependence of the total cross section
on M; and tarB for fixed Mz, and myo, assuming the GUT

relation betweerM; and M,, has been shown in Fig(8.
Notice that constrainingngR is very important for the deter-

In Eq. (16), we assumed that there is no large correlationmination ofM 4, as the production cross section depends not

among the measurements Nt~ , Ef oy miny: andP.. We

only on M but also onmg_..

also imply that errors on these parameters can be estima’ced_lgigure 11 shows the error oM; estimated with the
by the statistical scaling of the results in Sec. Ill B. TheseA x5 function, where the input parameters were chosen such
features have been checked explicitly by the MC analysis inhat mryo= 100 GeV,Pe=+1, mg =200 GeV,u>0, and

the same subsection.

B. Determination of tanB from slepton production

[£dt=20 fb~*. Both positive and negative errors dh, are
shown in percent. The errors were calculated by finding a
minimum value ofA x? for a fixedM;=M,+AM,, varying

We have already pointed out in Sec. Il B that the simul-the other fitting parametersr§, ', tan3’), with themiNuIT

taneous measurements of andeg productions would de-

termine taB. In order to estimate its statistical error ex-

program. The values df M ; which giveAﬁif 1 are plot-
ted as ¥ lines in the figure. This corresponds to projecting
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the A}%z 1 hypersurface to th&, axis. M, will be deter- Errors on M, and tanf

i ithi —N%. i i 30 [ T TS IR I
mined within an error of5—7)%, in the region of parameter ! 10006V, 2008, o 15067

space shown in the figuré. Fo

\ \/_ 500GeV fJ_.dt 100771

We found that the errors are asymmetric for positive and 25— ] l—x§4 2GeV ]
negative fluctuations oM. This is because the condition f ‘ - -
Ax?=1 forces the total cross section to be close to its input 20~ B
value. The cross section increases with decreasing fan « ' ' ) e 13;zc,ey \\ﬂwlss k
tan3<5 and decreases with increasilty for fixed myo, as g 151 TS R &Gy
can be seen in Fig. 3. For tar-1.5, the error onM; is : GV e ]
therefore larger in the negative fluctuati@fig. 11): Increas- 0= 04 o
ing tand can compensate the increase ®f; due to the f bog ]
reduction of M; here. For tag=15, a similar argument 5 p=173.7GeV T ]
shows that the error is larger in the positive fluctuation. NS |\ VN I TN T R

In the figure, we have also shown the error ldn for 100 185 150 175 200 225 280
tanB=15, but restricting ta@’' >10 for searching the mini- M,[GeV]

mum value ofAX~ In this case, the & fluctuation is sym- - -, .
metric and smaller. This suggests that even a rough estlmate FIG. 12. Ax’=Axz +Ax5=1 contours projected onto the
of tan3 can greatly help us restridfl;. As we will see be- M,-tanB plane. Projections of the contours &b, or tans corre-
low, such an improvement is indeed possible in some I,egloﬁpond to I errors of the parameter. Input values are chosen to be
of parameter space #, production is observed. , =150 GeV, si;=1 (7,=Tg), Mzo=100 GeV(u>0), and
Now we turn to the determination of t8n As we have —200 GeV. Input values gf are explfltly shown in the figure
discussed already in Sec. Il B, farcan be extracted from for individual sample points.P,(7z— 7x 1)=0.8, 04, 0, and
the polarization ofr leptons produced i, decays, if we 0.4 contours withmgo=100 GeV andu>0 are also plotted in
know ¢5 and the neutralino mixing angles; . the figure as dashed lines.
6> is determined from the measurement of the and
7, production cross sectioriThe result from our full MC tang)= (219.0,15, (149.3,15, (124.5,15, (124.5,25, and
analysis is in Fig. 10 in Sec. Il B The sensitivities to the (124.5,3. The other input parameters are common for all
production cross sectiomy , andP, are taken into account 'epresentative pointsmg=200 GeV, mz =150 GeV,

in the definition of theA 2 as the first term, the second and =100 GeV, and sigz=1 (r,="s) and we took

third terms, and the fourth term of the right-hand side of quﬁdt 100 fb~*.
(16), respectively. As we have dlscussed previous®, depends sensitively

On the other hand, some information on neutralino mix-on targ if m~o<M1 or X1 is Higgsino-like, because in this
ing can be obtained from selectron production, e.g., by minizase the/7r couplmg involves ther Yukawa coupling. Thus
mizing AxZ. The neutralino mixing depends on only three the error bar is expected to be smaller for a lafggr How-
(four) parametersM(M,),u,tarn3, where AX'@ strongly  ever, the number of accepted events becomes small when
constrains two of these three parametdds, and myo, as Myo<My becausér; also decays intiy 5 or Y ; therefore,

described earlier in this subsection. the error in ta for M;=219 GeV is larger than that of
Notice that the constraint omo from AXZ is stronger M;=149.3 GeV. When tgh= 15, the lower(uppej bounds
! of tang for the Ax?=1 contours are 13.8618.5, 13.28

— .
than that fromA x=, because of the larger statistics of #e 16.37, 8.94 (18.74 for M,=219, 149.3, and 124.5 GeV,

production and the smearing effect of the end point energie spectively.

for Eryayminy, Which have been taken into account in the  rinay in our definition ofAx? we did not include any
definition of AEf,, and AEp, in Eq. (17). The small yminosity error. In Ref[5] it has been argued that the lu-
Amgo from the er production helps determine tarbetter,  minosity can be measured with an error 6fl%. On the
for the following reasonAm;l correlates withAm;g and  other hand, using a typica production cross section 0.1—

A6~ with Am=_, as can be seen in Fig(i and Fig. 10. 0.2 pb(see Fig. 2 and assuming a constant acceptance of
1 27%, we can see that the errordvh are estimated based on

ThereforeA _67 S smfaller forﬁJsm_aI_IelA_m;(g, wh|c_h_reduces ~1000 accepted events for the luminosity of 20 fb* (Fig.
the uncertainty coming fromr mixing in determining ta#  11), and ~5000 events for 100 fb* (Fig. 12. This corre-

from P. L, sponds to an error in the cross section of about 3% and 1.4%,
Figure 12 plotA x?= Ax5+Ax= =1 contours projected respectively. The latter is already comparable to the luminos-
onto the M;-tanB plane for input values ofiM(GeV), ity error. Hence a further increase of statistics would not

improve the actual error in the MSSM parameters unless the
error in the luminosity is also reduced further.
5We found that our error ol ; is smaller than previously quoted ~ The estimated errors in t@nare rather impressive, com-
[6]. The previous estimate did not use the GUT relation betweerpared to those from the other experimental methods. In Fig.
M; and M, and the constraint omyoe which would have been 13, we plot the error on tghwhich can be obtained from the
obtained from thé&y production was not exploited in thé; and Ilghter chargino % 1) production and the coproduction of
M, fit [24]. Our result is therefore consistent with the previous one.y; and’y, . Here use has been made of the direction of
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Error on tang from Chargino Distribution

NN .
50 Measurement of Bége coupling
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50 95 100 105 110
M,[GeV]

Input tang

FIG. 13. 12)" o errors on taB from chargino production as
functions of input tap. We used chargino distributions for  FIG. 14. AX'e‘—l contour in theM ;-Y5(=0gz.e/ V2 g') plane.
P.=+1 and 0 with f£dt=100 fb !, and assuming that both The definition ofAX~ has been modified to alloggz ¢ to deviate
chargino masses are known to 2% accuracy. The upper bound pragem 2 g'. Input values aremg_ =200 GeV, ©=300 GeV,
tically disappears when tgh exceeds 5. Input values are \,=99.57 GeV, and tgg=2. The error in the coupling is of about
M,=210 GeV,u=—195 GeV, andn; =500 GeV. the same order as that of the radiative correction proportional to

log;o(mg /m7) whenmg /m7j~10.

pair-produced chargingg; with a 10% acceptance from its
decay product®® assuming f£dt=100 fo! for both  Shown in Appendix B. The¢-channel exchange is dominated
Pe: 1 and 0. The errors |m,)—(]4Tr andm;(; were both assumed by B-ino-like neutralino eXChange, Wh|Ch led us '.:O the
to be 2% as long as they are accessible kinematicalyne simple dependence of the cross section on the gaugino mass

can see that the upper bound practically disappaveen M, as has been shown in Figl@ _
tang exceeds 5. The tree-level coupling of théB-ez-egr vertex has a

simple relation to thé3-e-e coupling in the MSSM:

C. Checking the supersymmetry relation 053 0, = \/Egtanﬁwz \/Eg’. (19)
So far we have been assuming that new particles found at
a LC are superpartners of leptons. In other words, we havé&his relation is imposed by supersymmetry. Thus the mea-
implicitly been using supersymmetric interactions of sfermi-surement ofggg. will allow us to prove thaté and B are
ons with the neutralinos of the MSSM without any attempt atindeed superpartners ef, andB.
checking the nature of the interactions. Instead, we merely For this test we modify the relation of E¢L9) as
used the data to determine the free parameters of the MSSM,
such asM; and tarB. In this subsection we are going to 9550 \/Eg'yg (20)
discuss the possibility to probe the gaugino-sfermion-
fermion interactionimore specifically, th&-€g-eg coupling  and estimate the sensitivity t¥g by introducing a new
and some aspects of tiB7,-7 coupling. Ax? function for the selectron pair production which de-
We start our discussion witl, . The production proceeds pends onYg thoughgggRe. In the limit of my;<M; and u,

though the s-channel exchange of gauge bosons andve obtain an approximate formula for the matrix element
t-channel exchange of neutralinos, whose cross section ig:

2
4Y§
1—2codB;+ Bi+4M3/s|’

%The direction of a produced chargino can be solved for with a Mexsing| 1— (21
twofold ambiguity when the chargino decays intdy 2 [6]. The
forward-backward asymmetry for the final stiltecan also be used
even if the) ; decays intow*y 9 [25,7).

17Am)~(1: was found to be around 5% for 50h of data[6]. A

threshold scan for thg ;Y ; pair production might determine the . : — . _
mass better. Figure 14 is aA x5 contour plot projected on thiel1-Yg

18t has been claimed that a very precise measurement @fitn plane for a representative point in the parameter space of the
possible when taB~4 [7] if the chargino mass errors are negligi- MSSM:mg_ =200 GeV,u =300 GeV,M;=99.57 GeV, and
bly small. Some additional error on tarhas been introduced here tan8=2. One finds a good sensitivity to the couplivg of
assuming a finite error om, =. In Fig. 13, we have also taken a ~1% in this case. The reason why we got upper and lower

larger value ofms; compared td7], where sensitivity to ta is  bounds onM, andYg is as follows: When we increadd |
smaller. from M, to M;+AMj, the total cross section decreases. The

It is apparent from Eq(21) that one can constrain botfg
and M; by measuring the differential cross section:
do(ete” —eger)/dcosh.
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corresponding increase aﬁ}% can be compensated by in- —15%+30% for a representative parameter choice. This es-

creasingYg. However, because of the constraint opo timate is based on the study of gaugino-dominant chargino
1 . .

which comes from the electron energy distribution from de-fmd?fg'or; and dec%y, L'[Jsmg(;[r;ﬁ fotrvtvalrd—bgck\;yard asymme-

cayingey’s, the optimized value of.’ is smaller for a larger .Y O € de€cay products and the total production Cross sec-

M. (see Fig. 2 for the relation betwedw, and ). Hence tion. The chargino production proceeds througbhannel

the second lightest neutralino mass is lighter for a IargereXChange ofv, and the is assumed to be kinematically

. ) inaccessible in the study. Its mass is determined by compar-
M1, and it also tends to have a larger mixing wih At the y y b

1 -~ i ing the production cross sections for polarized and unpolar-
M; upper bound ofAx“=1, the polar angle distribution j;eq electron beams, and the decay forward-backward asym-

changes its shape so that it is Ie§§ forwardly peaked. On th@etry, but it has a very large uncertainty. Furthermore, the

other hand, the lower bound dvl, is determined bymyo.  yncertainty in the branching ratios introduces a systematic

Namely, for givenM,, there is a upper bound oo which  error to the measurement of the total cross section. Notice
1

one can obtain by varying. and tai8 maximally. It be- that the production cross section of gaugino-dominant

comes thus harder to reproduce the inpgb as we decrease charginos is very small for a ng_ht-har.\ded polarized beam;
M 1 hence, the chargino study heavily relies on the use of the
1-

unpolarized beam; where large backgrounds limit the decay

~ Some deviation o¥ from its tree-level value is expected modes to study. The estimated error in the cross section is
if we take into account the effect of radiative corrections ingphout 5% for[£dt=100 fo~ L. These uncertainties limited
the framework of the MSSM. If there is a large difference the g5~ study®®

between several soft SUSY-breaking mass parameters, such The couplinggsz. . is considerably easier to measure than
a correction occurs very naturally. For examplemig>my R

andmy, the effective theory belo\@ <my is not supersym-

metric, and couplings related by supersymmetry start to TN, oss section is expected to be very small if helecays
differently according to the RG equations of the effective xclusively intoex?. For the representative parameters of
theory. In particular, both squarks and quarks decouple frorﬁ_. 14 hy h Xl'l h f i is domi d
the wave function renormalizations of gauginos in the low '9. ’.t et-c anncioexc ange o neut'ramos IS omlnate
energy effective theory, while only squarks decouple from]?y the lightest oney; , and its mass is well constrained
that of gauge bosons, from whidfg# 1 may originate. rom theeg decay data. It is therefore not surprising that the

The RG equations below the squark decoupling[aed ~ COUPling is measured very well here. .
Deviations from tree-level MSSM predictions can also

J7/se- Er has a sizable production cross section for the right-
handed electron beam, and the uncertainty in the production

da’ 55 appear in other couplings involving sleptons or neutralinos,
@ 12
anQ_ 122% (229  such agyy;7. Unfortunately, the measurement of gahas a
large error; thus, radiative corrections may not be relevant in
daz=. 11 this case. The gaugino mass matrix also gets radiative cor-
—Bee_ T F5e, (22p)  rections to its tree-level value8]. If one assumes a unified
dinQ 4w gaugino mass at the GUT scale, one may in principle extract

the squark mass scale from the gaugino mass relation at the

weak scale. Unfortunately, the measurements of gaugino

masses are limited by ambiguities in the neutralino and

chargino mixing angle§5-7]. The gluino mass, though in-

volving no mixing, is hard to measure precisely at hadron
— _ colliders, too[29].

wheretg7 = log;o(mg /my). Now we turn our attention t&; production. In the previ-

It is rather striking that the error on the couping is of ) ~0 .
about the same order as that of the radiative correction pré24S subsection, we found thBt(7,— 7y ;) becomes inde-

portional to log(ng/nT) if the squark mass is much heavier pendent of tag, if X1 is gaugino dominant, or in other
than the slepton mass. This, on the one hand, requires knowf{0rdsmyo~M;. In such a situation, simultaneous measure-
edge ofmg and a full one-loop calculation of the process to ments of6 (using the totaFl-painroduction cross sectipn
remove the uncertainty if¥g from the determination of andP. constrain the nature of th®-7-7 coupling instead of
My; notice that the error oM, increases by a factor of 2, if - constraining tag. Given the fact thafy? is almost a pure
we let Yg move freely. This also implies a larger error on gaugino(which can be checked with scalar electron produc-
tang, as the errors oM, and tar8 are correlated strongly tion), the measurement of the tota) pair production cross
when the lightest neutralino is gaugino dominant. On thesection essentially fixes the polarizatien through Eq.(8).

other hand, we can turn this argument around. Then emergegy deviation of P, from it indicates that something unex-
the possibility to constrain the squark mass scale from thgected is happening.

measurement ofg or other couplings even if the energy of  |n Fig. 15 we showA x?=1 contours by taking the mix-

future collid_ers is not enough _for the squa_rk produc_tion. Aing angle parameterst) in the y 7= coupling free from that
full calculation of one-loop radiative corrections to this pro-

cess is eagerly anticipated.
A similar radiative correction t@y turns out to be of  19pyring this work, we learned of similar work on measuring

the order of 2% log;o(mg/m7), but the sensitivity to this decoupling effects by Cheng, Feng, and Polonk§l. We thank
coupling has been argued to be rather p$dl. about Jonathan Feng for bringing this work to our attention.

where we neglected terms proportional t6g(-1) on the
right-hand side of the equations. We find, from E2p),

AYzes/Ygee=0.00%5z, (23)
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Measurement of Chiral Nature of B#7 coupling must know the mass matrix at the weak scale and #he

10 e e e Yukawa coupling ¥ ,) which is characterized by tgh
o T The mass matrix can be determined if one knows#he
T =1 masses and mixing angte:. The feasibility of determining
i &,\Oo,/’ ] those parameters at a LC has been studied for the lighter
woop L ea;x?/ B mass eigenstatg, assuming the JLC1 model detector. For a
'E Tt @XQ,‘/ 1 representative parameter set =150 GeV andmyo=100
! o L x\% _ GeV, we found that these masses can be measured to
Tt " inpul M,=104.5GeV, tanf=20 1 Amz =4.1 GeV andAm;clJ=3 GeV for 1¢ 7, pairs pro-
0z L T K=600Gey B duced with a background corresponding faCdt=100
ot pomee ] fb~*, assuming that,’s decay exclusively intg $7. For the
o | | | 1 same mass parameters and luminosity conditions, the ex-
T T '0"8‘ ] pe(_:ted statistical error on the mixing angle turned out to be
sinGy Asin#;=0.045, when sifz=0.75.

The polarization P,) of 7 leptons from7; decay is sen-
FIG. 15. Ax?=1 contours when the mixing angle; in the  sitive to tam8 because of its dependence on th&'ukawa
X377 is allowed to move freely from that in th&7r coupling  coupling. The expected statistical error in the polarization
(67). 65— 6> parametrizes the chirality flipping part of tlB{¥W)-  was estimated to be:0.07 for 1¢ 7, pairs and background
7-7 interaction, which is zero in the MSSM. The solid line corre- corresponding td £dt=100 fb~ 1. Using the information of
sponds tou=—600 GeV and the dashed line jo=—200 GeV.  the neutralino mass matrix obtained from the simultaneous
The other parameters are fixed b, =104.5 GeV and ta8=20.  stydies of th&g production and decay, tgnmight be deter-
The sensitivity is moderate fqe>Mj. mined. The error in ta@ varies drastically withM; and
Mo, as shown in Fig. 12 for some representative points in

in the Z77 coupling (¢5). We can say that;— 6> measures the parameter space of the MSSM.

the chirality flipping part of the8(W)-7-7 interaction which Notice that tag is one of the most important parameters
is zero in the MSSM. Because of the dependenc®.0bn 4t getermine the Higgs sector of the MSSM. At the same
tang through a small but finite Higgsino component n the time, it is known to be difficult to measure especially if it is
neutralino mass e_@ensta_tgi), the sensitivity of thermx;  |arge. If tas> 10,7, decays give us a unique opportunity to
coupling to thed~ is marginaf® unlessu>M;. determine tag.

Nevertheless, the figure can be regarded as an example of we have also discussed a possibility to test the supersym-
a “no lose theorem™ of precision measurements of superetry relations among couplings involving superpartners. By

symmetry processes. Depending on the position in the pasyydying the polar angle distribution &, production, one
rameter space of the model, we occasionally lose sensitivitgan “measure not onl,, m-o, but also the gaugino-
1 Xll

to some parameter, as we have seen for thg tdetermina- L . . -

tion using slepton production. We can, however, turn thisS€IeCtron-electron couplinggz,.. A fit allowing ggz,. to

into an advantage: The process becomes independent of tAeove freely from the tree-level prediction of supersymmetry

ambiguity caused by the parameter, and we can test its s@VeSAggz e ~1%—2%. This is comparable to typical ra-

persymmetric nature. In the current case, we can check th#iative corrections to the same coupling-0.7%

chiral nature of the gaugino, thanks to the insensitivity of thexlog,(mg/m7). This suggests that the LC might allow us

process to tah. to start probing radiative corrections to couplings involving
SUSY particles.

V. CONCLUSION Implications of the MSUGRA model at the CERN

e’e  collider (LEP 1) and Large Hadron CollidefLHC)

In this paper we presented an extensive study of the prohave been discussed and studied in many papers. Unfortu-
duction of the lighter scalar lepton7; and its decay into the nately, prospects to determine the soft SUSY-breaking mass
lightest neutralinoy} and 7 at a future LC. We also dis- parameters are not so bright there: As for LEP I, its avail-
Eussed physics that could be extracted from them. Studyingble luminosity is too low for the slepton study and one has
7 production is important because it may be lighter than theo fight the enormous background coming fréWi W~ pro-
other sleptons and could thus be found earlier. The fight duction for chargino study25], while at LHC, one suffers
case is also theoretically well motivated in the MSUGRA- from the high QCD background even though strongly inter-
GUT model and is not excluded, at least, in other models, aacting superparticles will be copiously produced. Therefore
long as there is a large -7g mixing. those studies in the framework of the MSUGRA model are

We discussed that the mass matrix aM gyt might pro-  focused mostly on the discovery potential of the machine in
vide a clue to distinguishing SUGRA-GUT from DNNS question[30]. However, it is becoming more and more rec-
models. In order to obtain the GUT scale mass matrix, on@gnized that we can certainly go beyond that if a next gen-

eration lineare*e~ collider is actually built. Namely, the
experiments at the LC will make it possible to measure the
20The contours in Fig. 15 depend sensitively on the region ofparameters of the MSSM once a superparticle is discovered,
tand searched. We took<tan3<50 here to obtaim\y?=1, as- which will then enable us to check the predictions of the
suming that the Yukawa coupling is not too large at the GUT scalemodels of SUSY breaking.
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APPENDIX A: PARAMETERS OF THE MSSM 5
mT
In this subsection, we are going to summarize the inter- asj: - —gletanﬁ’w, aIF_Qj: S i3
actions of7 that are relevant for the analysis in this paper. V2 ‘/EmWCOSB
The interactions are fixed by supersymmetry and gauge sym-
metry, as well as by the mass parameters of the model. gm,
The7-7-gaugino interactions relevant % decay are ex- bij==9Uj1, bgj= \/fmwcoseujz' (A2Db)

pressed by the Lagrangidh2]
Here the real orthogonal matrik; and unitary matrices

L= E T T(PLa + PRa,J)XJ Uj; andV;; are the diagonalization matrices of the neutralino
i=12j=1...4 mass matrixMy and chargino mass matri¥. as follows:
+i:1221_:127iV_7PRbij')?j++H.c., (A1) U* MoV 1=M2, NMN~1=M?, (A3)

where where the mass matrices are written in the form
M, 0 —MmzSinfy,coxB  MSindysing

_—— o~ ~ 0 M, m;CoYyCO0B  —myCoHysind

MN(81W31H1!H2): . ) (A4a)
—mysinf,co§8  mMyCoH,,COB 0 —u
mysindysind  —mzcoKysinB —u 0
|
. M, mw\/fsinﬂ APPENDIX B: s PRODUCTION
Mc(W.H)= mW\/ECO$ m - (Adb) ‘e production proceeds throughchannel exchange of

neutralinos ands-channel exchange of gauge bosons. The
tree-level couplings of theégey ? vertices may be read off
from Egs.(Al) and (A2) by setting sim:=1 and replacing
7— €. We obtain the formula for theg-pair production cross
section as

M is a supersymmetric Higgsino mass parameter, wiiile
andM, are the soft breaking mass parameter8éaho and
W-ino introduced previously. The mass eigenst]éi,-‘b and
current eigenstateB,W,H,,H, are related by

—(hg,he) = 2 | M(he,ho)|2, (B1a)

d0050 2s 1677 2

X 2=N;1B+Nj;W+Ni3H;+ Nj4H,. (A5) o An Az o2
i M(hg,he)=—i\eNi%singsp; gZ—W+ —
Unlike the notation of Haber and Kamg], we takeN to mzrilz

be real so thamo can be either positive or negative. Its sign _

: . . 1+ ( _ ) h+1/2 1 A2
must be kept to understand the equations in REZ]. We n =
take|m~o|< |m~o|< |my o|< |m~0| and O<my-< m;-. We 2 2 t—m~
assume  the mass relaion of MSUGRA wherehg(he) = *+1/2 represents the heI|C|ty of the initial-
M= (5/3)tarf6wM, for numerical calculations in order to gtate electror(positron, \j=h,—h,, 6 and B; are theey
reduce the number of parameters. _ production angle and velocity, andt=(—s/4)(1

Equation(Al) leads to an expression fé¥, : —2cos9,6’f+,8?). The couplingsAhe andAjg, are given by

A1/2=Sin20W, A*1/2: - % +S|r\20\/\/

: (B1b)

(a:Tl)z_ (alil)z

@)%t (a2 (A6)

P (770 -
v — V2gtangyN; ;. (B2)
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