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ABSTRACT

This paper exploresthe potential for studying supersymmetry
(SUSY) at theNext Linear Collider. The NLC isnot only adis-
covery machine, but can a so be used to make detailed measure-
ments of SUSY particle properties. We show why theNLC isa
vital machinefor thisarea of research by describing anumber of
analysistechniquesthat we use, and then illustrating this poten-
tial by analyzing simulated data from one specific model.

. INTRODUCTION

The NLC can be used to perform many useful studies of su-
persymmetry in a clean and simple manner; in particular:

o Italowsthediscovery and the measurement of the particle
mass spectrum predicted by SUSY, and

o Itallowsonetomeasurethecross sections, branching ratios
and production angle distributions, which lead to the deter-
mination of the soft breaking and Higgsino mass parame-
ters and the couplings of the SUSY particles (sparticles).

The NLC has many useful features that help in the study of
supersymmetry. These include:

o Thelarge electron longitudina polarization.

¢ The beam energy can be tuned to optimize analysis.

¢ A high signa to background ratio which alows measure-
ments of masses, differential cross sections and relative
branching ratios.

A. Sparticle Discovery and Mass Measurements

The various aspects of supersymmetry and the properties of
the SUSY particle spectrum based on the minimal SUGRA
model (with itsassumptions about the universal supersymmetry
parameters at the high scal €) has been described el sewhere[1,2].
If R-parity is conserved, as the models assume, then sparticles
are produced in pairs and the lightest supersymmetric particle
(LSP) at the end of the decay chain escapes the detector unob-
served, carrying away alarge fraction of theinitial energy. This
characteristic of the production of sparticlesand thefact that the
center of mass energy isvery well knownin ete~ annihilation
leads to a very clean separation of the signal from the standard
model (SM) processes. This alows accurate sparticle mass de-
terminations using the endpoint of the energy spectrum of the
observed particles from the sparticle decays, as shown in sec-
tionlll.B.

B. Sparticle Production Measurements

The cross sections and production angular distributions of
sparticleshave been calculated [3]. Computer simulationsshow
clearly how these can be related to the angular distributions of
observed decay particles[4].

C. Electron Polarization

The ability to polarize the electron beam is extremely useful
intheanaysisof SUSY. Electron beam polarization of 80% has
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already been achieved at the SLC. For this study, we conserva
tively assume that there will be no improvements and that the
positronbeam cannot be polarized. The polarization can beused
to vary the cross section of sparticles; in particul ar right-handed
(Ieft-handed) el ectrons can be used to enhance the production of
right-handed (left-handed) selectron pairs. Thiseffect is crucial
for the measurement of the U(1) and SU(2) couplings; compar-
ison with the standard model isacritical test of supersymmetry.
The polarization can also be used to disentangle the contribu-
tionsfrom different components of amixed object. In addition,
right-handed el ectrons can be used to reduce the standard model
backgrounds, as discussed in more detail in section 111.C.

D. AnaysisOptimization

Due to the soft breaking parameters and D-terms that are
present in SUSY the sparti cle mass spectrum may have splittings
of the order of tens of GeV's. Hence, in principle, many of the
sparticles are produced simultaneously with similar decay sig-
nals. Neverthel ess, ajudiciouschoiceof thecollision energy can
enhance the production of one sparticle over the other. For ex-
ample, in the case of point 3 of our parameter space discussed
in section 11.A, the masses of the right-handed and |eft-handed
selectrons are different by 9 GeV. Hence, tuning the collision
energy and the electron polarization can enhance markedly the
production of one sparticle over the other.

E. Signal over Background

In the SUGRA modd, SUSY particles are produced in pairs
and decay into the LSP, which is heavy and escapes detection.
This leads to large missing energy and large angle, make the
ete™ collider environment particularly valuable. The standard
model processeslike W+~ pair productionand 2- processes
have quite different characteristics. Therefore the SUSY pro-
duction can be separated from these other processes leading to a
high signal to background ratio.

Figure 1 shows the distribution of visible energy for point 3
SUSY and SM WT IV~ events before and after the cuts de-
scribed in section I11.A. There is a large enhancement of the
signal events over the SM background, which is mainly due to
W+ W= find states.

1. SUPERSYMMETRY SIMULATION

The study of the capabilities of the NLC is based on the anal -
ysis of simulated events. We use ISAJET 7.22 [5] to gen-
erate the supersymmetric events and the W+ W~ background
events since they are sensitive to the eectron longitudina po-
larization and the program includes this dependence; we use
PYTHIA 5.7 [6] and SPYTHIA 2.05[7] to generate other back-
grounds, mainly 2-+ processes since they are not sensitiveto the
electron polarization and these processes arenot in ISAJET. We
also use SPY THIA to determine the effect of bremsstrahlung on
the mass measurement resol ution, as described in section 11.B.3.
In this section we discuss the SUSY models that were studied
and describe the simulation programs used.
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Figure 1: The distribution of tota visible energy for SUSY
(solid curve) and SM W14 ~ (dashed curve) events before and
after aseries of cutsdescribed in section I11.A. The eventswere
generated at /s — 500 GeV with 80% right-pol arized el ectrons.
The signal to background ratio is about 30-to-1 after the cuts.

A. Parameter Sets

We chose to study five SUSY parameter sets that represent
such diverse scenarios of particle production that analyzing
them all would be representative of the capabilities of a Linear
Collider. The parameters are given in Table . Four of these
arewithinthe “minimal supergravity” or “SUGRA” framework,
with a universal scalar mass (mg) and auniversal gaugino mass
(my/2) aswell as auniversal scalar trilinear coupling parame-
ter (Ay), al defined at the GUT scale [1,2]. The resulting mass
values are shown in Figure 2.

The parameters were chosen to emphasize different sparticle
production:

Point 1
Point 2
Point 3
Point 4
Point 5

Chargino production

Slepton production

Charginos and deptons

Higgsino-likechargino and additional Higgs bosons
Light stop production

Tablel: List of valuesfor the five parameter sets (“points’). All
masses are given in GeV. (In thisreport, the top quark massis
taken to be 175 GeV.)

Parameter 1 2 3 4 5
my 400 100 200 * 300
mi o 200 300 100 @ * 150
Ay 0 0 0 * -600
tan(3) 2 2 2 10 2
sign(y) -1 -1 -1 -1 1

aFor point 4, the other parametersare: 1. = —100, mg = 900, m = 1000,
Ap = Ay = —1000.
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Figure2: Mass spectraof particlesfor thefive parameter sets (¢
represents only thefirst- and second-generation squarks).

Point 3, aso known as the comparison point, aso has been
studied by the TeV 33 and LHC subgroups. This point is charac-
terized by the fact that most of the sparticle masses are low and
can be produced in al the accel erators discussed at this confer-
ence. All the particles are produced at once, making the study
more complicated. The NLC is particularly useful in this case
because, as discussed above, the energy of the machine can be
tuned to observe particular signals.

Although we have chosen to study parameter sets within the
SUGRA mode, we note that the evaluation of the SUSY dis-
covery capabilitiesis largely insensitive to our choice. In fact,
precision studieswiththe NLC will also serveto stringently test
the assumptions underlying the SUGRA framework.

Tablell liststhe numbers of particles produced in some of the
channelsfor thefive parameter setsin oneyear of running at de-
sign luminosity (50 fb~1yr—1). No matter which parameter set
describes nature, NLC 500 (/s = 500 GeV) will be ableto pro-
duce thousands of supersymmetric events. Because of this and
because of the high signal to background we can measure the
masses, cross sections and branching ratios to ahigh precision.

B. Simulation Program

We usethe ISAJET 7.22 event generator program to simulate
supersymmetry. The SUGRA framework has been incorporated
into ISAJET [8], as have al lowest order eTe~ — 2 sparticle

Table I1: Numbers of events produced for selected channels for
each of thefive parameter setsat /s — 500 GeV with 80% right-
handed el ectron polarization with one year (50 fb~1) of data

Production mode 1 2 3 4 5
XTXT 6600 7950 13600 7700
% 500 700 2850 7400 1100
59 400 1650 50 1850
Dele 1550 12600 13700
’e“;g [ 14000 12150
’e“{ €L 100 2200
tity 3300
A 2900 2900 2950 2600 2800

and Higgsboson production mechanisms. Theseincludethefol-
lowing processes [9] (here, asin the rest of this document, we
neglect bars over anti-particles):
ete™ — Grar, Grir,

— .l LrlR,

— ;z;z,

= XTXT A3 X2 0 X1 Xz + e,

— XXy, (6, = 1-4),

— Z9R%, ZOHO, A°h°, A°HY, HtH~.

All sguarks and dleptons other than staus and stops are taken to
beL or R eigenstates. (For the stops, 1111, {1, and it are pro-
duced, where ?172 are thetop squark mass eigenstates.)

Givenapointin SUGRA space and acollider energy, ISAJET
generates all alowed production processes according to their
relative cross sections. The produced sparticles or Higgs bosons
arethen decayed intoall kinematically accessible channels, with
branching fractions calculated withinISAJET. The sparticlede-
cay cascade terminateswith the stable L SP, taken to bethelight-
est neutralino (x7). Final state QCD radiation is included, as
well as particle hadronization. ISAJET currently neglects spin
correlations, sparticle decay matrix elements, initia state pho-
tonradiation and beamsstrahlung effects. Intheabovereactions,
spin correl ation effects are only important for chargino and neu-
tralino pair production, while decay matrix elements are only
important for three-body sparticle decays.

1. Polarization

To facilitate investigation of polarized beam effects on sig-
nal and background cross sections, particle production via po-
larized beams has been included in the ISAJET ete™ cross
sections [10]. The degree of longitudinal beam polarization is
parametrized as

Prle”™)=fL—fr
where
ny, 1+ Py,
= = and
2 nr +np 2
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In the above, n; g isthe number of left (right) polarized el ec-
trons in the beam, and f; g is the corresponding fraction. An
80% right polarized beam correspondsto Py (e~ ) = —0.6and a
completely unpolarized beam correspondsto Pr (e~ ) = O.

Theinclusion in the simulation of the electron polarizationis
important because we need to understand its effect on our ability
to sort out those signal swhich aretopol ogically similar but come
from different sparticle production mechanisms; wewill seethat
these mechanisms can most simply be untangled by changing
the longitudina polarization of the electron beam. The use of
this effect in uncovering the various signals is discussed in de-
tail in section 111.C.

2. Detector ssmulation

We apply resol ution broadening to each four-vector in thefinal
state according to the performance assumptions of the detector
being considered. There is a 2% detection inefficiency for all
particles, independent of momentum, and the beam hole covers
theregion | cosf| > 0.99. The resolution parameters are listed
in Table 2.2, page 25, of the NLC report submitted to Snow-
mass [11]. In addition, all photonswith £, < 0.5 GeV aswell
as any charged particlewith pr < 0.24 GeV are considered un-
observable.

3. Beamenergy

One of the questions to be answered by simulation is the ef-
fect of bremsstrahlung on our ability to make accurate measure-
ment of the masses of sparticles. These beam effects distort the
center of mass energy of the production and therefore affect the
endpoint energies of thedecay particlesthat are being measured.

Sincel SAJET includesneither initial stateradiation nor beam-
strahlung, we studied the distortion of the secondary particle en-
ergy spectrum dueto these effectsusing SPY THIA. Weused the
beam energy spectrum in the Zeroth-Order design report [12].
Figure 3 shows how theelectron energy distributionfrom éﬁ de-
cayschangeswhen initial stateradiationisturned oninthesim-
ulation. We note that the spectrum changes at the few percent
level but in asystematic way that can easily be corrected by sim-
ulation techniques. Hence this should not affect adversely the
accuracy of the mass measurements. Nevertheless, it requires
knowing the colliding beam energy spectrum well.

At the same timethese effects reduce the number of eventsob-
served and hence affect the precision that can be attained on the
measurement of the cross section and therefore the determina-
tion of the coupling constants. Knowledge of the beam energy
spectrum also alows us to correct for the apparent changes in
the cross sections.

1. ANALYSISMETHODS

This section discusses various anaysis tools that we will be
using later on in section 1V. We begin with a discussion of the
event selection, followed by a description of the mass measure-
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Figure 3: Effect of initial state radiation and beamstrahlung on
the electron energy from éﬁ decays.

ment technique and conclude with a discussion of the studies
that can be performed using e ectron polarization.

A. Event selection

At the NLC, the signatures of supersymmetry events are sig-
nificantly different from those of standard model events. This
makes it easy to separate the signal from the background.

In this section, we discuss the separation of the SUSY signal
from the background. We take as an exampl e point 3 datagener-
ated at /s = 500 GeV with 80% right-polarized electrons. Fig-
ure 4 shows the distributionsof the quantitieswe will be cutting
on to separate the SUSY signal from the W+ W~ background.
We focus on W+ W~ events, since they are the primary source
of the background; they are copioudy produced (see Figure 10)
and they often decay through modes with neutrinos (and thus
missing energy). In this analysis, we calculate the thrust axis
of the event and divide the event into two hemispheres; the for-
ward hemisphere is defined to be the hemisphere that contains
the greater energy. The cuts that we use for these plotsare:

| cos Oppruse| < 0.85

Eback >0

number of particles per jet > 5
Efm« < 04F.,,

These cuts are chosen to enhance the YT Y eventsin which the
ﬁc decays to x{¢q. They eiminate standard model events, as
well as some types of background from other SUSY channels.
The cut on | cos 8| separates SUSY events from SM events;
WHW~ and 7°Z° eventstend to be highly peaked in the beam
direction, while SUSY events are isotropically distributed in
cosf. Thecut on Eyqe > 0 (i.€, the energy in the hemisphere
withthelower energy) ensuresthat thereisenergy in both hemi-
spheres of the event; this eliminates events that contain neutri-
nossuch as 7°7° withone 7° — v and alarge class of events
such as W — fv where the lepton disappears down the beam
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pipe. The cut on the number of particles per jet ensures that the
jet comes from quarks and not from 7’s or from leptonic decays
of the 1//. The signature of SUSY islarge missing energy; the
cut on Ky, < 0.4E.,, eiminates al events with no missing
energy (such W+Ww~- — jetsor A’ Z° events).

Figure 4 shows the four cut quantities after successive cuts;
theplotsare (a) thedistributionof | cos 8| for al events, (b)
the energy in the backward hemisphere after the | cos 6| cut, (c)
the number of particles per jet after the £y, cut and (d) £y,
after the cut on the number of particles per jet.

After these four cuts, the resulting visible energy distribution
is as shown in Figure 1; the background is amost completely
eliminated.

P T B 1
100 200

Ebackward
—

200
GeV

0 100

Efo rward

particlefet

Figure 4: Distributions of cut variables, after successive cuts.
The solid histogram is point 3 data, the dashed histogramis SM
WTW= events.

B. Mass Measurements

In our studies, we assume that R-parity is conserved, which
means that there will always be alightest supersymmetric parti-
clewhich will carry away significant amounts of energy.

Many supersymmetric particles will have 2-body decays, for

Xt

Figure 5: Diagram for the process et e~ — €4e; withey, —
~0.
X1€ -

example%ﬁ — YVe*, as shown in Figure 5; in this case, the
electron has a unique energy in therest frame of the 8%, and so
its energy in the laboratory frame will have a box distribution,
likethat of Figures 3 and 15. We can cal cul ate the endpoints of
thisdistribution from the equation

Emax,min = (1 =+ B)PYEe,cm

(here we have used the fact that m. < E.) and where

2
mg Mo
Ee cm — o 1-— L
’ 2 ( mg)
and
4m?\ ?
-
S
s
7= ng.
Thisleads to the results
EmaxEmin :
me = 5 |tmerlmin
(Emax+Emzn)
mie = miys | LmaxBmin \
X? B ¢ Emax+Emin

2
Emax + Emzn \/g .

Although these expressions have been written for this particu-
lar decay, it should be clear that these apply to any two-body de-
cay includingthosewherethedaughtersdecay further, e.g. ¢, —
by, which has been used in Ref. [ 10] to obtain the chargino and
t-squark mass.

We show below typica fits to energy spectra and the result-
ing mass determinations from the fits. We consider here only
the results using point 3 in the SUGRA parameter space and
a colliding energy of 500 GeV. These results have aso been
presented in the report submitted to Snowmass [11]. Figure 6
shows the energy distribution of electrons from 7. decays that
arise from the process ete~ — 7.7, and the decay chain —
e"Xtetxy — e ptXletX) + 2jetsor — e~ xJet X9 +2
jets. This datais based on 25 fb~? integrated luminosity which
isequivalenttoahalf year runat designluminosity using an 80%
|eft-handed polarized electron beam. Thefit to the edges of the
energy distribution lead to mass measurements

2075+ 25GeV
97.0+ 1.2GeV

mlje

m .-
Xy

compared with the input values of 206.6 and 96.1 GeV respec-
tively.

Another possible measurement of mass can be donewiththree
body decays. For example, for the case of the SUGRA point 5
in our parameter space, we can measure the Y™ and x| masses
by studying the processete~ — YT Y] where both ;ﬁ decay
into x9qq. At Eqm =500 GeV and 80% |eft handed polarization
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Figure 6: The electron energy distribution in the process
ete™ = Db — e Xty — e pExlety) + 2 jetsand
thefit that determinesthe mass of therv. = 207.54+ 2.5GeV and
the mass of the Y = 97.0+ 1.2 GeV [10,11].

the production cross section is 850 fb. The branching ratio into
X and 2 jets (jj) is 65.8%; atypical one-year run at 50 fo~* will
produce over 18000 events. The resulting Ej; spectrum does not
have a sharp endpoint behavior because of the 3-body nature of
thisdecay. Hence we cannot use this spectrum to determine the
masses accurately. But since the combined masses for the two
jets, M;j, does not vary much in this case we can simulate atwo
body process by keeping only events whose value of Mj; is near
agiven vaue. Figure 7 shows the Ej; distribution when Mj; is
near 30 GeV. Thefit to the energy spectrum leads to masses

107.54+ 6.5 GeV

m}zi— =
o = 55.0+ 3.5 GeV

compared with the input values of 109.8 and 57.0 GeV respec-
tively.

C. Measurements using Polarization

The study of the production cross section of supersymmet-
ric particles as a function of the longitudina polarization of
the eectrons is of fundamental importance to understanding
whether we are observing supersymmetry. Within the context

65 T | T | T | T | T
L () _
> 60 Input 68.3% |
o (109.8, 57.0) )
B
c S5 Min X2
(107.5, 55.0)
i 90% CL
50 1 | 1 | 1 | 1 | 1
95 100 105 110 115 120
mﬂ (GeV)
50 T T T T T T T
40
= B T
m
T@ 30 -
= L _
$ 20 .
Lu - =
10 — -
0 50 100 150 200

Figure 7: Thejet-jet energy distributionin the processete~ —
XTXT — XVqa7%¢7 and the fit to the X1 and ¥ masses for
point 5. We require Mj; to be near 30 GeV. The fitsto the end
point of the energy spectrum gives Mo = 107.5+ 6.5GeV and

mgs =55.0 £ 35 GeV [10,11].

of the SUGRA model the cross section of many of the super-
symmetric particles varies markedly as we vary the polariza
tion. Thisisbecause left-handed polarization enhances produc-
tion viathe SU(2)-like couplings and right-handed polarization
enhances production viathe U(1)-like couplings. Supersymme-
try requires that these coupling constants be the same as those
of the standard model. For those sparticles which are mixtures
of the SU(2)- and U(1)-like particles, this technique allows us
to measure the amount of mixing. Hence we can unravel the
variousfirst order Feynman diagrams responsiblefor these pro-
cesses and determi ne the magni tude of the variouscoupling con-
stants. This measurement isacrucia test of supersymmetry, in-
dependent of any model. We will also see examples of other
measurements which allow usto test the additional assumptions
behind the SUGRA framework, and specify the measurements
that are necessary for these teststo be reliably carried out at the
NLC. In thisreport we show how these cross sections vary as-
suming the SUGRA model is correct and indicate which sparti-
cle productions need to be measured to make these tests.
Figure 9 shows the cross sections as a function of polariza-
tion for point 3 as generated by ISAJET (the Snowmass Report
[11] and Ref. [10] show the corresponding plots for the other
four points). This should be compared with Figure 10, which
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Figure 9: Cross sections of SUSY processes as a function of
electron polarization for /s = 500 GeV, where Pr(e~) = 1.0
corresponds to 100% left-handed polarization [3,10].

Standard Model Processes at NLC 500

Figure 8: The b-jet energy distributionin the process ete” =
tit; — bYTHYT and thefit to thet; Y1 masses. The fit gives
themassvalues M;, = 182+ 11GeV and M .+ = 114 + 8 GeV
[10,11].

shows the standard model processes. Many of these processes
arebackgroundsfor SUSY sincethey can produce neutrinosthat
mimic theLSP. The background dueto W+ W ~ production can
be significantly reduced by using right-polarized el ectrons.

We see from Figure 9 that &£ and 7. production dominatesé%
productionfor |eft-handed e ectron polarization, whilethe oppo-
siteistrueif the polarizationis reversed.

In the case of éf g Production one has two channels, the Z-v
s-channel process and the ¢-channel Y exchange. The neutrali-
nos, 7, are possibly mixtures of the bino (5°), wino (W°) and
thetwo Higgsinos(which have negliblecouplingsto theincident
beam). When the incident electron is right-handed, the produc-
tion of €§ occursviathe s-channel exchange of v and 7 aswell
asviathebino part of the neutralinosexchanged in the¢-channel.
When the incident electron isleft-handed, the production of &£
occursvia s-channel and viaboth the bino and wino parts of the
neutralinosinthet-channel. Hence, by use of the el ectron polar-
ization we can unravel the fraction of wino and bino that make
up the neutralino, an important measurement needed to deter-

30000 ‘ ‘ ‘
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3000 T <4<<}{,,/~~”“”/ 8
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Figure10: Crosssectionsof standard model processes asafunc-
tion of electron polarization [3,10].

mine the validity of the SUGRA framework.

The . productiona so hastwo channels, the Z s-channel pro-
cess and the ¢-channel ;}{E exchange. Since the the chargino is
mainly awino, the effects of electron polarization are even more
clearly separated (the chargino’ sHiggsino component can bene-
glected because the magnitude of its coupling constant is pro-
portional to the electron mass). If the incident electron is right
handed the chargino ¢-channel does not contributeto 7, produc-
tion. If the incident electron is left-handed it does contribute.
Again this measurement is crucial to our understanding of the
chargino and in confirming the SUGRA framework.
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V. MODEL-INDEPENDENT ANALYSIS

This section presents amodel independent analysis as an ex-
ample of what can be done a the NLC. For thisexample, we as-
signthe parameters of themode! to those of parameter set 3. Our
analysis will be independent of this choice; the data will drive
us to the conclusion that nature is described by the point 3 pa
rameters, but the analysis should work regardless of which set
of parametersisrealized.

We measure the following quantities:

o Masses of the supersymmetric particles
o Left- and right-handed cross sections
¢ Branchingratios

————————

LHC, TeV33| 350 GeV

@fo-y [ ! .

________

oo
250 GeV 2mg+
(20fb~Y)

miit’mig’o-RvL""

Higgsino
branch

________

500 GeV
(20fb~Y)

My, My, ...

0.8—1.0TeV
(50 fb~1)

mg

Figure 11: The steps of the anaysis, assuming that nature is
parametrized by point 3. The boxes show theCM energy and the
minimum integrated luminosity to perform the measurements
described in the text.

Figure 11 describes the steps that will be taken in this analy-
sis. Inred life, if natureisparametrized by point 3, wewill have
inputsfrom LEP2, LHC and TEV 33 to guideus. Infact, for this
particular example the lightest Higgs and the lightest neutralino
will have been discovered, athough thisis not true for all pos-
sible SUSY parameters. The figure indicates the branches that
would be taken if nature is described by parameters other than
point 3. It aso lists the minimum integrated luminosity needed
at each energy to determinethe SUSY parameters within reason-
able errors, as described in the following sections.

A. 350 GeV

We start the analysis by assuming that we take data at 350
GeV. This energy approximately bifurcates the SUSY discov-
ery space (andit al so happensto bethett threshold). If no SUSY
particleisdiscovered at al, we search a a higher energy.

If the lightest neutralino and a right-handed slepton are dis-
covered, but no chargino, then point 3 is ruled out and we run
theNLC at 4m;; 7 (assuming the unification of gaugino masses
which is part of the minimal SUGRA framework, thisis twice
the chargino mass). Thiswould correspond to parameter set 2in
our study. A study of asimilar point has aready been performed
for the JLC detector [4].

In the case that we are studying, the neutralinos and charginos
are light, so we choose to go down to 250 GeV in order to mea
sure the masses of the neutralinos ! , and the chargino .
These measurements are better at thelower energy, sinceit elim-
inates potentially confusing cascade decays and it improvesthe
resol ution of the mass measurement technique.

B. 250 GeV

At acenter of mass energy of 250 GeV the only sparticlesthat
can be produced are the Y2, X and Y. Table Il lists the pro-
duction cross sections at this energy.

Table 111: Production cross sections (in fb) for point 3 a /s
= 250 GeV with right- and | eft-handed polarized electrons.

Production mode 80% right 80% | eft
TNy 503 (35.0%) 1991 (68.7%)
Xy 452 (315 ) 180 (6.2 )
hoZ° 404 (281 ) 484 (16.7 )
X9 63 (44 ) 183 (63)
X5 14 (10) 62 (21)
total 1436 2899

1. Properties of the chargino

One study to be performed is the measurement of the cross
sections for chargino production as a function of eectron po-
larization. As Figure 12 indicates, for /s > m, left-handed
electrons can produce charginos whether or not the chargino is
gaugino-likeor Higgsino-like, while right-handed el ectrons can
only produce charginos if the chargino is Higgsino-like. Thus,
if o1 > o, then the chargino is gaugino-like; Table I11 indi-
cates that thisisthe case in the SUGRA model we are using in
our simulation.

By aMonte Carlo study we have determined that with 20 fb—!
of data, and 80% electron polarization, we can determine the
left- and right-handed cross sections to

6U(PL = 40.6) = 1.5%

6—U(PL =-06) = 2.0%

o

2. Chargino and neutralino masses

To measure the masses of the Y& and X} we look at the
chargino decays ﬁc — Xiqq and X7 — X¢* v, and the neu-
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Figure 12: First order Feynman diagrams for ete~ — Y Y7,

where IV and I are the gaugino and Higgsino components of
thechargino. Theleft-handed el ectron can coupleto boththe B°
(the U(1) component of the Z-v) and the W° (the SU(2) com-
ponent); the right-handed el ectron can only coupleto the BY.

tralino decays Y5 — Y"q7 and X5 — Y1¢* ¢~ using the proce-
dureoutlinedin section|11.B. Table IV showsthat this exhausts
the measurabl e possibilitiesfor these sparticle decays.

Figure 13 shows the reconstructed jet-jet massfromete= —
XEXT = X YYqq events, with cuts to select an isolated
lepton in one hemisphere and jet pairs in the other. Figure 14
showstheresults of thefit to the endpoint of thejet energy spec-
trum. With 20 fb~? of dataat 250 GeV the errors on the masses
should be

1%,

Table 1V: Branching ratios of neutralinos and charginos at
point 3.

Decay mode  Fraction
09— Xlzﬂz— 49.7%
— XVqq 42.4
— %?I/@?@ 7.8
= EwT 58.6
A 22.2
— R0 10.1
= 30a7 66.3
=0ty 337

Table V: Branching ratios of deptonsand squarks at point 3.

Decay mode Fraction

. = XTe~ 615
— X9 31.9
2 6.6

e — Xlet 99.0

& = Xfv. 544
— X5et 24.2
— XJet 21.4

th = XTb 64.6
— X0t 35.4

by — X9b 86.2
— Xt 13.7
iy = 1%.
m)zit

Because the chargino cross-section depends on the sneutrino
mass, this measurement allowsus to predict that the mass of the
sneutrinowill belessthan 250 GeV. Thispredictionismodd in-
dependent; it holdsfor any choice of soft-supersymmetry break-
ing terms. Given these resultsthe next step isto run the NLC at
500 GeV to study the masses of sneutrinos and the sleptons.

WO

- Point3 ww Background
300177778772*250 GeV R S 7

250
200
150
100

50

Figure 13: The jet-jet invariant mass from ﬁc — X1qq events
and from SM W+ W~ events.
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Figure 14: Thejet energy spectrum, and the mass obtained from
the fit to the spectrum.

C. 500 GeV

At 500 GeV, the energy is sufficient to produce deptons
and sneutrinos. According to Table VI, large numbers of
ej{e“Reventswnl be produced; from Table V, we see that the de-
cayeR — YVe* dominates. Thusthe signal will betwo isolated

electrons and large missing energy.

Fi gure 15 showsthe distribution of electron energies from the
decay ¢ e — Yiet. The endp0| nts of the distribution deter-
mine the masses the £% and the Y9, as shown in Figure 16. In
thisexample, thefit val ues of the parameters do not coincide ex-
actly with theinput values; thisis partly dueto background from
other decays which distort the endpointsof the energy spectrum.
Sincethiseffect is correctable, the most important feature to no-
tice is the size of the uncertainties in the masses. (To be con-
servative, however, we have taken the errors on the masses to
bedme, = 2GeV and dm o= 1.5GeV. Notethat the Y X mass
measurements from section IV.B could have been used to pro-
videan additional constraint on the ¢% mass.)

With 20 fb~? of data at 500 GeV for 80% right-handed elec-

Table VI: Production cross sections (in fb) for point 3 a /s
= 500 GeV.

Production mode 80% right 80% left
Xy 365 (26.4%) 151 ( 5.9%)
Vele 252 (183 ) 978 (383 )
ehen 243 (176 ) 65 (25 )
XNy 159 (115 ) 640 (282 )
hoZ° 59 (43 ) 72 (28 )
X9 57 (41 ) 187 (73)
efer 4 (32 ) 158 (62 )
total 1379 2551
350 - .
300 — I Mmuﬂ ﬂﬂﬂlﬂ ﬁuﬂﬁu” 7
250 | W :
200 —
150 —
100 —
50 —
055 75 i 1% 1 e 200 228

GeV

Eelectron

Figure 15: Distribution of electron energies from the decays of
%, Thefitistoaconvolutionof abox withaGaussian. Theend-
pointsof the distribution determine the sel ectron and neutralino
Masses.

tronsthe errors on the masses should be

(Smlje _ 2%’

mlje

(Sng _ 1%

ng ’
dmx

Mir — 1.5% and
Mir

(Sm(gL _ 7%

mgL ’

The measurement of mg, is difficult since the 2-electron final
stateisdominated by standard model backgroundfromete= —
WHTW~- — etv.e .. Thus, we must look at the 6-electron
fina state from et — {9et — YJete~eT, which has no stan-
dard model background but suffers from low statistics [10].
Given these measurements we can fit for the underlying
supersymmetry parameters which describe the neutralino and
chargino masses and mixings, namely M, M, p and tan j3. If
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Figure 16: Reconstructed Y and 8?; masses, along with thein-
put values. The contoursare spaced a 1-o intervals. The + rep-
resentsthe input values of the parameters (44.5 and 206.6 GeV)
and the x represents the best fit values (45.1 and 208.2 GeV).

we assume the grand-unified assumption between A/, and M,
we determine (at 68% CL)

dMs

—= = 15
M, %
o 15y

1
tang = 24+0.35

Weillustrate the y? contoursin Figures 17 and 18.

If we combine the measurements of the slepton masses with
the SUGRA assumption, then we can predict that the squark
massesaremg= 322+ 7 GeV. Wecan runthe NLC at 800 GeV
to verify thisprediction. We can also measure the properties of
the heavy neutralino and chargino masses at this energy.

D. 800 GeVv

To obtain measurements of the heavier SUSY particles, we
runtheNLC at 800 GeV. Table VI liststhe production cross sec-
tionsfor point 3 at 800 GeV.

At acenter of mass energy of 800 GeV it isreatively easy to
devise a set of cuts which isolate a sample of primarily squark
events. One of the cuts we applied requires the observation of
two b-jets. Hence our sampleisdominated by fandb production.
Figure 19 showsthe reconstructed jet energy for selected events
in 50 fb~? of data with 80% right polarization. Because alarge
fraction of the decays are two-body decays (b — bx° and i —
byx1) thejet energy distribution can be used to derive a generic
squark mass of 307 GeV, using the standard endpoint technique.
Thisvalue lies in the middle of the range of squark masses for
the comparison point and amounts to a 10% measurement of the
squark mass.

Thefina step inthisanalysis, which we will not detail in this
report, would entail runningtheNLC at /s — 1000 GeV to mea-

Vs = 500 GeV Amyp=3 GeV

—100 [

—200
L 95% CL .

—300

w (GeV)

—-400

82 84 86 88
M, (GeV)

—500

80 90

Figure 17: Errorson themeasurement of i and A at /s — 500
GeV.

Vs = 500 GeV Amgy=3 GeV

220

215 956% CL

210

(GeV)

205

m

200

195

1.5 2.0 2.5 3.0
tan

190
1.0

Figure 18: Errors on the measurement of 1/ and tan(3) at /s
= 500 GeV.

sure the properties of the heavy Higgs boson and heavy top-
squark.

V. TESTS OF SUPERSYMMETRY

In the previous section techniques were described to measure
supersymmetric masses and mixing angles such as mg, tan 3,
etc. In the process of this extraction we have made very few
model assumptions. Implicit in the analysis, however, was the
assumption that the new phenomena measured is indeed origi-
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Table VII: Selected production cross sections (in fb) for point 3
at /s = 800GeV. Thesymbol g representsall first- and second-
generation squarks.

Production mode 80% right 80% left
et 538 (27.6%) 142 ( 3.8%)
Ve Te 434 (223 ) 1687 (45.7 )
%9 210 (108 ) 83 (22)
erer 123 (63 ) 467 (126 )
XS 98 (50 ) 245 (66 )
X 89 (46 ) 35 (96 )
i 71 (37 ) 128 (35)
359 58 (30 ) 70 (19)
1t 28 (14 ) 17 (05 )
brby 11 (06 ) 36 (10)
total 1945 3693

L B B AR B
NLC — 800 GeV, e pol=—0.8 at IP

50 fb™' (point 3)
SQUARKS (white)

SUSY background (filled)

w
o
]

events/10 GeV/c
3 X
o o

=
15
o

100

50

£ L e et B |

100 150 200 250 300 350

400 )
Reconstructed jet energy (GeV)

450 500
Figure 19: The energy distribution of squarks and background
from other SUSY processes at /s = 800 GeV.

nating from supersymmetry with minimal particle content. In
this section, we describe some experiments at the NLC which
allow usto test thisassumption.

A powerful hint for supersymmetry would be discovery of
new particleswhich have the correct quantum numbersto be su-
persymmetric partners of the standard model particles. Never-
theless, it would only be a strong hint and not “proof” that na-
tureis supersymmetric. More compelling evidence can be pro-
vided by looking at the couplings of different operators which
are related by supersymmetry invariance. Just as gauge invari-
ance forces relations among interactions, so does supersymme-
try invariance. One example of theserelationsis

gQWJDL’yueL ngW'i'eLD* (1)
If supersymmetry were not realized then therewould be no sym-
metry principlerequiring that the g» coupling on theleft side be
equa to the g, coupling on the right side.

It is useful to call the g» on the RHS of Eq. 1 g5 and then
experimentally test whether g5 = g». One of the most effec-
tive ways to make this test is in the production of e; et —
xTx7 [13]. The Feynman diagrams for this production pro-
cess are contained in Figure 12. Here, at channd diagram ex-
changing az. containsthecoupling g5 a theelectron-sneutrino-
chargino vertex. The amplitudefor thisdiagramis

g5 Via|?
~

|2

Ap

t—m

(The V4, factor is simply how much W~ is contained in the

lightest chargino eigenstate.) Since this amplitude depends on

three quantities, g5, V11 and m;, it isnecessary to use three ob-

servables to pin down g5. In Ref. [13] the three observables

were taken to be the total cross-sections o, z(x*x~) and the
asymmetry,

_or(0<cosf < 1/3/2) —or(—1 < cosf < 0)
o O'L(—1<COSH<1/\/§)

The example model studied in [13] sets

Af

(4, My, tan 3, my, mg) = (—500, 170, 4, 400, 700)

which produces gaugino mass eigenstates of ms= 172 GeV,
m = 512 GeV, and myo= 86 GeV. Vj; ~ lisdetermined by
measuring oz ~ 0, and the other two parameters are determined
by o1, and A} . Figure 20 plotsthe alowed bandsin the g5 /-
vs. m; plane which are consistent with o, (solid curves) and
AX (dashed curves) at 100 fb~1 of integrated luminosity. The
shaded regions are consi stent with both observables and consti-
tutethe allowed regions. The authors conclude that g5 could be
measured to
0.85 < g5 /g2 < 1.3.

A determination of g5 thiscloseto g» isagood quantitativetest
that supersymmetry isrealized in nature. The analysis aso pre-
dictsm; ~ 400GeV. Tuningthe center of mass energy sufficient
to directly detect this particle and measuring its mass near 400
GeV would greatly strengthentheclaim for supersymmetry. The
direct measurement of m;; could then be used in the analysisto
test g» = g5 to better than 5%.

Other tests similar to the one described above can be per-
formed to verify supersymmetry. For example, supersymmetry
invariance rel ates

g2 W HYO'H, & go(HHYW—HT.

The RHSisaterm inthe chargino mass matrix mixing thewino
and Higgsino fermions. This mixing term is proportional to

go(H?2) o< myy sin 3,

and affects both the mixing angles and mass eigenval ues of the
physical chargino states. One can replace my with my,, and
tan 5 with tan 8X and measure them independently using the
full complement of chargino observables. If myy, = my , which
can be tested [13], then supersymmetry has passed another test.
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Figure 20: The alowed bandsin the g5 /g vs. m; plane.

More precise tests of supersymmetry have been suggested
by [14] using slepton pair production. The production cross-
section for ¢, ¢ issensitiveto ¢-channel B exchange. The cou-
pling of the B to the electron and right-handed selectron is re-
lated by supersymmetry to the coupling between the B,, gauge
field and two electrons: 5. . = v/2¢’. Precise measurement
of the érér cross sections then enables a precise test of thisre-
lation, and an extraction of A/, (see Figure 21). In[14] thistest
wasillustrated with thefoll owing underlying parameter choices:
mez, = 200 GeV, p = 300 GeV, M; = 99.57 GeV, and tan 8
= 2. With /s = 500 GeV and 100 fb~? of datathe equdlity of
these couplings can be tested to better than 2% accuracy.

Measurement of ﬁeNRe coupling

1.02 ‘ ‘

n=300GeV, tanf=2

0.98

1
95

100
M,[GeV]

-
105

90 110

Figure 21: Test of SUSY from the selectron distribution[14].

Since supersymmetry cannot be an exact symmetry of nature,
one does not expect these equalities among the couplings dis-
cussed aboveto hold at arbitrary precision. Indeed, small devia-

tionsof O(1%) intheserelations are expected to manifest them-
selves due to logarithmic sensitivity to the decoupling of higher
mass supersymmetric states. The test described above is so pre-
cise that it beginsto be sensitive to these tiny deviationsin the
relation between g5, .. and g’ due to supersymmetry break-
ing. With more luminosity it iseven perhaps possible to extract
a rough estimate of the squark mass scale from this measure-
ment [14].

Once supersymmetry has been established the next most im-
portant question to answer iswhat is the mechanism underlying
supersymmetry breaking? There is no compelling model for a
pattern to the soft supersymmetry breaking masses which make
all the scalars and gauginos heavy, except that they must satisfy
gauge invariance in the full Lagrangian. Sincethe NLC can di-
rectly measure the gaugino and scalar masses with high preci-
sion, experiments at the NLC will provideinvaluable guidance
that may help uncover the physics of SUSY breaking, and thus
di stingui sh between various theoretical approaches [2].

We discuss briefly two examples of mass relationsthat would
be extremely valuabl e to know to make sense of thetheory. The
first relation is between the gaugino masses. Grand unified the-
ories (GUT), which typicaly have a unified gaugino mass at
the GUT scale, make definite predictions for the mass ratios of
the different gauginos. Renormalization group equationsto one
loop predict that

M;(Q)
a;(Q)

Since al the M; unify to m,/, a the GUT scale and all the o;
unify to «¢; a the GUT scale, one can make the prediction that

= scale independent.

as(mzg)
ay(mzg)

M2 = M1 ~ 2M1 .

Thisis commonly referred to asthe “GUT relation between M,
and M,.” Other models of supersymmetry which do not in-
corporate grand unification also may predict this “GUT rela
tion” [2]. The principle of supersymmetry does not dictate any
relation between M, and M- and so it isan experimenta ques-
tiontofind out if Ms/M; ~ 2.

An example of thiskind of test was given in [4]. The set of

parameters they studied was

(1, Mo, tan 8, m;_,m; ) = (400,250, 2,142,236).  (2)
With 20fb~1 of dataat /s = 350 GeV and 50fb~? of dataat /s
= 500 GeV, theindependent values of A/, and M- can be disen-
tangled. Figure 22 illustrates thistest with contours of Ay? =
1 (dash), 2.28 (dot-dash) and 4.61 (solid).

Studying the scalar mass spectroscopy can also provideuseful
information about the underlying theory of supersymmetry. As
an example, we can write down the difference between the low
energy physical massesé; and ér as

3
m%—m%—l—cz—zcl—l—

1
(—5 + 2sin® Oy )ym% cos 26 (3)
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where m? and m?% represent the soft mass term at the “bound-
ary condition scal€’ and the C;’s are contributions induced
by gaugino-mass loopsin the renormalization group equations.
The precise definitions of C;’s at one loop are given, for exam-
ple, in Ref. [15]. The last term proportional to m%, are D-term
contributionsto the dlepton physical masses and are numerically
insignificant here.

Toillustratethe distingui shing power of theabove relation be-
tween ¢;, and ég we detail the values of each of the terms on
the RHS of Eq. 3 for three different models: (a) mMSUGRA with
universal scalar masses a the GUT scale, (b) SU(5) GUT with
theé;, inab representation of SU(5) with its own soft mass term
andtheé g inal10representation of SU(5) withitsown soft mass
term at the GUT scale, and (¢) minimal gauge mediated (MGM)
model of supersymmetry breaking which has a “boundary con-
dition scale” for the soft masses much lower in scale than the
supergravity theories of (@) and (b). This “boundary condition
scale’ intheMGM isusually called the messenger scale, M, and
istypically O(10° GeV).

In these three theories,

0, mMSUGRA
mi —m?,, SU(5) GUT
mi -y = {3 () e
_19_0(5&%)))2]”12}’ MGM
and

_1}

3 ol
{iMzz L@(”C;Z)

, mSUGRA or
3 Iy
- — 2 M2 {—O@(ng)—l}}, U(5) GUT
- 3ar2 | cd(M)
{303 [50 1]
3 ai(M)
- &0 [0 1]} mow

where a; ~ 0.04 isthevaue of the gauge couplingsat theGUT
scale. In each mode the “GUT rdation” M, ~ 2M; holds.
Therefore, wecan get an approximate numerical rel ationship be-
tween the sel ectron masses and M5 :

0.5M3, mSUGRA
mZ —m? ~<¢ mi—mi;+0.5M; SU®) GUT
1.4M2. MGM

In Figure 23 the relation between M, and m?, —m?_ isplot-
ted. Thelinein the figure is the approximate relation expected
in the mMSUGRA model (solid) and the MGM mode (dashed).
Since mZ and m?, can be arbitrary masses, a single line can-
not be drawn in the figure for the SU(5) GUT model. However,
any lineparallel to the solid line could in principle describe the
U(5) GUT mass pattern. Any point above the solid line would
be consistent with ms > m, and everything below the solid
line would be consistent with myo > ms. Using the same set
of parameters as given by Eq. 2, it was found that using 20 fb—*
of data at \/s = 350 and 400 GeV and 50 fb~! of data at /s
= 500 GeV, them;, and M» masses could be measured to bet-
ter than 2% and 5% respectively. The cross-hairsin the figure
are the equivaent 1o errors in the measured values of A/, and

\/mZ, —mZ_. Thecrosshairsnicely fall onthemSUGRA line,

providing further evidence that the model has unified slepton
masses at the GUT scale.
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Figure 23: The relation between M, and mZ, —mZ_ .
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The hypothesisof MSUGRA isan especially simplifying one.
It reduces the over 120 independent parameters needed to de-
scribethe MSSM to five parameters: myg, my /2, tan 3, sign(y),
and Ay. Neglecting the potentially difficult non-linearities, as
few as five independent observables involving supersymmetric
particles need be measured to pin down all of theseinput param-
eters. Using the results from the previous sections on the deter-
minations of mgo Mok, or,r(XTX1), me, . Weconstruct a
total y2for point 3 and vary over all theinput parametersto find
the best fit to the data. The best fit to the data of course corre-
spondsto the input parameters of point 3 with errors,

dmo = T2 Gev
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(57’711/2 i—?g GeV
dtanf = fg:g
sign(p) = determined.

The precise determination of these parameters then can be
used to cautiously predict other observables such as the squark
masses, heavy gauginos, and heavy Higgses.

Finally, if one were to assume at the outset that nature is de-
scribed by an mSUGRA model, then one can try to interpret all
measurementsin only thisframework and simply wait for alarge
deviation to appear before discounting the model. That is, a y?
can be formulated, as is currently done in the standard model,
which incorporatesall the observables which are measurable at
NLC, and as long as the x? remains sufficiently small then we
mai ntai n confidencein themSUGRA model. Planning an exper-
imental program based on thisnotionisnaivesincemSUGRA is
approximately ameasure zero set of all theviablealternativesin
supersymmetry. It istherefore vital that one can iterate through
amodel independent analysisto determine experimentally what
the underlying weak-scale parameters of the theory are, rather
than making numerous simple hypotheses hoping that the pos-
tulated theory can then be verified.

VI. CONCLUSIONS

In this paper, we have considered general methodsfor discov-
ering supersymmetry and measuring the propertiesof supersym-
metric particlesat the NLC. In particular, we have explored one
specific model of SUSY and shown how the NLC can be used
to fully reconstruct the parameters of the model.

The NLC will be essentia to fully explore supersymmetry if
it should exist, and offers the unique potential to make precision
measurements that would allow us to begin to explore physics
at still higher energy scales, perhaps al the way to the scale at
which the forces of nature are unified.
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