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Abstract

Supersymmetry is a promising framework in which to explore extensions of the stan-
dard model. To date, most studies of supersymmetry at future colliders have been
concerned with particle searches. However, if candidates for supersymmetric parti-
cles are found, precision measurements of their properties will then be of paramount
importance. The prospects for such measurements and their implications are the
subject of this thesis.

If charginos are produced at the LEP II collider, they are likely to be one of the
few available supersymmetric signals for many years. We consider the possibility of
determining fundamental supersymmetry parameters in such a scenario. The study is

complicated by the dependence of observables on a large number of these parameters.

‘We propose a straightforward procedure for disentangling these dependences and

demonstrate its effectiveness by presenting a pumber of case studies at representative
points in parameter space. For significant regions of parameter space, we find that
it is possible to find strong bounds on the mass of the electron sneutrino, to test the
assumption of gaugino mass unification, and to examine the viability of the lightest
supersymmetric particle as a dark matter candidate.

In addition to determining the properties of supersymmetric v.@%&mmu precision
measurements may also be used to establish that newly-discovered particles are, in
fact, supersymmetric. Supersymmetry predicts quantitative relations among the cou-
plings and masses of superparticles. We discuss tests of such relations at a future ete™
linear collider, using measurements that exploit the availability of polarizable beams.
Stringent tests of supersymmetry from chargino production are demonstrated in two

representative cases, and sfermion and neutralino processes are also discussed.
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Chapter 1
Preamble

In the two decades since its conception [1], supersymmetry has become increasingly
important in efforts to extend the standard model of particle physics. From a formal
perspective, supersymmetry has a number of beautiful properties: it is, given some
mild assumptions, the unique extension of Poincare symmetry in relativistic quantum
field theory [2]; it unifies fermions with bosons; and it plays an essential role in all
attempts so far to unite gravity with the other interactions.

If supersymmetry exists, it must be broken. While the scale of supersymmetry
breaking is, in principle, essentially unconstrained, there are strong arguments in favor
of a low energy breaking scale. The hierarchy between the weak and Planck scales is
technically unnatural in the standard model [3]. However, because supersymmetric
theories are free of quadratic divergences, this problem is solved in supersymmetric
theories when supersymmetry is broken at or near the weak scale [4]. It should also
be noted that the remarkable unification of coupling constants in supersymmetric
models, which is, at present, the only successful quantitative prediction of physics
beyond the standard model, is evidence not only for grand unified theories, but also
for low energy supersymmetry breaking [5].

Such considerations have stimulated a great deal of activity in supersymmetry
phenomenology in recent years. Most of this activity, however, has centered on par-
ticle searches. If supersymmetry is discovered, there will be a rich spectrum of su-

perparticles, and detailed studies of their masses and couplings will be the focus of

CHAPTER 1. PREAMBLE 2

experimental particle physics well into the next century. Precision measurements of
such quantities are crucial to the understanding of the supersymmetry breaking sec-
tor and may even inform attempts to understand the mechanism of supersymmetry
breaking in supergravity and string theories. It is not, then, premature to investigate
the prospects for detailed study of superparticle properties at future facilities.

The clean environment provided by e*e™ colliders is the most promising setting
for precision measurements, and we will consider both the LEP II collider at CERN,
which is scheduled to begin operation in a few years, and the Next Linear Collider, a
proposed facility currently in its preliminary design stage. In Chapter 2, we assume
that supersymmetry has been discovered through chargino production at LEP II and
examine the prospects for the determination of fundamental supersymmetry parame-
ters in such a scenario. At first sight, the task is formidable, as there are a multitude
of unknown parameters in supersymmetric models and these enter observable quan-
tities in rather complicated ways. However, under some fairly weak and plausible
assumptions, the number of parameters entering chargino events may be reduced to
six. We then discuss some important observables which may provide powerful con-
straints on the parameter space and describe a method by which the constraints may
be understood and displayed graphically.

The effectiveness of this strategy is presented in a number of case studies at
representative points in parameter space. Working in the context of the minimal
supersymmetric standard model, we find that chargino production by itself is a fairly
sensitive probe of the supersymmetry breaking sector. For significant regions of pa-
rameter space, it is possible to test the gaugino mass unification hypothesis and to
measure the gaugino contents of the charginos and neutralinos, thereby testing the
predictions of grand unification and the viability of the lightest supersymmetric par-
ticle as a dark matter candidate. For much of the parameter space, it is also possible
to set limits on the mass of the electron sneutrino, which provide a valuable guide for
future particle searches.

Up to this point, we have assumed that newly-discovered particles are supersym-
metric partners of known particles. A natural question to ask is whether this can be

shown to be the case. In Chapter 3, we investigate the possibility of using precision
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CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 5

of light charginos from the measurement of Azg at SLC [24, 25] and measurements
of T'(Z — bb) at LEP and SLC [26, 27, 28, 29].

If charginos are discovered at LEP II, they will provide one of the first direct
signals of supersymmetry and may well prove to be the most promising candidates
for precision supersymmetry studies for many years. Although neutralino production
is likely to accompany chargino production, it often suffers from a significantly smaller
cross section {30] and may be more difficult to separate from backgrounds [13, 14]. It
is therefore natural to ask what information about the parameters of supersymmetry
can be obtained from the chargino signal alone.

In the case of linear e*e™ colliders with /s = 500 GeV, the question of preci-
sion measurements of sparticle masses and underlying SUSY parameters has been
addressed in many studies [31, 32, 33, 34, 35, 36, 37, 38, 39]). These studies have
shown that if a number of sparticles are light enough to be produced, their masses
can be determined to high accuracy, and the sparticle spectrum can provide strin-
gent tests of standard theoretical assumptions. If light charginos exist, thousands of
them will be produced at LEP II, and precision measurements might also be possible
there. However, in addition to the difficulties present in all studies of SUSY signals,
such as unobservable particles in the final state and a wealth of unknown parameters,
chargino production at LEP II suffers from other difficulties not present in the 500
GeV collider studies. In particular, the background from W pair production will have
a stronger overlap with the chargino signal, and beam polarization, an important di-
agnostic in linear collider experiments, will not be available. The aim of this chapter
is to determine to what extent these difficulties can be overcome, and to explore the
prospects for the determination of fundamental SUSY parameters in different regions
of parameter space.

A previous study [40] addressed this question with the assumptions that charginos
are lighter than W bosons, that the vacuum expectations values of the two Higgs
fields are roughly equal, and, for most of the analysis, that sneutrinos are either very
heavy or very light. We will relax these assumptions so that we may determine to
what extent they may be tested. Our study will be conducted in the context of the

minimal supersymmetric standard model (MSSM) without gaugino mass unification.

CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 6

We will find that for some regions of parameter space, it is possible to test gaugino
mass unification, a general prediction of supersymmetric grand unified theories, and
also to place strong bounds on the mass of the electron sneutrino, which would provide
a valuable guide for designing future sparticle searches. In addition, we will see that
it is often possible to measure the gaugino contents of the charginos and neutralinos,
which have implications for the viability of the lightest neutralino as a dark matter
candidate [41].

Formally, every observable defines a hypersurface in the space of SUSY param-
eters, and determining the parameters simply consists of finding the intersections
of these hyperplanes. Practically, there are many possible observables with varying
degrees of dependence on the fundamental parameters and different experimental un-
certainties, and reducing the allowed volume to a small region is at first sight far
from straightforward. The most effective way to extract the underlying parameters
from the data is to perform a binned maximum likelihood fit, and ultimately, this
is what should be done. However, such a procedure does not provide much physical
understanding of the results, nor does it provide a useful way to visualize how the
underlying parameters are constrained by specific measurements. In this study, we
will discuss observables one by one in a way that gives a straightforward strategy
for disentangling their complicated dependences. In the process we will show which
parameters can be tightly constrained by chargino production and which cannot. We
hope that this study will provide some general understanding of the results one may
hope to achieve. Of course, if light charginos are found, this picture will be consider-
ably sharpened by strategies tailored to the particular point in parameter space that
is realized in nature.

In Sec. 2.2 we briefly review the MSSM. We state our assumptions about the
MSSM and discuss the theoretical prejudices that we hope to test through our ap-
proach. We then describe the region of parameter space in which charginos can be
produced at LEP II and present the SUSY parameter space that we hope to con-
strain. In Sec. 2.3 we describe the salient aspects of chargino events and discuss
the observables that will be most central to our analysis. Section 2.4 contains a

description of the event simulation and the cuts used in the case studies. The case
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CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 9

usually based on grand unified theories or minimal supergravity. As we hope to test
such theories, we choose less restrictive and more phenomenological assumptions,
which we list below. Having stated our assumptions, we will then explain our reasons

for choosing them and explore their implications.

2.2.2 Our Basic Assumptions

In this study, we will make the following assumptions:

(a) R-parity is conserved.

(b) The lightest supersymmetric particle (LSP) is the lightest neutralino, %2.

{c) Sleptons and squarks have masses beyond the kinematic limit of LEP I1.

(d) The gluino is heavier than the lighter chargino.

(e) The intergenerational mixing in the squark, slepton, and quark sectors is small
and may be neglected in our analysis.

(f) The four left-handed squarks of the first two generations are nearly degenerate at

low energy with mass myg, as are all six left-handed sleptons with mass m;:

Mg, p\sﬁmh N My, N ms, N Mg

(M)
My, R Mey R My, &M, =M, /M, Nm; .
As will be discussed at length below, chargino production and decay are highly insen-
sitive to the masses of all other scalars, and we may therefore set all squark masses
to my and all slepton masses to mj without loss of generality.
(g) The gaugino masses M; and the parameters u and tan 8 may be taken to be real,
so that CP violation plays no role in chargino events.
(k) The one-loop corrections to particle masses, chargino production, and chargino
decay do not introduce any large new dependences on fundamental SUSY parameters.
(i) The parameters M; and M, are independent, i.e., we do not assume gaugino mass
unification, as we are hoping to test this prediction of grand unified theories.

With the assumptions listed, our analysis is applicable to the bulk of parameter
space available for study at LEP II. However, there are a number of small regions in
the allowed parameter space where the physics is qualitatively different from the norm,

and these will require special treatment. Since our principal aim is to explore the most
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general properties of chargino production, we will not study these exceptional regions,
though their existence will be noted in the remarks below. In Sec. 2.3.7 we will briefly
discuss ways in which the unusual physics present in these cases might be detected.

Assumption (a) is commonly made in supersymmetry studies, as it prevents pro-
tons from decaying too quickly. Given R-parity conservation, the LSP is stable and
must be among the decay products of any sparticle. The LSP must be uncolored and
uncharged, and in many models it is the lightest neutralino %?, as we have assumed
in (b).

Because the LSP is very weakly interacting and unobservable in detectors, the
first potentially observable SUSY signal must include the production of other light
sparticles. As we would like to study the question of how much information can be
obtained from the chargino signal alone, we will limit ourselves to models in which
the sleptons and squarks have masses beyond the kinematic limit of LEP 11, as given
in (c). This assumption, along with the small cross sections for gluino production at
eTe™ colliders, implies that any reasonably large SUSY signal at LEP II must involve
either the lighter chargino x§ or the second lightest neutralino ¥J. Although it would
simplify our analysis, we cannot assume that the second lightest neutralino is heavier
than the lighter chargino, since, as can be seen from Egs. (4) and (6), msg is not
independent of Mgk and mgo. In fact, in the region of parameter space in which
chargino production is accessible to LEP II, T and %3 are very roughly degenerate,
with the mass difference typically in the range —10GeV 3 myo — mex S 20 GeV.
When myg < mgs, it is possible for the lighter chargino to decay through a cascade
decay, in which it decays to a X3, which in turn decays to an LSP. If the mass splitting
Mgt — mgo is small, or direct decays to the LSP are suppressed by small couplings,
the branching fraction for chargino cascade decays may be non-negligible. However,
as the coincidence of these conditions occurs only in a small fraction of parameter
space, we will not consider these decays further.

Under our assumptions, charginos decay to three-body final states consisting of
an LSP and either two quarks or two leptons. The current lower bound on mg is
roughly 20 GeV [18, 19, 20, 21, 22}, and so for charginos produced at LEP II with

V5 =190GeV, Mg —mg < 75GeV < M. Along with assumptions (a) - (d), this
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CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY = 13

partner, charginos decay hadronically through six channels and leptonically through
five (since there is no right-handed sneutrino).

Charginos are too short-lived to be directly observed, so we must infer everything
from their decay products. It will be convenient to refer to the different types of
chargino events by their decay modes. However, since a 7 lepton produced in the
leptonic decay of a chargino may itself decay either hadronically or leptonically, we
must distinguish between the particles that are directly produced at the chargino
decay vertices and those that are actually observed in the detector. To be precise,
we establish the following terminology. If both charginos decay through the hadronic
diagrams of Fig. 2, we will call the event a “hadronic mode” event. Events where both
charginos decay through the leptonic diagrams of Fig. 2 will be called “leptonic mode”
events, and those where one chargino decays through a leptonic diagram and one
through a hadronic diagram will be called “mixed mode” events. On the other hand,
if we wish to group chargino events by their observed final state, we will explicitly
refer to the final state partons, using the notation 2¢, 25 + £, and 47 for two lepton,
dijet plus lepton, and four jet final states, respectively. In our notation, we will denote
the final state of a hadronically decaying 7 lepton as jj. For example, 27 + £ events
will include leptonic mode events in which one chargino decays to a 7 that decays
hadronically and the other chargino decays to a 7 that decays leptonically.

We will also need to identify the subset of 27 + £ events that are mixed mode
events, that is, the 25 + £ events in which the hadrons do not come from a 7. These
events will be called “Y mode” events, the “Y” representing the topology of the
lepton track and the two jets. Hadronically decaying 7 leptons produce a collimated
hadronic system of low invariant mass and, often, just a single charged prong. In
contrast, we will see that few dijet systems from chargino decays have a low invariant
mass, and so it is usually possible to separate Y events from the 2j + £ events resulting
from hadronic 7 decays. As will be discussed below, lepton universality (which follows
from assumptions (e) and (f)) implies that a measurement of the number of ¥ mode
events can be directly converted to a measurement of the number of mixed mode
events.

Before evaluating the importance of the various chargino decay diagrams, we

CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 14

digress slightly to consider the possibility of studying other SUSY signals. We have
assumed that sleptons and squarks are beyond the kinematic limit of LEP II. If
sleptons and squarks are within reach, they clearly will also give valuable information
and will improve the results we obtain here. {Of course, if sleptons or squarks are
not only within reach of LEP II, but are also less massive than the lighter chargino,
the chargino will decay to two-body states containing these particles, and a modified
analysis will be necessary.) It is more important to consider neutralino production.
As noted above, ¥§ and ¥3 are very roughly degenerate, and therefore, if it is possible
to produce ¥¥ %7 chargino pairs, it is likely that %3 pairs can be produced, and, in
almost all cases, production of ¥¥%s is kinematically allowed. If My ~ |u| ~ Mw,
%3 or even %3 production may be possible at LEP II. In principle neutralino pair
production should also provide valuable information. However, neutralino production
cross sections are typically significantly smaller than those for charginos and may
differ by as much as an order of magnitude or more in some regions of parameter
space [13, 14, 30]. Furthermore, studies of ¥7%3 production at +/s = 190 GeV have
concluded that the signal suffers from a large background from WW production in
both hadronic and leptonic modes [13, 14]. For these reasons we will not consider
neutralino events further, other than to discuss their impact on our ability to isolate
the chargino signal. Insofar as additional information about SUSY parameters can
be obtained from slepton, squark, and neutralino signals at LEP IL, the results of our
study may be considered conservative.

From Figs. 1 and 2, it is clear that the chargino production and decay processes
have a complex dependence on the various scalar masses, with the electron sneutrino
mass mg, entering the production process, and all slepton and squark masses entering
the decay. In many versions of the MSSM, the slepton and squark masses are assumed
to be unified at a high energy scale. When they are run down to low energies,
typically the squarks acquire a greater mass than the sleptons through their QCD
interactions. In principle, one would like to test this assumption. Unfortunately,
without some simplifications, the large number of independent squark and slepton
masses quickly complicates the analysis. We will make some simple assumptions to

bring this dependence under control.
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CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 17

will still be applicable without large modifications.

Often gauge coupling constants and gaugino masses are assumed to unify at some
high scale. This assumption implies that even at lower energy scales we have (to the
accuracy of one-loop renormalization group equations) [48]

My _3My M (14)
or approximately M; = wEw and M =~ MIOEN at Mz. We may ignore the gluino mass
Ms, since, given assumption (d), gluinos enter chargino production and decay only
through loop diagrams, which are likely to be small. As noted previously, since one
of our main goals is to test the unification of M; and M., we will avoid assuming a
universal gaugino mass and will take these parameters to be independent (assumption
(1)). It is possible without loss of generality to set M; > 0, and we will follow this
convention. Without the gaugino mass unification assumption, however, M; may be

either positive or negative.

2.2.3 Regions of Parameter Space

Given the discussion above, the SUSY parameter space of the MSSM that is relevant
to our study of chargino production is given by the six parameters (u, Mz, tan 8, My,
my, mz). We can now examine the regions of parameter space for which chargino
production is kinematically allowed at LEP II with /s = 190GeV. The chargino
mass myz is completely determined by the three parameters y, M;, and tan . In
Fig. 3, contours of constant ™o in the (u, M) plane are plotted for fixed tan 8 = 4;
the contours are similar for other values of tan 8. The cross-hatched regions along
the M, = 0 and p = 0 axes are experimentally excluded by lower limits on sparticle
masses (18, 19, 21, 20, 22], and the hatched region is the inaccessible region where
Mgt > 95 GeV. In Fig. 4 we plot constant mgg contours for tan § = 4 and, since mso
depends on M, three different values of My /M,. (For these plots, the experimental
limits mgo > 20 GeV and mgx > 45 GeV have again been included [18, 19, 20, 21, 22].
The LSP mass bound is derived in the case of gaugino mass unification, so applies

rigorously only to Fig. 4a [18, 19, 20, 21, 22]. However, as some similar bound
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Figure 3: Contours of constant Mgk (in GeV) for tan 8 = 4. The cross-hatched region

is excluded by the experimental bounds mek > 45 GeV and mgo > 20GeV. In the

hatched regions, m ¢ > 95GeV, so charginos are kinematically inaccessible.
€ %5 y

likely applies for the other cases, we have included it in all figures. The neutralino
mass bound extends the excluded region only slightly, and the exact shape of the
experimentally excluded region will be unimportant for this study.)

It is convenient to further divide the (1, M3) plane into regions based on the gaug-
ino contents of the light gauginos. To quantify this, we define the gaugino contents
of the lighter chargino and LSP to be [41] .

[Vl
[Ny + [Nizf? .

(We have arbitrarily chosen to define Pt in terms of Vy; instead of Uyy. These differ

g

o0
P58

(15)

it

little throughout parameter space, and for the purposes of defining Psts the discrep-
ancy is not important.) The variables Pit and P lie in the range 0 < Pits PRy S 1;
pz (pz) is zero when %F (%) is pure Higgsino and is one when &7 (X?) is pure gaug-
ino. Although they may differ substantially in certain regions of parameter space, Pyt
and pyo are correlated: when My, | M| < |uf, both %% and ¥9 are essentially gaugino
states, while in the opposite limit, My, |M1| 3> ||, they are both dominated by their

Higgsino components. We will present results for both quantities, and will find that
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mso are not enough to determine the gaugino content Pyt While a measurement of
mge & waw might be taken as evidence that the SUSY parameters lie in the gaugino
region and that gaugino masses unify, this is not the only possibility. For example,
the masses m 2 ~ 80 GeV and my # 40 GeV can be obtained with the parameters
(1, M>, tan 3, My /M) = (—400,75,4,0.5) in the gaugino region with pg¢ =1.00, and
also with the parameters (-78,170,4,0.25) in the mixed region with pyr =034 As
will be seen below, more careful analysis can differentiate between such possibilities.

We have now found the regions in which chargino production is allowed. However,
if the splitting between the masses of the chargino and the LSP is very small, and the
charginos are produced with low velocity, the chargino decay products will have very
low energy in the laboratory frame and may be too soft to be experimentally useful.

The approximate relations [49]

mge & mind|u), My, |Mi|}  and M min{|p}, M2} (16)

are valid in the far Higgsino and far gaugino regions. With these in mind, it is easy to
see that for increasing M, and fixed M, /M, in the Higgsino region, Xf and % become
more and more degenerate. Given a beam energy Fj, the maximum and minimum

energies for dijet or £v systems from chargino events are

2.\ % 2

R E, Smw Mo

max,min __ ¢ . 1 — 1

E T el - 1 =" (17)
1
for Ey > Ef*, where
2 2
mis + Mo
Nm_nao = X1 X1 1

is the critical beam energy below which the LSP may be at rest in the lab frame.
When E, < Ef™, the expression for E™" is unchanged, but

E™ = By —mg , By < B (19)

The maximum energy for single jets and leptons is always given by the expression for
E™ax in Eq. (17), which is plotted in Fig. 6 for the case M,/M, = 0.5,tan 8 = 4.

CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 22

25
2
25
S5
3000,
55,
ol
KK
Yo%
R

X
SRR

5

55

'0

(>
10%%e
S 0000

pdetoteledatote!
LRI

XD
as

oo

SIS
%%
R

XX
K K2
&

M, (TeV)
L

5
85
RS
Foteses
35S
Palels!
todele!
25
Pe20%
bodedete!
KRS
LK

’.

%5
p%e

25
<
0%
35
%%
&
505
5
ot

505
:’
5
52585
X

35
938
R
3%
S
XX
53

57
b0,
%
2
X5
930}
35
S5
5
53
92

.

b
&
525

X
5%
S
it
5
o
o

Ko

X RS~ .
0.4 P OV Vv,

2

~150 -75 0 75 150
794 i (GeV) 778046

Figure 6: Contours of constant E™* (in (GeV), the maximum jet or lepton energy for
decay products from chargino events. The plot is for M;/M; = 0.5 and tan 8 = 4.
The hatched and cross-hatched regions are as in Fig. 3, and the vertical and horizontal
scales are chosen to-emphasize the Higgsino region. We see that in the Higgsino region,
for points in parameter space with large M> or near threshold, the decay products
may be too soft to be useful for precision measurements.
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branching fraction:

Swmuﬁﬁugm“ﬁmb\%v ’
Svmmﬁtu M;,tan 3, Euv p
annw_A.:‘ gwq tan Qv my = SNMV y

mmﬁﬁu E&.nwbmn g: mg, Sn.v = HJAvM N wb%ad.bmv .

(21)

Of course, four observables will not allow us to determine six parameters, but, as will
be seen in Sec. 2.5, these four observables can often restrict the parameter space to a
region in which the quantities of greatest interest are already somewhat constrained.
The forward-backward asymmetry of chargino production \»MM will also be discussed,
but for a number of reasons to be mentioned below, we will not use this quantity
directly. No other variables were found that could be studied without performing
Monte Carlo simulations at a large number of points in parameter space. The left-
right asymmetry in the production cross section requires polarized electron beams and
is inaccessible at LEP II, but has implications for chargino production at threshold
and will also be discussed below.

In the following subsections, we will consider each observable, first analyzing its
dependence on the underlying SUSY parameters, and then discussing the method by
which it may be extracted from chargino event samples. This section will be confined
to theoretical considerations; experimental issues will be discussed in Sec. 2.4. In
particular, discussion of issues involving experimental efficiencies and minor subtleties
involving the hadronic decays of the 7 lepton will be deferred to the following sections.
In Sec. 2.5, the measurements suggested in this section will be applied to Monte
Carlo simulation case studies at specific points in parameter space, and results will

be obtained with cuts, finite detector resolution, and finite statistics included.

2.3.1 Chargino and Neutralino Masses

The chargino mass Smef M;,tan B) and the LSP mass mgo(u, M, tan §, M) are
sensitive to fundamental parameters of supersymmetry and are relatively easy to

determine. Their dependences on the underlying SUSY parameters were discussed in
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Sec. 2.2. Here we note only that in the gaugino region mgs & My and my ~ | M|,
and the masses are therefore directly sensitive to two fundamental parameters. In
contrast, both masses are close to |¢| in the Higgsino region (unless |M] < |g], in
which case the LSP can have a mass near |Mi}) and the mass splitting Mt — Mg is
a complicated function of several parameters.

The masses myx and mys can be measured in chargino events in at least two ways.
It is impossible to kinematically reconstruct chargino pair production events, since
the charginos’ decay products include two unobservable LSPs. However, because
the unobserved LSPs are typically quite massive and carry off large energies and
momenta, chargino events with two jets and an isolated lepton are easily separated
from standard model backgrounds by a series of cuts, as we will see in Sec. 2.4. After
imposing such cuts, one can find the dijet energy E;; and dijet mass m;; for each
of the remaining events. The endpoints of the dijet energy and mass spectra are
completely determined by Myt and mg, with the endpoints of the E;; spectrum
given by Eq. (17), and the m;; distribution lying between zero and Myt — Mg, If at
least two of the three endpoints are sufficiently sharp to be well-measured, they can
be used to precisely determine M and mg. Of course, detector and beam effects
will smear the endpoints, but in Sec. 2.5 we will see that the masses may still be
measured to a few GeV with this method.

An energy scan at the chargino production threshold provides an alternate deter-
mination of mgx [40]. In Fig. 7, the total cross section as a function of /5 (solid
curve) is plotted for the particular point in parameter space (g, Ma,tan g, m;) =
(—400, 75,4, 200). For comparison, a unit of R is also given (dashed curve). The sud-
den rise in cross section, characteristic of fermion production, makes possible a highly
accurate determination of M. Such behavior is common for all points in parameter
space. Near threshold the charginos are nearly at rest, so the only unknown momen-
tum in the decay ¥ — ¢gx? is that of the LSP. By reconstructing the hadronically
mmowﬁbm chargino in a mixed mode event, one obtains the mass of the LSP. Although
this method is likely to provide a significantly more accurate determination of the
chargino mass [40], we will not assume in our case studies that an energy scan will

be performed, instead relying solely on the endpoint determinations.
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where the sum is over the two ¢ helicities, v is the chargino velocity, and z = cosé,
the cosine of the angle between the positive chargino %7 and the positron beam. The
variables Ry g and SL g are

Rr= 1-Ki0} —¢,
St= 1-Ki 0%, (26)
Rr= 1-Kg0O%,
rm.w = 1~ Nﬁwa ,
where K, g are constants associated with Z production from ef p,
= 3 1 1_ 2
Ky = s — MZ sin® Oy cos® Oy Am s ms\v ’ (2n)
Kp= —So——mrl o (—sin?6w) ,
s — M3z sin® O cos® Oy
and the # diagram contribution is given by
2
e 2|Vu| (28)

= S fw(l — 2vz +v? +4mi/s]

We now analyze these formulae in some detail to determine what can be learned
experimentally. We will show that (2) in most of the allowed parameter space only two
combinations of O}, O%, |V1n1|? and m; contribute significantly to the unpolarized
cross section; (b) the quantities most sensitive to these two combinations are the
total cross section and the forward-backward production asymmetry; and (c) no other
quantities involving the unpolarized cross section can be found that add significantly
to our knowledge. We will illustrate these points using a perturbative expansion of the
differential cross section in variables which we will define below., While the expansion
is not always valid, we have found numerically that the conclusions that we draw in
the perturbative regime hold throughout the allowed parameter space.

We now identify the small quantities in which to do perturbation theory. We
define
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K= wﬁp +|Kr|); x= wQ@ —|K=&l);
0=40,+0R); w=40}-0n); (29)

From Eq. (27) we see that K; ~ —Kg, so K >» . Specifically, for /s = 190 GeV,
K =~ 1.8 > k =~ 0.13, independently of all SUSY parameters. From Sec. 2.2 and
Eq. (23) it follows that O} = Of% in both the gaugino and Higgsino regions, so
that in most cases O, which runs between —1 + sin® 6w in the gaugino region and
—1/2+sin? B in the Higgsino region, has absolute value much larger than w, which is
zero in the gaugino and Higgsino regions and whose absolute value never exceeds 0.2.
The last small quantity, £o = s/m2, is small for sneutrino masses much larger than
200 GeV. Because of the form of Eq. (28), the expansion can be slightly improved by

using not & but

o
14 (1+0%)o/4

In the perturbative regime, the unpolarized differential cross section do/dz is

¢= (30)

conveniently written

do i ad
dz ~ 3242

where, to first order in ¢, & and w,

zF Ay (31)
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Figure 8: Contours of constant value of the ratio bwﬂ;i \»Mw.mw% defined in the text.
The hatched and cross-hatched regions are as in Fig. 3. The contours are plotted in
the (g2, M,) plane for fixed tan # = 4 and (a) m; = 200 GeV and (b) m; = 100 GeV
and are chosen to emphasize the range of the ratio. In the case m; = 200 GeV, where
the perturbative analysis is expected to hold, we see that the ratio is approximately
one, as expected. For m; = 100 GeV, beyond the range in which the perturbative
analysis can be expected to be valid, we see that this behavior nevertheless persists,
and deviations are small.
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2.3.3 Total Cross Section

In this subsection we analyze the total cross section in detail. We will find that, as
has been noted previously in the literature [9, 10, 11, 12, 13, 14, 15, 16, 17, 31, 32, 40],
charginos are produced in the thousands in most areas of the accessible parameter
space, and the production cross section is highly sensitive to sneutrino mass.

From Eqs. (32) and (33) it can be seen that in the gaugino region, for small ¢, the

cross section is approximately

2 2

~ s 1 _Wl? s 1
e SOV [ (a) B

37)

~ (3.2~2.86)f(v) R ~(8.8pb) (1 —0.9¢) f(v),

while in the Higgsino region it is
2r, 2\

~ S 272w

e JO 1+ =) (5
(38)

~ 13 f(v) R ~(3.6pb) f(v),

where f(v) = fv(3 — v?) rises from zero at threshold to one at high energy, ¢ is
defined in Eq. (30), and where we have taken Vs = 190 GeV, {or which one unit of
R is approximately 2.75pb. Strong sensitivity to m; is found in the gaugino region
[11, 12, 16), but disappears altogether in the Higgsino region. In the large m; limit
both expressions are entirely determined by gauge invariance, but the event rate is
two and a half times higher in the gaugino region. Notice that while a large cross
section is a signal of the gaugino region, a small one can occur both in the Higgsino
region and, if the sneutrino is light, in the gaugino region.

These features can all be seen in Fig. 9, where chargino production cross sections
for msz = 1TeV and 150 GeV are plotted in picobarns. Because the cross section plots
do not change substantially for different tan 3, the plots are presented for tan 8 = 4
only. We see that, in a sample of 1fb™!, LEP II will produce thousands of chargino

events in most of the accessible regions of parameter space. Contrasting Figs. 9a
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Tteptonic = B{0total
Omixed = 2B¢(1 = Bt)ototal (39)
Ohadronic = (1 — B¢)?total
where By is the leptonic branching fraction defined in Eq. (21). As these three partial
cross sections depend on only two variables, they must satisfy the constraint

1
TleptonicThadronic = M waxnm - Tmcv

This relation is not dependent on the details of the chargino decay process; if it is
not satisfied, it indicates a problem with the estimated detection efficiencies in one
or more of the modes. (Such a discrepancy could stem either from an experimental
problem or from physics beyond our minimal assumptions that is not included in
the Monte Carlo simulation—for example, signal from an additional and unexpected
supersymmetric particle.) To determine oyoa it is best to use all three partial cross
sections, subject to the constraint in Eq. 40, but we will only use the two with the
smallest errors (Omixea and one of the other two). We note that in measuring oyoual,
we obtain also By, and it is therefore natural to examine this observable, as we will
do in Sec. 2.3.6.

2.3.4 Chargino Forward-Backward Asymmetry

The forward-backward asymmetry \»mw of chargino production is theoretically at-
tractive, since it can be computed analytically and depends on the four parameters
(1, M2,tan B, m;) in a way which is quite different from the total cross section. In
the large m; limit, \»Mwm is negative in the mixed region and negligible elsewhere, as
can be seen from Eqgs. (32) and (34); however, a light sneutrino, which appears in a
t-channel diagram, can give a large positive contribution to \»ww in the gaugino and
mixed regions. This effect is seen in Fig. 11.

Unfortunately, kmw cannot be directly measured -~ the velocities of the two
charginos cannot be reconstructed because the two LSPs are invisible. Let us con-

sider what might be possible to observe in these events. Since the forward-backward
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Figure 11: Contours of constant >m,wm in percent for tan 8 = 4 and (a) m; = 1 TeV
and (b) m; = 150 GeV. The hatched and cross-hatched regions are as in Fig. 3. In

the large m; limit, .»MM — 0 in both the mmﬂmmbo and Higgsino limits, with only the
mixed region giving a significant negative A%z. For low m;, the #-channel sneutrino
exchange diagram can lead to large and positive mww.
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Figure 12: Contours of constant og/oy in percent in the (g, Ms) plane for tan f§ = 4
and m; = 150 GeV. The ratio never rises above 15% in the allowed bands, and is
approximately 2% in much of the gaugino region. The hatched and cross-hatched
regions are as in Fig. 3.

possible to gain some amount of new information.

It is possible to exploit experimentally the theoretical prediction that or/oyL is
small. Near threshold, this implies that charginos are produced dominantly polarized
along the beam axis, and the study of their decays is therefore greatly simplified.
As the combinations of the SUSY parameters that enter the decay are different from
those that enter the production process, measurements at threshold can give valuable
information to supplement the analysis presented so far [51]. At this point, we have
assumed a fixed center-of-mass energy, which means that in much of the parameter
region the charginos have substantial velocities, and near-threshold analysis is not

applicable.

2.3.6 Leptonic Branching Fraction

To measure the total cross section, we must determine at least two of the partial cross
sections for the hadronic, mixed, and leptonic modes. These also provide us with a
measurement of the leptonic branching fraction Be(u, M3, tan 8, My, mj,m;), which
can vary greatly in the SUSY parameter space [52]. We now analyze the dependence
of B, on the underlying SUSY parameters.
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As discussed earlier, charginos decay to a neutralino and either two hadrons or two
leptons. The hadronic decays occur via intermediate W bosons and squarks (Fig. 2).
The decay ¥ — %Jud through a virtual W has amplitude

—~ig = -1

a(¥)igy* (O P + OrP v5) % (u)—=7, Pro(d) x om——————— , (42
QAXHVN.QQ AQP L +0Or ﬁv\gﬁvﬁu X 2?& a\MQt hcA u X _Hﬁe.._-%mnvw lgwl A v
where
Qh. = and\.ﬁu - “szzd\ww A%wv
Q.x = M.N.G.: + QHNIZM,\W.G.S .
The decay mediated by a left-handed up squark has amplitude
5(5F ) (~ig) Vi, Pro(d) x L
(X7 M(—tg) Vi Pro(d) (e +ﬁ:vmf3wL (44)
X@Aﬁxlwhz\mxs tan QS\,Z:. + Mezsv.ﬁwcﬁv‘mg ,
while that mediated by a left-handed down squark takes the form
— a(u)(~ig)UnPru(3}) X m——tp——
m VA bv 11+°R Cmuv ?mumo.f%mwuls.”mh_ Twmv

xa(%9)(~igv/2)(¥, tan 6w Ny, + LN3,) Pro(d) .

The overall minus sign of the down squark amplitude results from the odd permutation
of the spinors of the down squark amplitude relative to the spinors of the other two
diagrams. In these formulae ¥, = } is the hypercharge of left-handed quarks, while
I(Iz) = % (—}) is the weak isospin of up (down) quarks. We remind the reader that
only the first two generations of squarks participate in chargino decays, since we have
assumed that squark mixing angles are small and that the chargino is lighter than
the top quark. .

In Eqs. (44) and (45) we have omitted the couplings of squarks to the Hig-
gsino component of the gauginos, because they are suppressed by mgq/(Mw cos 8)
or my/{Mw sin ), and are therefore negligible. As discussed in Sec. 2.2, the right-
handed squark diagrams are similarly suppressed and may also be ignored. (We note,
however, that the very small effects of the Higgsino couplings and the right-handed

sfermion diagrams are included in our Monte Carlo simulation.)
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Figure 13: Contours of constant value of the leptonic branching fraction B, in the
(g, M) plane for My/M, = 0.5 and three sets of parameters (tan 8, m; m;): (2) (2,
200, 200), (b) (2, 200, 800), and (c) (10, 200, 200). The gaugino region has been
magnified, and the hatched and cross-hatched regions are as in Fig. 3. For all figures,
the value of B, is } in the Higgsino region and grows as one approaches the gaugino
region. The growth is faster for large tan B (c) than for low tan 8 (a). In (a) and (b)
the B, contours differ by approximately 5% in the far gaugino region, consistent with
Eq. (57). Note also the “pocket” in the u < 0 near gaugino region, where B, < }.
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diagonalization of the matrix in Eq. (6) shows that in the range of parameters we

consider,

Nip ~ Alnlﬁ : (54)

where n = 1 for Mztan 8 < |u|, and n = 2 for Mztan 8 > |u]. The latter reflects
the g — —u symmetry for large tan 8.

It follows that for very large |¢1| and sufficiently small slepton and squark masses,
the W diagram and the isospin terms in the squark and the slepton diagrams are
negligible, as can be seen from Eqs. (44) and (45). Keeping only the hypercharge
terms in Dy, (4, ¢) and noting (¥z/Y;)? = 9, one finds

4
mg

mN ~ Amwv

in the far gaugino region. This is larger than § for each of the cases plotted in Fig. 13,
in which the growth of B, at large {p| is evident. Notice, however, that the growth is
much faster in the large tan g case (Fig. 13¢) than in the small tan f case (Figs. 13a,b).
Note also that the figures at tan 8 = 2 with two different squark masses (Figs. 13a,b)
have B, contours that are shifted by a constant factor. We explain these features
below.

It is possible to estimate roughly where the crossover occurs from isospin dom-
inated chargino decays, which are close to B, = W for m; ~ my, to hypercharge
dominated decays, which have a B, given by Eq. (55). We first consider small tan 3.
Take |u| > Mgz tan B, but in the near gaugino region, where B; ~ %. Now raise |u|
until Ny is so small that the hypercharge terms in Eqs. (44) and (45) dominate the
decay amplitudes. Since, for small tan 8, Ny ~ Mz /u, we may estimate that this

occurs for

1 m}

e~ v 7

This rough estimate is accurate only within a factor of four or so. Since tan Oy|Y}]
is approximately 1/4 for leptons and 1/12 for quarks, the required |y is generally

larger than a TeV except for the lightest sfermions, and is smaller for sleptons than

Mz . (56)
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There are other variables worthy of study which allow the assumptions of our
analysis to be tested. If the LSP is a sneutrino instead of a neutralino, chargino decays
are qualitatively different, since the two-body decay ¥¥ — £ becomes available. If
there is substantial mixing between any of the right- and left-handed sfermions, the
chargino decay amplitude will no longer have the form of Eq. (46); the resulting
angular distribution of the observed fermions will be identifiably different. Mixing of
the third generation of squarks into the other generations could cause many b quarks
to appear in the dijets; under our assumptions, very few are expected. A significant
breakdown of the universal slepton mass assumption would affect lepton universality
in the decays; similarly, a violation of our universal squark mass assumption for the
first two generations might be detected by studying the abundance of charm quarks
in the dijets. Lastly, a significant contribution by intermediate charged Higgs bosons
to the chargino decay amplitude would both affect the angular distributions of the

observed fermions and lead to extra heavy fermions among the decay products.

2.3.8  Summary of Observables

We have now concluded the discussion of the four primary observables that will be
used in the case studies below. These observables, with their dependences on the
underlying SUSY parameters, are the chargino mass Swwﬁt, M;, tan 3), the LSP mass
SMWAFENLME B, M1), the total cross section Gioal(pt, Mo, tan §,m; = m;), and the
leptonic branching fraction By(u, M3, tan 8, My, my, mg). We have also studied the
forward-backward asymmetry mmwg, M;,tan B, m; = my) and have explained why
it is difficult to use.

To close this section, we review the sensitivity of these parameters in the different
regions. In the gaugino region, where |u| > M;, | M|, we are sensitive to all six
parameters: mgx ~ Ma; mgo ~ [My; orora & f(v) X [3.2 ~ 2.8(s/mZ)] R to leading
order in 8/m32, where f(v) is a definite function of the chargino velocity; and B, is a
non-trivial function which is sensitive to several combinations of SUSY parameters.
When m; (= mj) and my are both very large, the total cross section oyora = f(v) x

3.2R and B, = 3. In the Higgsino region, where |u| < My, the following relationships
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hold: mgx ~ el; msg ~ min{|ul, [Mi|}; Owota = f(v) x 1.3R; and B; = L. There
is no sensitivity in this region to m; or my, and very little to M;/M,, unless |M;]|
is less than or of order |g|. In the mixed region, the observables are all complicated
functions of the SUSY parameters, and there are few general statements to be made.

From this discussion it can be guessed that we can put the fewest constraints on
parameter space if the physics lies in the Higgsino region, whereas the gaugino region
is more promising for our analysis. Intermediate results are found in the mixed region.

We will see this explicitly in the case studies in Sec. 2.5.

2.4 Event Simulation and Backgrounds

For this study, chargino events are generated by a simple parton level Monte Carlo
event generator. For a given set of parameters, we first calculate the chargino de-
cay width and branching ratios. The SAGE subroutines [54] are used to generate
three-body final state momenta and phase space weightings, and the matrix elements
for the decay are calculated with the explicit helicity spinor method, using subrou-
tines that are patterned after the HELAS package [55]. We find that typically the
nrmﬁmmuo:ém%v Lox is roughly 1-100 keV. Using the same subroutines, we therefore
generate the six-body events ete™ — $Fx7 — (X3¢'q, ¥2v)(%3¢'q, ¥3¢v) in the zero
width approximation for the intermediate charginos. In this approximation the total

amplitude factorizes into production and decay amplitudes and is given by

1

M= Y MM A 0
Rt hm=—1 gvﬂw vmwn
where
. Q — ~ o/l
ML o MpPd(gtem XM+X:..Y (61)

MGE™ = M&(735 — 83¢e, Blv),
and h* is the helicity of f. Without factorization the amplitude consists of up to
108 diagrams, since 3 diagrams contribute to the production process and 6 (5) dia-

grams contribute to each hadronic (leptonic) decay. (Of course, with the assumptions
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mass.

The 2j+£ mode is the most promising for chargino discovery and has been carefully
studied [13, 14, 15]). In Ref. [15] cuts have been designed for the parameters /s =
175GeV, p = —100GeV, tan B = 2, Mge = 80 GeV, and mg = 20-60 GeV. These
cuts include the following requirements:

1) The missing transverse momentum pr is required to be greater than 10 GeV.

2) The event must contain an isolated electron or muon with a momentum larger
than 5 GeV and with no hadronic activity within 30°.

3) The squared missing mass mJ,;;,, must be greater than 4000 GeVZ.

4) The hadronic system mass mj; must be less than 45 GeV.

5) Under the assumption that the missing momentum in the event is due to a “neu-
trino”, the mass of the lepton-“neutrino” system is required to be less than 70 GeV.
This removes most WW events. Actually, one can do even better than this, since
it is possible to allow for two unobserved massless particles, one an undetected ISR
photon along the beam axis and the other a missing “neutrino,” and still determine
all of the momenta in the event. In this case, forcing the lepton-“neutrino” invariant
mass to be less than 70 GeV removes many WWgn events as well.

As shown in Ref. [15], cuts 1 and 2 reduce the WW background to 2.8 pb. Cuts
3-5 are specifically designed to reduce this background further. After additionally
imposing cuts 3, 4, and 5, the WW background is reduced to 180 fb, 17 fb, and
7 fb, respectively. After all cuts, the other standard model backgrounds contribute
only 2 fb. Applying these same cuts to a chargino sample, we have found that
typically the mixed mode is reduced by about 25-75% after cut 4, but 40% of these
are eliminated by cut 5. Although the additional 40% loss in statistics is not extremely
large, typically the signal to background ratio is greater than or of order 50 after cut
4 and the background is already negligible. Thus, of the five cuts listed, we will use
cuts 1-4 and ignore cut 5 in our analysis. This leaves the standard model background
at approximately 20 fb.

As we do not include the effects of hadronization, we will also require that each
final state quark parton have energy greater than 5 GeV so that its hadronization
products are detected.
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In addition to standard model backgrounds, there may be supersymmetric back-
grounds that will need to be distinguished from chargino pairs. In particular, as
noted in Sec. 2.2, if charginos are produced, neutralino production is almost certainly
allowed. It is first worth noting that the neutralino background is highly suppressed
in a significant portion of parameter space {30]. Neutralinos are produced through a
Z annihilation diagram and #-channel selectron exchange. However, as the Z couples
only to the Higgsino components of the neutralinos, neutralino production is sup-
pressed in the gaugino region unless the selectron mass is low. It may happen, then,
that neutralino production, though kinematically allowed, is a negligible background
to chargino production. For other regions of parameter space, it should still be pos-
sible to separate the neutralino and chargino events. Production of %¥9%3 is not a
significant background to Y mode chargino events, because these neutralino events
produce exactly one isolated charged lepton only when %3 — %377, and one 7 decays
leptonically and the other hadronically. These should be easily distinguished from Y
mode chargino events, based on the small invariant mass of the hadrons. Produc-
tion of ¥3%3 may be problematic if one neutralino decays to %37+ while the other
decays to ¥9¢d, which can lead to an isolated lepton and an assortment of hadrons,
However; even if the hadrons cannot be resolved wao three isolated jets, kinematics
often distinguish these events from chargino events, since the total hadronic energy
or invariant mass may exceed what is allowed in & — X194. In any case, the number
of these events is usually very small. Both types of neutralino events may be back-
grounds for the purely leptonic chargino events, and ¥5%5 may also be a background
for the four-jet events. However, neutralino events do not produce significant num-

bers of ey events, nor do they produce ££ events with mz, > Mgy — My, and these

%09
may therefore be identified as chargino events. Assuming lepton caénmmm@, one can
then determine both the total leptonic and total hadronic cross section from chargino
pairs.

If cascade decays occur with a substantial branching fraction, they may also make
it difficult to isolate the chargino signal. Such decays are prominent, for example, in
certain regions with My ~ |u] ~ My, where the mass separation between the ¥¥ and

the %3 is large, and where %9%3 production may be possible. We assumed in Sec. 2.2
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and it will therefore be convenient to flatten the two sheets S into a plane T with
the coordinate transformation
M,

(4, Mz, tanB) € § — AQ = arctan ..Malqgnm €T, (63)

as shown in Fig. 14. Since the sheets are not infinitely thin, a short segment of points
in S is projected into every point in 7. The far gaugino regions are then transformed
to the areas with a = 0°,180°, and the far Higgsino regions now correspond to the
region with o = 90°. The symmetry g < —u for tanf — oo implies that, at large
tan 3, observables at a are nearly equal to those at 180° — .

The allowed region is restricted further by the other measurements. The LSP mass
mge is a function of p, Ms, tan 8, and Mj, and so the g measurement limits M,
to a certain range. To graphically represent this restriction of Mi, or equivalently,
M, /M,, we will do the following. For a point P = (a,tan) € 7, we find all
parameters (g, M, = ptan e, tan 8, M;/M,) such that the corresponding values of
Mgt and mgo are within the experimental limits. The allowed values of My /M, will
lie in some range (My/Ms)min < Mi/My < (My/M3)max. To display this range, we
will plot-contours in 7 of (M1/Ms)min and (My/My)max- I no value for M; in the
range given in Eq. (20) leads to the correct myy, the point P is excluded.

In a similar manner, the measurement of ouotal(p, M2, tan 8,m;) will limit the
allowed range of m;, and this range can be represented in contour plots of (m;)min
and (mz)max. If no value of m; gives the correct gioea, P is not allowed. Finally,
given P and the ranges of M; and m; as determined above, the measured value of
By restricts the range of m; to a certain range, and we will also present contours of
(Mm§)min and (Mg)max. If no value of my yields the appropriate By, then the point P
is excluded. In principle, measurement of \Awm may also be used to limit the allowed
region, but we defer discussion of this observable to the individual case studies below.

The remaining points P = (e,tan8) € 7T, for which there exist parameters
(¢, My = ptano, tanf, My,mjzm;) that are consistent with all measurements,
form the allowed region. We will plot this region in the 7 plane. From this plot,
the allowed ranges of Pt and tan § may be quickly determined. The ranges of and

correlations between the other variables may be found from the contour plots of their
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minimum and maximum allowed values.

2.5.2 Gaugino Region

The first case we consider is a set of SUSY parameters in the gaugino region with

gaugino mass unification. We choose

(g, My, tan 8, My /My, mj, mj) = (—400,75,4,0.5,200,300) . (64)
With these parameters, & = 169°, and the underlying values and ranges of the most
important quantities are

mex = 79.6GeV

X1

mgp = 39.1GeV

X1
Owa = 1.16R = 3200fb

+ = 1.00

P (65)
bv.aw = O@@

B, = 042

my; < 40.5GeV
16.4GeV < E;; <55.8GeV .
Since Myt & My, it is not possible to work below the WW threshold, and the cuts
for 25 + [ events described in Sec. 2.4 are likely to be nearly ideal. Note that the
sneutrino mass has been taken near the low end of the range. This value leads to
substantial destructive interference in the production amplitude; higher values for m;
would give considerably larger cross sections.

With an integrated luminosity of 1fb~", there are 3203 chargino events, and the
Monte Carlo simulation yields 1493 mixed mode events. Some of these events include
hadronically-decaying 7 leptons, but the rest of them are Y mode events, as defined
in Sec. 2.2. In the Monte Carlo simulation we are left with 1184 Y events, of which
889 (75%) survive the cuts described in Sec. 2.4. In addition to these Y mode events,
some leptonic mode chargino events with hadronically-decaying 7 leptons will also

pass the cuts. However, hadrons resulting from 7 decays are highly collimated with




‘sAe9p OUISIRYD J{UOIPRY WOI] }[saL
12} 950U pue sABO3P L WO} J[NSaI yer[) suoIpey ysmSusip oy o[qissod a10joIoyy st
11 pUR ‘SSRTI JURIICAUL MO Y3TM SIO[IP SARY $3U0AQ M3} 104 121} OION “APD £ ST yerad
10] 1RY3 puUR ‘A9L) g SI ﬁ.:e: jo Ajurezeoun o1 SY) JRY) IrWI)se ap dieys Afarej
are sjutodpue oY) ‘siyy 93idsep nq ‘syumi] [ed119I09Y) ) POsIXD Jey) sjie) aary 0}
21109ds 9Y) 9sneD $308]° UOIIN[OSI 107020D SIUY JRY} 998 A\ "PoPN[OUL USdq jou
2A®Y s4e0op U0}da| L WIOL) SUOIPRY ‘SUOINQUISIP 28y} U] *,_qJ | A}ISOUTWN] pajeidoy
-ur s (00 ‘002 ‘G0 ‘Y ‘GL ‘00v—) = (Pue ‘T ‘Tpy [ Tpy ‘g wey ‘Upy ‘1f) osed owgues oyy
107 ‘synd Iaqye ‘winxyoads A81ous (q) pue wmijosds ssewr () 9elip oy, :gT 2anSif

SiveSLL L

(eo) '3
08 09 oy 074 0
T o

(e

ov

{AeD g)/siuenl

09

o8

03

g
{nep Z)sweng

(=
©

08

09 AULANWNASYALAS NI SINGWNTINSVAN ¢ d4.LdVHO

paxIm

PG = uwhq pue poxmuipd = poxmip_0€ = Ap ‘Ayesioatun uojde] A[dwr yorgm
‘%G "99G Jo suonjduunsse oy} 19pup ‘Ao Jayyer jng ‘A[09lrp PXMg aInsesw joU Op
am ‘aA0qE® PIJOU SY [IR}OP UL SPOUI SI} ISPISUOD [[IM am pue ‘4sa8Ie| 0M) o1} JO SUO
semle st PP*X™y 1o1100s ssoId Tenyded oy, MRl pue MW (POXIMY S1011098 SSOID
Tergred 9011} S} JO OM] }SBI] Y@ SINSLRAUI JSNUI 9M *g'g "09G UL PasSNOSIp se ‘s1y) Op OF,
"STUSWIRINISLOW 1191} UL $919UIe}190UN 91} PUe /g pue M0 JUIIIS)ap JSTUL oM JXON
310y
11 98N 10U [[Im oM ‘SUOIJRUIULISIOP $SeWE oY) Sa01dWl Os[e ARTU pue }O9Yd SSOID [MJosn
e soptaoid Eﬂﬂm ySnoyje ‘yey) osfe 930U ap\ ‘sanjea [edsAyd Suipepun Ieyy oIe
syuswaInseaw Juiodpus 10 son[ea [RIJUD Y] YRy} pawnsse saey sm ‘Ayoidwis 104

x

(99) TAPDET = Fwy pue AeD LT = M«Ed

Puy 03 (gg1) b osn om ‘AP G'O0T = 4udid MO[2q st AB10U0
uresq oy} sy "y xipueddy Ul pejos[[od a1e suolje[no[ed £JUrejIeoun oy} 10} Se[NULIO)
JUeAS]aI O], 's9ssel SUIAIOPUN Y} JO SUOIJRUINLIIID S) OJUI SAIJUIRIIIDUN IS}
ayededord mou jsnwx op ("s21JUIRYIOUN 9507 FUISLOIDUI JO $1[NSII INO WO JI3J° 913
SUTUIEX 1M 9M UOKISANS 3X9U 8Y3 U[) "APD) 7 = xedd 'V PUR APD G'T = yoitdliV/
0} 94Q7 £q Padnpal aq 09 SUOHN[OSAI [eNJOR S oXe] SI0PIAY} aM Pue ‘[1¢ ‘7T ‘94]
SJUOUISINSLIW TNJUSWOW Iaqureyd Sun{oel) jo uonIppe oY) Yiim saociduit 03 payoad
-X5 9l SUOIJN[0SAI 93} ‘F'g "99G UL Pojou sy *Aox) ¢ st i jo jutodpus umurrxew
91} I0] IO1IS OT 9Y} ey} YRUNSS om ‘A[IR[IUUIG "ASY) 7 9q 0} I0IId 0T S)I 9JeUI)se
210jp107} oM pue ‘o3UeI ASK) § B WM SOIf A[uresed jsowpe jutodpus s oy,
‘dreys £pite] sIe syutodpuo oY) ‘styy 231dsap nq ‘sytul] [es13I00Y) 3Y) PIFX3 1Y}
s[re} oAy 0} eIjoads oY) ISNED SJOOYS UOIIN[0SOI 1092999P SIIUY JBYY) 998 9p 6T St
ur uoAl§ ore SUCIIMQLIISIP 9SAYJ, *¢'g 509G Ul passndsip se ‘suolinquisip 43isus pue
ssews 13{1p jo syutodpus a1y U0} Fw pue #¥w sossew o1y SUIULIZ|IP MOU LeTI Op

*SO[RAIISQO JURAD OUIFIEYD JO SON[RA 91} JUILLIIIP 0} Pasm
aq few pue punoidyoeq Jo 92I] A[[en)lla ST oY) 51U0A0 [ Jo o[dures JULA? Ue AR om
oY) SUINSSE I0JOIAY) [[LM A\ 'Stseq S} U0 payeredes A[ISes oq PINOYS sjuass [ pue
‘s£e09p L [}Im JUD]SISTOD SoSSEUI 10(Ip 2ARY SJU2AD 9POW [ Ma] A19A ‘A[1ed])) ‘el 'S1q

Ul UMOYS SI SJUSAD { §R8 oY) I0j wnipoads s oyf, '*w wey) ss3] ssew jueLIeAUl

68 - AYLIWWASYIINS NI SINIWIYNSVAN € HHLdVHO




CHAPTER 2. MEASUREMENTS IN SUPERSYMMETRY 61

We will then assume that similar errors, in a sense to be defined precisely below,
may be obtained for the hadronic mode. With these assumptions, we then find
the uncertainties of oot and Bg. (The consistency of our assumption of lepton
universality may be checked by verifying that, for example, B(¥¥ %7 — 2j +¢) =
B(x{%1 — 2j + p). Furthermore, if additional branching ratios can be measured,
one may determine directly whether lepton universality indeed holds.)

We must now determine the uncertainty for measurements of oy. For any mode

i, the cross section and fractional uncertainty are

o = NptLe™? (67)

and

>9. Esggpbnn
= glv + ﬂv () (68)

where N; is the number of ¢ mode events passing the cuts, 1; is the efficiency of the
cuts for ¢ mode events, and L is the collider luminosity. The number of ¥ mode
events passing the cuts is 889, so ANy /Ny = 1//Ny = 3.4%. The efficiency 7y is
not known and, in principle, depends on all the SUSY parameters that we are trying
to determine. However, by running Monte Carlo simulations for many points in SUSY
parameter space with the measured Myt and mygo, we can determine how much the
efficiency varies throughout the allowed parameter space. We have done this for points
in the gaugino, Higgsino, and mixed regions, for both positive and negative g, various
tan 8, and (m;,mg) = (100, 150), (200, 300), and (500, 700), with the sole restriction
being that these points give mgx ~ 80 GeV and my ~ 39 GeV. For all of these cases,
the efficiency of the cuts varies only between 70% and 77%. Thus, the cut efficiency
is determined primarily by kinematics and varies only slightly for fixed m + and myy.
We take the efficiency to be gy = 73.5% and its variation to be Anpy = 3.5%. The
uncertainty in the luminosity, which at LEP Iis AL/L = 0.3%, and which is not
expected to increase substantially for LEP- II [58], is much smaller than the other
errors. Substituting these values into Eq. (68), we find that Aoy /oy = 5.8%.

Although we do not have specific cuts for the hadronic and leptonic modes, we
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will assume that cuts with similar  and An may be devised for at least one of the
other modes. Such an assumption is certainly not to be taken for granted as the
other two modes have large backgrounds. In the four jet mode, it may be possible to
reduce backgrounds substantially by demanding that no pairing of jets yields two dijet
masses consistent with My or Mz. The leptonic mode is plagued by an irreducible
background from W pair production [14]. As can be seen from Eq. (68), the best
cuts for the purposes of this study are those that balance uniformity (low .Wﬂ..w.v with
background suppression and efficiency (low »2&& It is clear that detailed studies of
cuts for the 45 and 24 events are necessary for future work in this area. For this study,
however, we will calculate the fractional uncertainty in ohadronic assuming that cuts
may be devised with values of n and Ay similar to those obtained in the mixed mode.
It is important to note that significantly worse values of #hagronic need not change
our main results dramatically. We will demonstrate this explicitly in the following
subsection, where results are presented for lower values of Mhadronic. We will assume
in our case studies that the errors for the leptonic mode are larger than those for
the hadronic mode, and so we will use only the mixed and hadronic modes for our
determinations of o¢eta and By. In a complete analysis the leptonic mode should be
combined with the others to further constrain the determinations of Orotal and Be.
The Monte Carlo simulation yields 1095 hadronic mode events. The assumption
Thadronic = 7y = 13.5% implies Nhagronic = 804, and assuming also that Afnagronc =
3.5%, we find that Achadronic/ Thadronic = 5.9%. We may now proceed to determine

the uncertainties in oyoa and Be. Using the formulae in Appendix A, we find

anoaﬁ\qog& = WO& PS&. Dmm\m& = %m& . Amw@v

We have now determined the uncertainties with which the four observables may be
measured and can apply the strategy outlined in Sec. 2.5.1 to determine the allowed
region in SUSY parameter space. To recapitulate, the ™M+ measurement restricts
the (u, M2, tan ) space to two thin sheets, one with g < 0 and another with u > 0.
These sheets are then flattened into the (e, tan 8) plane, where « is the angle given
by tan a = M,/p. The far gaugino regions are at o & 0°,180°, while the far Higgsino

region lies near a & 90°.
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Figure 17: Gaugino example contours for the (a) minimum and (b) maximum values
of m; in the (o, tan B) plane, as defined in Sec, 2.5.1. The cross-hatched area in the
Higgsino region is excluded because the measured yota1 is too large to be compatible

with any mj.
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Figure 18: Gaugino example contours for the (a) minimum and (b) maximum values
of myg in the (a,tan ) plane, as defined in Sec. 2.5.1. The & > 90° (1 < 0) gaugino
region has been magnified. (Similar features are seen in the & < 90° (¢ > 0) gaugino
region.) The hatched and cross-hatched regions are excluded by the B, measurement:
in the hatched region B is too large, and in the cross-hatched region B; is too small.
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097 < px < 100

X3
097 < P2 < 1.00
179GeV < my; < 227GeV
—0.61 < 44 < —0.45 or 043 < 3 < .58 (1)
~1TeV < p < =290 GeV or 300GeV < p < 1TeV

63GeV <« M, < 93GeV
1 < tanf < 50,
150GeV < my < 1TeV.
The allowed regions in Fig. 19 are virtually unchanged when negative M, is included.

Even though correlations between variables are ignored, the global bounds of
Eq. (71) have interesting implications. The gaugino content has been tightly con-
strained to be greater than 0.9, which supports the LSP as a dark matter candidate.
For the case of M; > 0, the ratio M; /M, has been determined to be compatible with
grand unification to within approximately 15%. There is, however, an allowed range
of negative M;. (In general, it is very difficult to exclude negative M, with the four
observables we have explored.) The bound on my; is strong, as a result of the large
destructive effect of the electron sneutrino on the total cross section. In many models
the sneutrino is the next lightest observable SUSY particle, and this bound provides
an important guide for future sparticle searches. Finally, tan 8 is unrestricted, and
there is no global bound on mg — the squark mass may lie anywhere in the range we
have considered. However, as seen in Fig. 18, at a given point in the («, tan f) plane,
the bounds on m4 may be quite strong.

We now turn to \»ww and AYp, the forward-backward asymmetries discussed in
Sec. 2.3. We remind the reader that the former, while unobservable, depends only
on the production amplitude, while the latter is observable but depends on the decay
vertices as well. In Fig. 20, we plot Alp vs. mww»w for a number of points in the
allowed region. The value of A%y for our case study, measured from the ¥ mode
events that pass the cuts, is given by the solid line. Its 1o deviation, as determined
from Eq. (132), is given by the dashed lines.

Because the previous four observables have already restricted the allowed region
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Figure 20: Plot of \»m.m vs. bwww for several points in the allowed region of the gaugino
case study. The solid line is the measured A%y from the Monte Carlo simulation, and
the dashed lines give the 1o uncertainties in this measurement. Points with u < 0 are
given by filled circles, and all points with ¢ > 0 {open circles) are seen to be excluded
by the A¥p measurement. The case study is indicated by a star.

to a small volume in the gaugino region with a light sneutrino, \»M.M is limited to the
fairly narrow range 0.12 < x&ww $ 0.21. As discussed in Sec. 2.3, >Mwm and Otota) ate
the only production quantities with much resolving power, so the fact that .»MM is
limited to a small range is evidence that we have already obtained nearly all of the
information contained in the production amplitude.

We also see that the correlation between A%, and \»M»w is weak, and that A¥
lies in a much broader range, —0.06 < .&wm < 0.3. Clearly the decay amplitude plays
a crucial role in determining the value of A%5, and the large variation in >mm is
an indication that detailed studies of chargino decays may improve the bounds on
parameter space and tighten the correlations between variables. By running Monte
Carlo simulations for a large number of points that densely populate the allowed
region, one could presumably form a detailed picture of the regions that may be
excluded on the basis of Ali;. However, as our goal in this study is to study chargino
events analytically, we will not discuss this possibility further. Still, even from our

sparse sampling of the allowed region it is possible to draw some tentative conclusions.

I
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study, but we still obtain strong bounds on m; and find that the allowed region lies
primarily in the gaugino region.

We now study the effects of varying our experimental assumptions. In the analysis
above we have attempted to estimate the effects of finite detector resolutions and of
backgrounds in the hadronic mode. Detailed studies and simulations are needed to
significantly improve the accuracy of these estimates. We will show here, however,
that most of the global bounds presented in the previous section are robust and are
not altered greatly by assuming poorer experimental conditions. First, we modify
the case study of Sec. 2.5.2 by assuming that the backgrounds to the hadronic mode
are very large, and that the optimal cuts have an efficiency fhagronic = 18%, which
is 1/4 of the value we took previously. We retain the estimate Ap = 3.5%. The

uncertainties in mg and myo remain the same, but we now find

AChagronic/ Ohadronic = 20.3%
Aoiotal/ Ottt = 5.9% (77)
ABy/B; = 12.2% .

Because we have assumed a low 7nadronic; the uncertainties in ¢hagronic and By are
large. However, the uncertainty in gea is not strongly affected because 1 — 2B, is
small for this case study (see Eq. (128)).

The analysis is identical to the previous example, so we skip the intermediate steps
and present the end result. In the allowed region with both positive and negative M;
values, the bounds on selected quantities are:

0.88 < Prr < 1.00
094 < pp < 100
176GeV < m; < 231GeV
—1.00 < §+ < —0.30 or 0.42 < 32 < 0.80 .
We see that the bounds are for the most part only slightly weakened, with the ex-
ception that the upper bound on positive M; /M, is now 0.8, and the lower bound on
negative M, /M, is —1.0.

(78)

We have also investigated the implications of doubling the estimated uncertainties

on the dijet mass and energy endpoint determinations. In this variation, we take
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AmE* = 4.0 GeV and AEJ™ = 6.0 GeV. In addition, we assume no improvement
from tracking chamber measurements, and retain the “poor” hadronic mode efficiency
of nadronic = 18%. The uncertainties in cyora and By are as in Eq. (77), and the new

uncertainties in My and Mg are

Amga = 72GeV and Amgp = 6.0GeV . {(79)
1 1

The resulting bounds are

083 < Pz < 1.00
091 < pp < 100 (80)
162GeV < m; < 274GeV
-1.00 < 4 < —0.26 or 0.37 < 4 < 1.00 .

In this case, we find that the bounds M; /M, are weak. However, we find that we are
still able to constrain the parameter space to the gaugino region and can place an
upper bound on the sneutrino mass of 274 GeV. Thus, at least in the gaugino region,
where our global bounds are expected to be the strongest, the limits on p and my are

robust under variations in efficiency for the hadronic mode and in detector resolution.

2.5.4 Higgsino Region

For the Higgsino region case study, we choose the parameters

(g, M, tan B, My /My, mjz,mg) = (75,250, 4,0.5,200, 300) . (81)
For this point, the angle o = 107°, and
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As noted in Sec. 2.4, these resolutions are expected to improve with the addition of
tracking chamber momentum measurements, and we therefore take the actual reso-
lutions to be reduced by 25% to Am¥™ = 0.75 GeV and AES™ = 1.5GeV. (Again,
we will not consider the lower E;; endpoint in the analysis here, although we expect
it to be useful at least as a cross check.) The resulting uncertainties from Eqgs. (124)

and (126) for mgs and myy are

Amgs =3.0GeV and Amg =2.6GeV. (83)

We now turn to the determination of oyoa and Bp. As in the gaugino region,
the accuracy of these determinations depends on the statistical uncertainties and the
variation of the cut efficiencies in the subvolume of SUSY parameter space with the
given Mk and myg. With 287 events, the statistical uncertainty is ANy /Ny = 5.9%.
To determine the efficiency of the cuts, we have run Monte Carlo simulations for a
wide range of representative points with mex ~ 80 GeV and mgo =~ 62GeV, and
find that the cut efficiencies are fairly uniform and in the range of 26-34%. We
take the efficiency to be 7y = 30% and its variation to be Any = 4%. Combining
these uncertainties as in the gaugino case, we find that Aoy /oy = 15%. Finally,
we will assume that the formulae in Eq. (128) using the hadronic cross section are
the ones with the smallest uncertainties. There are 1057 hadronic mode events in
the Monte Carlo simulation. Again taking the assumption that #hadronic = Ny and

ANhagronic ® Any, we find Adhadronic/ Thadronic = 14%, and, from Eq. (128),

Dﬁ.nonw—\qaonﬁ = w.._.ﬁ and Dmu\wm = H%ﬁ . Am%v

We may now use these four measurements to find the allowed parameter space. As
in the gaugino example, med limits us to two thin sheets in (g, M,, tan 8) space, and
these are flattened into the plane (o, tan 8). We then determine the allowed region
as in the gaugino case by applying the bounds on mgs, iota), and B; to determine
ranges of M;, m; and m; for every point in the plane. We will proceed as in the
gaugino region case, first considering only My > 0, and then including the possibility
My < 0 in the final determination of the allowed region.

The allowed range of M;/M; from the mg measurement is shown in Fig, 22. As
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Figure 22: Higgsino example contours for the {a) minimum and (b) maximum values
of My/M,. In (b), two M;/M; = 0.8 contours have been removed from the Higgsino
region for clarity. The cross-hatched area in the o > 90° mixed region with tan = 1
is excluded by the mgo measurement alone.
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Figure 25: The allowed region in the {o,tan 8) plane for the Higgsino case study,
with both signs of M; allowed. The cross-hatched regions are excluded by the mea-
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Figure 24: Higgsino example contours for the (a) minimum and (b) maximum values
of mz. Two areas in the & > 90° (4 < 0) gaugino region has been magnified. The
cross-hatched region of (a) and the hatched region of (b) have B, values that are too
low and too high, respectively, and are excluded.

X1?

surements of Mgty M, Trotal, and B;. The dot indicates the value of {¢,tan ) for

the case study.

gaugino case. Nevertheless, we present them here for completeness:

000 < pge < 100
001 < pp < 100

100GeV < my; < 1TeV

—1.00 < 3 < ~0.03 or 0.10 < # < 0.99 (85)
—870GeV < p < —65 GeV or 79GeV < p < 1TeV

62GeV < M, < 1TeV

1 < tanB8 < 50,
150GeV < my < 1TeV.

In Fig. 26 we plot A¥p vs. \_MM for a number of points in the allowed region.

The solid line is the measured value of A}, and the dashed lines are the 1o bounds.
Although the points only sparsely sample the allowed region, it is evident that the
relation between the production quantity \»M»w and the observed \»w.m.m is heavily de-

pendent on the decay process, and in fact, for the measured \»mm, the full range of
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our results would suggest.

In arriving at bounds for the more interesting quantities, we will skip many details
as the method is identical to that employed in the previous cases. Given a sample of
11fb7!, there are 2072 events of which 907 are mixed mode events. Of these, 741 are
Y mode events, and 444 (60%) of these survive the cuts of Sec. 2.4.

From plots of the distributions of m;; and E;;, we estimate the endpoint uncertain-
ties to be 3 GeV for mi3* and 2 GeV for E}}**. Again assuming that tracking chamber
measurements reduce these uncertainties by 25%, we find that Am%** = 1.5 GeV and

AET™ = 2.3GeV. The resulting uncertainties for Mk and myo are

Amgt =33GeV and Amge =2.7GeV . (88)

To determine the uncertainties in the determinations of oo and B, we must
first determine Aoy /oy from Eq. (67). With 444 Y mode events, the statistical
uncertainty is ANy/Ny = 4.7%. The efficiencies of the cuts for a wide range of
representative points in SUSY parameter space, subject o.d_% to the restriction Mgk &
80 GeV and mgo ~ 53 GeV, range from 54-62%, and we therefore take the efficiency
to be ny = 58% and its variation to be Any = 4%. Combining these uncertainties, we
find that Aoy /oy = 8.4%. There are 975 Monte Carlo hadronic mode events before
cuts, and again taking # and An to be approximately equal for the Y and hadronic
modes, we find AGyadronic/ Thadronic = 8.1%. Using Eq. (128) we determine that

AGiota)/Otored = 6.1% and ABy/By = 1.9% . (89)

Given these ranges for the four observables, we may now bound the parameter
space. The allowed range of M1/M; is shown in Fig. 27. In the gaugino region, the
minimum value of My /M, is roughly 0.5; though values of My /M, > 0.5 are favored,
the prediction of grand unified theories cannot be excluded. As in the previous two
examples, a small ¢ < 0, tan § =~ 1 region is ruled out.

The m; bounds from oia1 are shown in Fig. 28. For this example o lies below
the value of o1 approached in the pure Higgsino limit, as may be seen from Eq. (38)

or Fig. 10. Thus, not only is some of the Higgsino region excluded, but also we obtain,
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Figure 27: Mixed example contours for the (&) minimum and (b) maximum values of
My /M,;. The cross-hatched area in the mixed region with tan 8 =~ 1 is excluded by
the m4 measurement alone.
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005 < px < 1.00

X1
001 < pp < 100
100GeV < my; < 257GeV
~1.00 < }2 < ~0.12 or 0.16 < 2 < 1.00 (90)
—339GeV < p < ~52GeV or 85GeV < u < 355 GeV

51GeV < M, < 500GeV
1 < tanf < 50,
150GeV < my < 1TeV.

Again, the correlations among the various parameters are not represented in these
limits. As already noted from Fig. 28, we see that the sneutrino mass bound is very
stringent, with a maximum value of 257 GeV, as in the gaugino case. The other
global bounds are weak.

Finally, we plot A% vs. .&w»m for a few points in the allowed region in Fig. 30. As
in the previous figures, the solid line is the measured value of A%y, and the dashed
lines are the 1o bounds. Although definite conclusions would require a more thorough
sampling of the allowed region, Fig. 30 suggests that the point we have picked has an
extreme value of .bmw, and could therefore be distinguished from most other points

in the allowed region by decay process considerations.

2.6 Final Comments and Summary

We have explored the potential for precise determinations of fundamental SUSY pa-
rameters from chargino production at LEP II. We have found that chargino events
can be well-described by six underlying SUSY parameters: p, M, tan 8, M1, m;z, and
mg. A number of observables were investigated, and four — the chargino mass, the
LSP mass, the total cross section, and the leptonic branching fraction — were found
to be particularly useful in most areas of parameter space. These four observables,
with their accompenying uncertainties, were used to restrict the allowed SUSY pa-
rameter space for representative points in the gaugino, Higgsino, and mixed regions,

and a simple method for representing the results graphically was used.
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Figure 30: Plot of A%y vs. \»mw for several points in the allowed region of the
mixed region case study. The solid line is the measured Ay from the Monte Carlo
simulation, and the dashed lines give the 1o uncertainties in this measurement. The
specific parameters chosen for the case study lie at an extreme value of \»mm and
indicate that this measurement may be able to reduce the allowed region substantially.
The case study is indicated by a star.
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CHAPTER 3. TESTS OF SUPERSYMMETRY a3

Supersymmetry provides a particularly interesting subject for studies of the de-
tailed analysis of physics beyond the standard model. SUSY models are weakly
coupled, so their consequences can be worked out straightforwardly using perturba-
tive computations. At the same time, as was evident in Chapter 2, SUSY models
depend on a large number of unknown parameters, and different choices for these
parameters yield qualitatively different realizations of possible new physics. Thus,
the phenomenology of SUSY is quite complex. We suggest that similar complexity
should be found in any realistic extension of the standard model, and that similar
investigations will be needed to understand the next, more fundamental, level.

One consequence of the complexity of the parameter space of SUSY models is that
it is not trivial to identify experimentally the specific quantities which are related by
supersymmetry. Faraggi, Hagelin, Kelley, and Nanopoulos [59], Martin and Ramond
[60], and Kawamura, Murayama, and Yamaguchi [61] have discussed in general terms
the exploration of the spectroscopy of supersymmetry partners, and the latter two
groups have suggested particular mass relations which test supersymmetry indepen-
dently of more detailed hypotheses. These tests are very ambitious, since they require
mass measurements for the heaviest and most elusive particles of the superspectrum
— the squarks, the heaviest partners of the Higgs and gauge bosons, and the sneutrino
— at the 1% level. In these papers, very little attention was given to the question
of how these experiments will be done. In this chapter, we will present some alter-
native tests of supersymmetry that involve only the lightest observable states of the
superspectrum, and we will argue that these should be straightforward to carry out
at colliders of the next generation.

Our tests will exploit the advantages of the proposed Next Linear Collider (NLC),
alinear e*e™ collider with /3 = 500 GeV and a design luminosity of 50 b~" /year [62).
This machine has already been shown to be a powerful tool for probing new physics
[31, 33, 63, 64]. In particular, previous work has shown that such a machine provides
an excellent environment for measuring sparticle masses under the assumption that
newly-discovered particles are sparticles [32, 34, 35, 37, 38, 39, 65). In this study,
we add to this body of work by showing how to test this assumption. Our analysis

will take into account the relation of observable properties of the final state to the
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underlying reaction; as in the earlier NLC studies, we will be helped dramatically
by the clean experimental environment expected at this machine. In addition, the
expected availability of highly polarized electron beams should provide a powerful
diagnostic tool.

It is a reasonable expectation that charginos will be among the lightest super-
symmetric states, and that these will be accessible to the NLC. Thus, we concentrate
here on tests of supersymmetry that involve the properties of charginos. The crucial
problem we will face is that the mass eigenstates of charginos are in general a mixture
of weak eigenstates, and their mixing pattern must be resolved before the quantita-
tive implications of supersymmmetry become clear. To understand the experimental
aspects of chargino reactions needed in this study, we have again studied simulations
of chargino production and decay using the parton-level Monte Carlo event generator
described in Sec. 2.4.

The outline of this chapter is as follows: In Sec. 3.2 we briefly review the MSSM
and state our assumptions. In Sec. 3.3 we divide the parameter space into characteris-
tic regions. In Secs. 3.4 and 3.5, we present two different strategies for supersymmetry
tests in two of these regions and analyze the experimental prospects for these tests
in particular cases studes. In Sec. 3.6, we comment on other possible supersymme-
try tests involving the properties of matter scalars and neutralinos. We present our

conclusions in Sec. 3.7.

3.2 The MSSM and our Assumptions

Though our goal is to test supersymmetry, we cannot begin without narrowing the
phenomenological context. SUSY can, in principle, be realized in many ways. Here
we assume that the observed particle content and qualitative phenomenology is that
of the MSSM, with conserved R-parity and therefore a stable lightest supersymmetric
particle (LSP). R-parity conservation and the existence of only two Higgs doublets
will be our two primary assumptions and will be essential for much of the following
analysis. We will also incorporate some minor additional restrictions for simplicity.

These restrictions closely parallel those of Chapter 2 and are explained in detail in
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CHAPTER 3. TESTS OF SUPERSYMMETRY 97

different generations are roughly degenerate (to within, say, 20 GeV) with mass my,
and the left-handed squarks of the first two generations are roughly degenerate with
mass mg. The analysis of Sec. 2.2.2 may again be applied to show that chargino events
are usually insensitive to all other sfermion masses: decays through third generation
squarks are suppressed because, even for NLC energies, the mass difference Mgk —Mygo
is almost always less than the top quark mass, and for the remaining sfermions, the
right-handed sfermion diagrams are suppressed by Higgs couplings mys/Mw and are
negligible. With these assumptions, there are again only six parameters that enter
the complete description of chargino pair production: g, My, tan 8, My, m;, and mg.

We may now analyze the dependence of various observable quantities on these
parameters. With an ef beam, ¥} %1 production occurs through the s-channel Z and
v diagrams and the t-channel 7, exchange diagram of Fig. 1, and so the left-handed
differential cross section is governed by four parameters:

dor ¢ 4 cro-) . 9L
dcos b Ambm X1 XHV = dcosB (g, M3, tan 8, m;)

(93)
However, in the case of an eg beam, the 7, diagram is absent, and so the right-handed
differential cross section is dependent on only the first three parameters:

dog A R dog

U \(+-l| - '
Ty (eRe® = X %7) = 75 (4 My, tan )

Charginos decay to the LSP either leptonically through W bosons or virtual sleptons,

(94)

- (W, v, It) - 8 (95)
or hadronically through W bosons or virtual squarks,
= W, eq,@) - e (96)

and so all six parameters enter the decay process. The lighter chargino may also decay
to LSPs through a virtual charged Higgs H*, but this diagram is suppressed by Higgs
couplings and is negligible for all but the most extreme choices of parameters. The
heavier chargino may decay through complicated cascade decays. However, when ¥

production is kinematically accessible, the only information we will use about &
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Figure 31: Contours of constant og {in fb) for fixed tan 8 = 4 in the (u, M) plane.
Chargino production is inaccessible for /s = 500 GeV in the hatched region, and
the cross-hatched region is excluded by the current experimental mass limit Mgk >
45 GeV. The cross section op quickly drops to zero in the |u| § M, regions.

is its mass, which we will assume may be measured through threshold scans. The
analysis will therefore be independent of ¥ branching fractions and other observables
dependent on the details of the ¥3 decay.

The chargino masses mx and mg+ and the right-handed cross section op depend
only on the parameters 1, My, and tan 3, and these parameters may be used to define
regions with qualitatively different behavior. To understand this, note first that, when
M, > |u| or |u| > M, the following relations hold [49]:

Mgt & min{ ||, M2} wum Mst A max{|p|, M} .

(97)

These relations are in fact approximately valid in most of the available parameter
space. The dependence of g on the parameters is more complicated. In Fig. 31 we
plot contours of constant og for fixed tan 8 in the (g, M) plane. The dependence
on tan 8 is fairly weak; we choose the representative value tan 3 = 4 for illustration.
Chargino production is inaccessible for /s = 500GeV in the hatched region, and
the cross-hatched region is excluded by the current experimental mass limit mgx >
45 GeV [18, 19, 20, 21, 22]. This leaves two bands, one on each side of the p = 0 axis.
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form of the chargino mass matrix. In particular, notice that the matrix of Eq. (91)
contains, in addition to the new parameters Ms, p, and tan 3, a dependence on the W
mass. This is no accident. The off-diagonal matrix elements of Eq. (91) result from
the HW H vertex. This is related by supersymmetry to the HWOH vertex, which is
related by gauge invariance to the term which gives massto the W through the Higgs
mechanism. Thus, verification that this parameter of Eq. (91) is indeed equal to Mw
would be a guantitative test of supersymmetry. This test is formally independent of
the neutralino sector and is therefore applicable to models with gauge singlets.

We now investigate the extent to which we can realistically verify this correspon-
dence at the NLC. In this example, and for the rest of this chapter, we will assume
/s = 500 GeV. We will present results for integrated luminosities of 30 and 100 b1,
corresponding roughly to w to 2 years running at design luminosity.

For our case study, we choose the underlying supersymmetry parameters to be

(4, Mo, tan 8, My /M,, my,mj) = (—195,210,4,0.5,400, 700) . (98)
For these values, the MSSM gives

mex = 172GeV

mg = 105GeV
= 2

Mgt 55 GeV (99)

(Y4,6-) = (40.8°,59.5°)

Op = 48fb
o, = 513fb.

For comparison, the QED p* u~ production cross section is 397 fh.
To investigate the expected sensitivity to the form for the chargino mass matrix,

we generalize Eq. (91) to an arbitrary real 2 x 2 matrix, which we parametrize as

M, V2 M}, sin X
V2 M5 cos g% 7
Without SUSY, the ratio of off-diagonal elements need not be the ratio of vevs
tan B = (HJ)/(HY), and we have therefore replaced 8 by #*. As demanded by

(100)

-
xx =
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gauge invariance, we also replace Mz by M} = Mz(M$ /Mw) in the neutralino mass
matrix of Eq. (92). 1

We will investigate to what extent the NLC experiments may confirm the SUSY
relation My, = Mw. More explicitly, we have extended the six-dimensional SUSY
parameter space to a seven-dimensional parameter space, and we will investigate how
well experiments may reduce the allowed region of this space to the supersymmetric
subvolume in which M = Mw. Formally, this is a simple task. The four parameters
entering Eq. (100) may be exchanged for the two masses and two mixing angles, ?:v.of
mes, b4, $..). By determining these four quantities from experiment, we can recover
a constraint on M.

To determine the chargino masses and mixing angles from experiment, we will
need to make assumptions about the decay properties of charginos. In our analysis,
we will assume that these properties are those of a supersymmetric model at some
point in parameter space, with the exception that the new chargino and neutralino
mass matrices are used. Because we have not generalized the decay completely,
this assumption is a compromise, but we feel, a reasonable one — it gives us a
large but well-defined space of possibilities to consider. In addition, we will see
below, by explicitly scanning this space, that our results depend only weakly on the
decay parameters. The main dependences are kinematic and would be expected in
more general models of chargino decays. It is also worth noting that many of our
assumptions may be checked a posteriori; for example, the assumption of a universal
left-handed slepton mass may be checked by observing the universality of leptonic
branching fractions in chargino decay.

The precision with which m¢s and mg can be determined was studied by the JLC
group [31}. Using a method that depends on kinematic arguments only, they found
that, for an integrated luminosity of 20 fb™", these masses could be determined to
approximately 2 GeV, an uncertainty that is negligible for this study. The mass Mg
may be determined by scanning near ¥¥%¥ threshold. Although o(e*e™ — %FxF) is

suppressed by about an order of magnitude from mixing angles, we will assume that

1The resulting neutralino mass matrix is not the most general allowed by gauge invariance. The
fully general neutralino mass matrix will be considered briefly when neutralino events are considered
in Sec. 3.6.
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Aou 20GeV < FEygipte < /\w - 100GeV.

A&v O acoplanarity < 150°.

(€) Mpag < 68 GeV, Ensa < 3(v/s —100) GeV, where my,q and Epag are the mass and
energy of the hadronic system.

() |mg, — Mw| > 10 GeV, where the v momentum is taken to be equal to the missing
momentum.

(g) —Q¢cosbpaa, Qecosfp < cos41® = 0.755, where @, is the charge of the isolated
lepton, and §; is as defined in cut (a).

These cuts isolate chargino events that have hadrons and an isolated lepton in the final
state. We would like to isolate Y events, and we therefore need to eliminate events in
which the hadronic system results from charginos decaying through r leptons. This
may be done by imposing the additional requirement that the mass of the hadronic
system my,q be greater than m.. As was shown in Chapter 2, ¥ events very rarely
have low mpaq at LEP II energies, and we have verified that this is also true for NLC
energies. We will therefore simply assume that this additional cut on mpaq cleanly
isolates the Y mode events.

Cuts (c) and (d) are efficient for supersymmetric signals because of the large
momentum and energy that are carried off by the unobserved massive LSPs. Cuts
(e)~(g) reduce the dominant standard model background, W pair production. In
particular, cut (g) is designed to remove the large forward peak of WW events.
Because the hadronic system’s polar angle distribution is truncated by cut (g), we
choose A%, as defined in Eq. (101), as the theoretical quantity with which we expect
Ab2d to be well-correlated. Since W pair production results primarily from ejet
annihilation, the use of these cuts in conjunction with a very highly right-polarized
€~ beam results in a negligible background rate. The analysis of Ref. [32] included ¢t
events with a top quark mass of 150 GeV and found negligible background from this
source.

We caution the reader that the cuts (a)-(g) above have been designed to separate
the chargino signal from standard model backgrounds, but have not been optimized
to discriminate between %7 %i production and other SUSY sources of ¥ events. In

principle, these could include ¥ExF and ¥3§5 production, as well as the production
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of neutralino pairs mwww. Ignoring effects of resolution smearing, the neutralino events

will be backgrounds to Y events only when a heavy neutralino decays into a chargino
and a W boson, which then decays leptonically to provide the single isolated lep-
ton. While we have not simulated these events, we do not expect neutralinos to be
a severe background because their production cross sections are generally small, and
further, their decays to A%§ and Z%? are usually favored by phase space and therefore
dominate. For the point that we are studying, the masses of the heavy neutralinos
are mgg = 169 GeV, mye = 211 GeV, and my = 253 GeV. The decay %5 - Wi is
barely open, and the production of heavy chargino pairs is kinematically forbidden.
Thus, ¥£%§ production, with ¥¥ — W*%? — 2v%? is the main SUSY contami-
nation in the present case study. This background is restricted by phase space and
mixing angles and can be eliminated entirely by running below the ¥¥ %3 production
threshold.

Throughout this study, we have assumed 100% beam polarization in our simu-
lations. In the present case, however, because oy is an order of magnitude larger
than og, the left-handed contamination of the right-handed beam counld be substan-
tial if the beam polarization is not nearly 100%. If beam polarization near 100% is
unobtainable, the ez signal may be determined by first measuring the e7 signal to
high accuracy, and then subtracting the left-handed contamination from the right-
polarized e~ beam’s signal. For a beam polarization of 95%, these errors will not be
large, and we have not included the statistical errors resulting from such a subtrac-
tion. It is clear, however, that highly polarized beams play a critical role in reducing
such errors.

We now determine the correlation of A% with A"d through Monte Carlo simula-
tions. A description of our method and the relevant formulae are contained in Ap-
pendix B. We sample random points in the seven dimensional parameter space, with
only the restriction that Mg, mg, and Mgt are each within 2 GeV of their values in
Eq. (99). For each set of parameters, we calculate A%, from explicit analytical formulae
and determine A" through Monte Carlo simulation. The results for 38 simulations
are plotted in Fig. 33. A simple linear fit yields A" = 0.7174% + 0.042 % 0.036,
where AALg: = 0.036 is the 1o deviation in A'*d for a fixed A%. The best fit is given
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Figure 34: The correlation of n and A% for the 38 points in the seven-dimensional
parameter space (u, M, tan 8%, My, mz, ms, Miy), selected as in Fig. 33. The linear
best fit is given by the solid line, and the 1o deviations are given by the dashed lines.

Lr = 30(100) fb~! => wqmm =8.0(47)%.
Y

To convert a measuremnent of oy into a measurement of o, we must also take

(106)

into account the uncertainty in the branching ratios B; and B;. These again depend
on the parameters of the chargino awmw% malrix elements and, in particular, on the
masses m; and mg;. We have varied these masses to permit as a large a variation
in op as possible. However, the measurements of Mg, M, A%, and oy constrain
the allowed parameter ranges to regions where ¥ and %7 have substantial Higgsino
components. Recall that B, and Bj, take fixed values (equal to those for the W) in
the Higgsino limit. These facts and the bounds mj m; > 250 GeV constrain the ¥V
mode branching fraction to the region in which 29% < 2B,B; < 36%. Thus, the oy
contours are rather insensitive to variations in the sfermion mass parameters.

The measurements of A} and op constrain the (¢y,4-) plane to the shaded
regions in Fig. 35. The lightly (heavily) shaded region is the allowed region for
Lz =30(100) fb™. Contours of constant M3, are also plotted in GeV, with the SUSY

contour M, = Mw given by the dotted curves. The contours of constant op that
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¢_ (Degrees)
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Figure 35: The allowed region of the (¢4,¢_) plane from measurements of A% and
oy. The lightly (heavily) shaded region is allowed for £g = 30(100) fb™'. Contours
of constant MY, are plotted in GeV. On the dotted contours, the SUSY relation
M, = My holds.
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The analysis in the gaugino-like portion of region 1 would then be limited only by
statistics and systematic errors in the determination of A% and 7, and the statistical
uncertainties in the measurements of the branching fractions for chargino decays.
Finally, having considered variations of the Higgsino-gaugino content of %¥, one
might consider variations orthogonal to these in the plane of Fig. 32, namely, vari-
ations in mgs. If ¥ is heavier, the chargino rest frame is less boosted relative to
the lab frame. The decay process will then have a bigger effect on the correlation of
Abad it A%, and AA®*® will increase. However, we have already considered a case
with a fairly heavy %¥, and we see that the charginos need not be highly relativistic
for AA*® to be small. In the opposite limit of lighter i, the chargino rest frame is
more boosted relative to the lab frame, decay effects become less important, and the

results of our analysis can be expected to improve.

3.5 A Supersymmetry Test in the
Gaugino Region

In the previous section, we considered the case in which both charginos were dis-
covered, and found that the SUSY constraint on the chargino mass matrix could be
verified to fairly high precision. In this section, we examine region 2, in which only
one chargino is seen and its production cross section section from ey, is small. Here we
must rely on the chargino pair production cross section from e}, which introduces a
strong dependence on m; from the second diagram in Fig. 1. Fortunately, there is an
important compensating simplification: in this region, the charginos are very nearly
pure gauginos, and, in fact, it is a good approximation to neglect the deviations of
cos ¢ from 1. In this limit, the coupling constant of the eF¥¥§ vertex is related by
supersymmetry to the eFvW?* coupling constant g. Verification that this coupling
constant is indeed equal to g would be a quantitative test of supersymmetry.

For our case study in region 2, we take the underlying supersymmetry parameters
to be
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(g, My, tan 3, My /My, mg,mg) = (—500,170, 4, 0.5, 400, 700) . (111)
For these values, the MSSM gives

mex = 172GeV

X1
mg = 86GeV
3mw = 512GeV (112)
(brrf) = (L2,12.8)
or = 0.15fb
op = 612fb.

For the point we have chosen (and for a significant part of region 2), the two-body
chargino decay ¥¥ — W=*%{ is open. The branching fractions By and By, are then
fixed to their values in W decay, unless |p] is very large, a possibility discussed at the
end of this section. The case in which on-shell W decays are not allowed will also be
discussed briefly at that point.

To investigate the sensitivity of experiments to the value of the e¥#%E coupling,
we generalize this coupling from its SUSY value gVy; to ¢¥Vy;. We then test the
SUSY relation g*¥ = g. The differential cross section doy/dcos 8 is then a function
of ASV.%, v, 0_,my, g%), but because ¢, ¢_ = 0 and we can measure Mgk, We have
only two unknowns. These may be constrained with two quantities formed from

doy./d cos 8, which we choose to be of and

o0 < co38 < 0.707) —or(—1 < cos§ < 0)
or(—1 < cos§ < 0.707)

It is important to note that the parameters g% and m; enter doy/dcosé only

I

A% : (113)

through the i diagram amplitude, which has the form

Ay~ 220 (114)

Thus, for very large values of m;, only the ratio gX/m; can be determined. However,

we will see that even for the rather large value of m; that we have chosen, the two

parameters g¥ and m; can be distinguished. In general, these parameters can be
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Figure 36: Allowed regions (shaded) of the (mj, g*) plane for £ = (a) 30 fb~! and
(b) 100 fb™". Solid (dashed) curves are contours of constant oy, (A}) that bound the
allowed regions. On the dotted lines, the SUSY relation ¢* = g is satisfied.
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the mass m; of a t-channel resonance, a useful result for future particle searches. If,
on the other hand, we assume the validity of SUSY, then we are restricted to the
dotted line at g¥/g = 1, and the A measurement alone restricts m;. Alternatively,
the o measurement alone restricts m; to two different ranges, of which one can be
immediately excluded. Finally, as expected from earlier comments, this analysis is
significantly weakened if m; is large. For large m;, the contours of Fig. 36 approach
contours of constant g*/m;, and only the ratio ¢¥/m; can be determined. On the
other hand, if it is possible to measure m; independently, for example, from eFi§F
production, then the bounds on ¢gX/g can be significantly improved.

In the example above, we have considered a point for which chargino decays
through on-shell W bosons are allowed. This choice was motivated by two consid-
erations. First, in region 1, we considered a point for which only off-shell W decays
were possible, and appropriate cuts were used. Qur choice in region 2 illustrates that
tests of SUSY are also possible when cuts appropriate to on-shell W decays must be
used. Second, the scenario in which on-shell W decays are possible becomes more
and more typical as the chargino mass rises, and the analysis presented is thus gen-
eralizable to higher chargino masses and beam energies. It is easy, however, to find
points in region 2 where the chargino cannot decay to an on-shell W. For example,
if one assumes the GUT relation M, = 2M;, on-shell W decays are excluded for
gt $ 160 GeV. In this case, we must use the cuts presented in Sec. 3.4. In addition,
chargino decays through virtual sfermions are not negligible, and one must consider
the dependences of the branching ratios on sfermion masses. Such dependences will
introduce systematic errors that may considerably weaken our results. However, as in
the case of the gaugino portion of region 1, if these branching ratios can be measured,
the systematic errors in their determination may be greatly reduced. In contrast to
the region 1 case, the e} beam, with its accompanying WW background, must be
used. However, because WW events do not usually have pr without isolated leptons,
they are likely to be a small background to purely hadronic chargino events. Although
further study is required, it again seems probable that the ¥ mode branching fraction
can be measured directly, and, with these modifications, the previous analysis may

be applied to region 2 scenarios in which only off-shell W decays are allowed.
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CHAPTER 3. TESTS OF SUPERSYMMETRY 121

some neutralino properties through the t-channel X9 exchange diagrams for charged
slepton pair production [32].

On the other hand, if the scalars are squarks, both left-handed species will decay
visibly. A previous study of squark mass determination found that at the NLC, in
most regions of parameter space, squark masses can be measured to approximately 2
GeV with an integrated luminosity of 10fb™*, even in scenarios with cascade decays
(38]. This study also found that left-handed squarks can be effectively separated
from right-handed squarks using beam polarization. It may be difficult to properly
assign flavors to the different squark mass thresholds, however, especially if these
thresholds are not well-separated. Let us first suppose that the masses of only two
left-handed squarks are determined. To verify SUSY quantitatively, one must assume
that the squarks are in the same generation, and must also independently determine
tan 8 from the Higgs scalar sector. This is by no means always possible, and most
likely requires, for example, that mgo < 300GeV so that a heavy Higgs boson is
kinematically accessible [66]. Even if all of these measurements can be made, the
precision of the test is not high. For example, if mg > 200 GeV, the mass difference
is |mg, ~mg, | < 15GeV, and so in the best case scenario where tan 3 is determined
exactly, the squark mass relation can be verified to approximately 20%. If it is not
possible to measure tan 3 from the Higgs boson sector, a precision test of squark mass
relations is only possible if one measures four left-handed squark masses. One can
then check that there exists some flavor assignment consistent with

mi —ml mmi —ml = A@m?), (121)
where [A(m?)| < M.

The possibility of making the first quantitative tests of SUSY from sfermion prop-
erties is therefore not very promising. In the case of sleptons, the prospects are bleak,
while in the case of squarks, even after assuming that intergenerational mixing is
absent, precision tests are complicated by difficulties in flavor determination and rely
on many MSSM scalars being kinematically accessible. However, the sfermion sector
provides a number of opportunities for disproving the MSSM and SUSY. For exam-

ple, if sneutrino decay is observed, one of our assumptions must be invalid. Also,
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the relations of Eq. (120) are valid not just for the MSSM, but are extremely general
predictions of SUSY. If they are found to be violated, not only will the MSSM be
excluded, but almost all supersymmetric models will be strongly disfavored. On the
other hand, of SUSY is favored by experiment, measurements of the squark and slep-
ton masses will give important information about the flavor dependence of the SUSY
breaking mechanism.

Neutralinos are natural candidates for precision SUSY tests, because, with the
assumption that the lightest neutralino %? is the LSP, all sparticle event observables
depend, at least formally, on the parameters that determine neutralino properties. In
addition, neutralinos are light in many models, and, in fact, throughout parameter
space, if charginos are produced, ¥3%5 production is kinematically possible.

One might hope to follow the procedure in Sec. 3.4 by generalizing the neutralino
mass matrix. If we relax SUSY, the most general form of Bq. (92) consistent with

gauge invariance is

M, 0 M
0 M
Mo = : , (122)
MT 0 -
—u 0
where M is an arbitrary 2 x 2 matrix that may be parametrized as
Mo —MZcos BXsin b, M} sinfXsinb, (123)

M3 cos 3% cos By,  —C*MF sin B cos 03,
There are then seven parameters that enter neutralino events, and one must try to
check the SUSY relations M3 = Mgz, 6% = 8y and CX = 1.

is likely to be complicated. One possible simplification would be to consider a less

A general analysis

than fully general neutralino mass matrix by setting, for example, CX = 1. On the
other hand, one might wish to assume the standard SUSY neutralino mass matrix,
generalize the neutralino-fermion-sfermion coupling to ¢%°, and check that ¢*° = g.
However, even this analysis is more complicated than the chargino case, because
the SUSY neutralino mass matrix contains an additional parameter. In addition,

an important caveat to all analyses based on the neutralino mass matrix is that
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Appendix A
Uncertainty Analysis: Observables

In this appendix we collect the various formulae needed in Chapter 2 to calculate
uncertainties in observables.

The chargino and LSP masses determine the maximum and minimum dijet ener-
gies, El** and E®®, and the maximum dijet mass, mZ}**. Thus, if two of these three
endpoints are measured, one can determine M and Mo
If B, > Ef, the critical beam energy defined in Eq. (18), the masses mgs and

mgo are given by

X1
max 0 m% 2E% By + (m3™)? + E%\/4E} — AE}E, —
Smwﬁs,d um.iv = 2 max 3
(AR -
Aggwx MOV — 3X~ Asawx .m,ov Sw_wwx ,
where E}; = mﬁux or m.m:: For Ej < Eft, the mass expressions are simply
Szwﬁgw—wwx .muawx = .m_v — .m_wwmx + Sn.:wx , AHMMV

Aggwx m;:wxv — — m_.mwx A

For all E,, the uncertainties in the mass determinations are given by adding the

endpoint uncertainties in quadrature:
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%35 max ’ %3 w
DSV.:»H A%%DS v+ mwé v R (126)

and similarly for Amygs.

To calculate oo and Be, one must measure at least two partial cross sections. If
one has measured the mixed and hadronic partial cross sections omixea and Ghadronic »

the total cross section and leptonic branching fraction are

Ototal = )
(127)
_ O
B = Omixed + 20hadronic ’
and their fractional uncertainties are given by
Aoa)? _ 4 B? Abpired) B2 [ Aadronic )
Ttotal - Omixed AH -2 Nv Ohadronic !
(128)
AB\® _ 2| [ Avmired\’ o { AOhadronic )
A ¢ v - A”_. - mwv ﬁﬁ Omixed v + Ohadronic
If Ormixed and Cieptonic ar€ measured instead,
— AQ.-E a4+ 201, noanvw
Teotal = xw&QEEcEM ?
(129)
.mm = ]
and
Agiotal : _ C - B vn Tmixed 2 +(1-2B vn Dsomaoé.o 2
Ttotal - ¢ Omixed £ Oleptonic ?
(130)

AB 2 — 2 DQ.Eh.unn 2 DQHmUooEn 2
A mN v - A__. - mmv —HA Orixed + Oleptonic
If all three partial cross sections are measured, they may all be used to improve the

determinations of gy and By. In this study, the ¥ mode partial cross section is
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to the resulting distribution in the (A%, A"*9) plane is parametrized by

AP = g A% L b AARE (133)

where AAS is the 1o uncertainty in AP for a fixed AX. The total Monte Carlo

uncertainty AALL includes both the systematic error and fluctuations from finite

Monte Carlo statistics. The contribution from Monte Carlo statistical fluctuations is

1
1 Nps 2

Y (aaE)’| (134)

Zvom i=1

stat __
AASE =

where

AAbad = (135)

is the Monte Carlo statistical uncertainty in A9 for simulation 7, and Nyg; is the
effective number of events in simulation i. The systematic error of the distribution is
then

AATS = (DALY — (AAR)? . (136)

To the systematic error must be added the experimental statistical error. This

error is given by

D.}mnwn _ 1— Aﬁ.rwmvn + C. — \»rwavn vaow

exp ’
N, exp N, exp N, exp

(137)

where AP is the forward-backward asymmetry for our case study, and Nep (Npack)
is the number of signal (background) events that pass all cuts and is proportional
to the integrated luminosity. (Here we have assumed that the background is well-
understood and may be subtracted up to statistical uncertainties. We also assume
that all background events are in the forward hemisphere, a good approximation for
the dominant background, W pair production.) We estimate the total experimental

uncertainty in AP for a given AX to be
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2 2 .
AA = J(aar) + (aszg)’ (138)
What we actually measure is A", however. We therefore are more interested in the
experimental uncertainty in AX for a fixed A", which is
ALY = o AAG, (139)
where a is the slope of the linear fit in Eq. (133).

The efficiency of the cuts # is found simply by its correlation to previous mea-
surements. To determine the uncertainty in 77, we reduce the parameter space to
the region in which the previous measurements have their appropriate values and
determine the variation of n within this subspace. We determine 5 for each of the

simulations and obtain a distribution of points in the {AX,7) plane. The best linear
fit to this distribution is

n=dadA*+¥ £ Anit , (140)

where Anfst is the 1o error in 7 for a fixed AX. To find the systematic error, we must

again remove the fluctuations that arise solely from finite Monte Carlo statistics. The

Monte Carlo statistical error is

1 Nes z

> (dmy (141)

ts j=1

stat __

DQZO - N,
P

where the statistical error for simulation ¢ is given by

A = 7:(1 = m:)

=4[ —— 142
Vo (142)
The systematic error in 9 for a fixed AX is then
sys __ tot \2 stat)2
Ap™* = ,\Abazov - (AngE)" . (143)

However, as seen above, AX is not determined exactly. The uncertainty in AX weakens

the determination of 7, and the total uncertainty in 7 is
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