
UC Irvine
UC Irvine Previously Published Works

Title
Squark mass determination at the next generation of linear e+e- colliders.

Permalink
https://escholarship.org/uc/item/3516s9q6

Journal
Physical review. D, Particles and fields, 49(5)

ISSN
0556-2821

Authors
Feng, JL
Finnell, DE

Publication Date
1994-03-01

DOI
10.1103/physrevd.49.2369

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3516s9q6
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


PHYSICAL REVIEW D VOLUME 49, NUMBER 5 1 MARCH 1994

Squark mass determination at the next generation of linear e+e colliders

Jonathan I . Feng and Donald E. Finnell
Stanford Linear Accelerator Center, Stanford University, Stanford, California 9/809

(Received 29 September 1993)

Current mass limits allow the possibility that squarks may be produced in large numbers at the
next generation of linear e+e colliders. In this paper we investigate the prospects for precision
studies of squark masses at such colliders. We assume that squarks are lighter than gluinos, and
discuss both direct and cascade decay scenarios. By exploiting the clean environment and polarizable
beams of linear e+e colliders, we Bnd that squark mass determinations at the level of a few GeV
are possible in a large part of the parameter space.

PACS number(s): 14.80.1 y, 11.30.Pb, 13.65.+i

I. INTRODUCTION

Supersymmetry (SUSY) is at present a promising theo-
retical framework for physics beyond the standard model
[1]. In addition to being free of quadratic divergences
and providing a natural dark matter candidate, the sim-
plest supersymmetric theory, the minimal supersymmet-
ric standard model (MSSM), has had remarkable success
in explaining the unification of coupling constants [2]. To
solve the gauge hierarchy problem, SUSY must be broken
at energies of order 1 TeV, and thus the supersymmetric
particles of the MSSM must be within reach of the next
generation of accelerators. This has stimulated a great
deal of activity in MSSM phenomenology in recent years.
It should be noted, however, that most of this activity has
centered on particle searches. If supersymmetry is dis-
covered, there will be a nch spectrum of superparticles,
and detailed studies of their masses and couplings will be
the focus of experimental particle physics into the next
century. Precision measurements of such quantities are
crucial to the understanding of the SUSY-breaking sector
of the MSSM and may even inform attempts to under-
stand the mechanism of SUSY breaking in supergravity
and string theories. It is not, then, premature to inves-
tigate the prospects for detailed study of superparticle
properties at future facilities.

SUSY events are commonly characterized by unob-
servable particles in the final state, and it is therefore
not obvious that the underlying SUSY parameters may
be extracted from them with enough precision to be of
theoretical interest. To date there has been relatively
little work in this direction, with the exception of re-
cent precision studies of sleptons and neutralinos and
charginos [3—8]. These studies have shown that if such
particles are pair produced at a future e+e collider, their
masses could indeed be determined with enough accu-
racy to be significant tests of grand unified supergravity
models. These particles are a natural starting point, as
they are expected to be the lightest in the supersym-
metric spectrum and therefore the most likely to be ac-
cessible at e+e colliders with ~s = 500 GeV—1 TeV.
It is also possible, however, that squarks may be light
enough to be produced at such machines. This sce-
nario is allowed by current experimental limits [9] and,

if true, would provide an extremely fertile ground for
future experiments. Present limits allow squarks with
masses above 100 GeV. With the expected features of the
next e+e collider, luminosities of 10fb /yr and beam
energies of 250 GeV [3, 10, 11], these would be pair pro-
duced at the rate of thousands per year. More massive
squarks would have to wait for accelerator upgrades [12),
but their study would be qualitatively similar. Although
squark searches have been considered in great detail in
the context of hadron colliders [13—18], precision studies
at these machines would be very diKcult. Not only must
one control large hadronic backgrounds, but one must
also work in a situation where only a few features of a
complex event are reconstructed. In contrast, the clean
environment of e+e accelerators makes them promising
for such studies. An added advantage is the availabil-
ity of polarized beams, which, as we will see, is a very
useful tool. The purpose of this article is to survey the
prospects for precise determination of squark masses in
the e+e environment.

The discussion is organized as follows. In Sec. II we re-
view relevant information about squarks and the MSSM.
We will note precisely which simplifying assumptions of
the MSSM we use in our analysis. In Sec. III we de-
scribe our event simulation and organize our exploration
of the SUSY parameter space. In Sec. IV we treat the
simplest region, in which squarks decay directly to the
lightest supersymmetric particle (LSP). The more com-
plicated regions with cascade decays [13,14, 19] are inves-
tigated in Secs. V and VI, where the light neutralinos are
gaugino-like and Higgsino-like, respectively. In Sec. VII
we extend the analysis to the case of higher mass squarks
and higher energy colliders. We conclude with some final
remarks in Sec. VIII.

II. SQUARKS IN THE MSSM

The MSSM is the simplest extension of the standard
model that incorporates supersymmetry. Here we con-
centrate on the salient features for squarks and their de-
cays. Full discussions may be found in a number of arti-
cles [1,20].

We will use carets to denote superfields and tildes to
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denote superpartners of standard model particles. The
MSSM includes the usual rnatter superfields and two
Higgs doublet superfields

where Hq and H2 give masses to the isospin —
2 and + 2

fields, respectively. These two super6elds are coupled in
the superpotential through the term pE jHgH2 where

p is the supersymmetric Higgs boson mass parameter.
Both p and tan P = (Hz)/(Hz) will be important for our
analysis of squark decays. Soft supersymmetry-breaking
terms [21] for scalars and gauginos are included in the
MSSM with

3 8

+ --
& M&&&+ ) M2W'W'+ ) Msg"g" +H.c. ), (2)

where i runs over all scalars.
For every fIavor of quark in the standard model, the

MSSM contains both a left- and a right-handed squark
whose masses are given by

m2 =M2+m~
tt L, Q tl

m'- = M'- + m'
U

m' =M'+m'
Q d

m2 =M2 +m2
dR D d

+ mz cos 2P (2 —ssin 0w),
+ sm2z cos2Psin 0w,
—mz cos 2P (2 —

s sin 0w),
—smzcos2Psin 0w,

where we have suppressed generational indices and have
neglected left-right mixing terms which are relevant only
for the top and bottom squarks. The terms M&,MU, and
MD are some of the soft supersymmetry-breaking terms
M, of Eq. (2), and the remaining terms are model inde-
pendent and known once tan P has been determined. Ac-
curate determination of squark masses thus allows deter-
mination of the SUSY-breaking parameters of the squark
sector, which are of great theoretical interest.

In the most general form of the MSSM, the differ-
ent SUSY-breaking parameters are unrelated. To sat-
isfy Havor-changing neutral current (FCNC) constraints,
however, corresponding terms in the first and second gen-
erations must be nearly degenerate [22]. (Recent work
has noted that adequate squark degeneracy may be en-
forced by gauged horizontal symmetries [23] or may in
fact be unnecessary to satisfy the FCNC constraints [24].)
In minimal low energy supergravity models, the SUSY-
breaking parameters are usually related by assuming that
they evolve from a universal scalar mass at a high scale.
Renormalization group evolution then predicts a splitting

between the left- and right-handed terms due to the con-
tribution of SU(2) gaugino loops, which can be of order
5% or higher depending on the gaugino mass, as well as
a splitting of the third generation squarks from the first
two. However, this assumption of a universal scalar mass
is not on 6rm theoretical footing, and one of the goals of
precision mass determinations is to differentiate between
the universal scalar mass scenario and one where the dif-
ferent masses are not so simply related. We therefore do
not assume a universal scalar mass.

The experimental signature of squark production will
depend crucially on the details of the squark decay chan-
nels. As we will see below, the particles of the Higgs
and gaugino sectors appear as intermediate decay states,
and it is therefore necessary to discuss these sectors of
the theory. The Higgs sector consists of two CP-even
scalars 6 and H, the charged scalar H+, the Cp-odd
scalar A, and the Higgsinos Hz, H2+, H~, and H2. The
Higgsinos mix with gauginos to form mass eigenstates.
The charged mass terms are (g )+M„-+g+ +H.c., where

(fr+) = (—iW+, H+) and

M2 v 2Mw sinP t

(v2Mw cosP /l )
(4)

The chargino mass eigenstates are y,+. = V,~@+ and

V,i@, where the unitary matrices V and V
are chosen to diagonalize M~+. Neutral mass terms
may be written as —(go) Mzo@ + H.c., where (@ )+ =
(—iB, —iWs, H~o, H2o) and

M~o ——

M, 0
0 M2

—Mz cos P sin 0w Mz cos P cos 0w
Mz sin P sin 0w —Mz sin P cos 0w

—Mz cos P sin 0w Mz sin P sin 0w
Mz cos P cos 0w —Mz sin P cos 0w

0 P
P o )

The neutralino mass eigenstates are y,. = N, i@,where N diagonalizes Mzo. The four neutralinos in increasing order

of mass are yz, yz, y3, and y4, and the two charginos, similarly ordered, are yz and yz .
The MSSM as reviewed above contains many arbitrary constants, and usually some simpli6cations are made. In

our version of the MSSM we will employ the following assumptions:
(a) We assume R-parity conservation, a common assumption that imposes baryon and lepton number conservation.

R-parity conservation implies that the LSP is stable and must be among the decay products of any supersymmetric



49 SQUARK MASS DETERMINATION AT THE NEXT GENERATION. . . 2371

particle.
(b) We take the LSP to be the lightest neutralino, y~. The LSP must be neutral, and the other candidate,

the sneutrino v, is heavily disfavored if one assumes that the LSP makes up galactic dark matter [25]. With this
assumption, squarks can either decay directly into an LSP and a quark,

q ~ qxy~

or indirectly to an LSP through a chain of neutralinos and charginos, e.g. ,

(6)

ol

The latter decays are called cascade decays and have
important consequences [13,14]. Even more complicated
cascades involving ys, y4, and yz are possible [19]. The
LSP interacts very weakly and disappears from the de-
tector like a neutrino, and so direct LSP decays leave a
distinctive signature of acoplanar jets + missing pT (pz ).
In the case of cascade decays, there may be additional
jets and leptons.

(c) We assume m4 ( [Ms] so that squarks do not de-

cay through gluinos. Without this assumption, the decay

q + qg would be possible and would in fact dominate.
Since the gluino is strongly interacting, it would be ac-
companied by additional hadronic radiation and a weak-
ened g~ spectrum. In such a case, a difFerent analysis
from ours will be needed.

(d) In this discussion, we assume that the neutralino
and chargino sector has already been explored. We will

therefore keep this sector simple by assuming the uni6-
cation of gauge constants and gaugino masses at some
higher scale. This implies that even at lower scales we

have the one-loop condition [26]

M2 3 Mg Mg

u
(8)

Equation (8), coupled with assumption (c), will make our
analysis invalid in some areas of the (p, , M2) plane, which
will be noted below.

Because direct decays of the squarks to the LSP are
characterized by two acoplanar jets with large p'T, they
should be easy to resolve experimentally. For example,
cutting events with pz ( 35 GeV and 8, ~ ) 150' will
eliminate the bulk of standard model backgrounds [27]
while eliminating only 20%—40% of the signal events. The
primary backgrounds after these cuts are TV+W pro-
duction, e+vR'+ via pR' fusion, and vvZ via TVW fu-
sion. W pair production is a background to direct squark
decays when one lV decays leptonically and the charged
lepton is either mistakenly included in a jet or goes unde-
tected. In the former case one can eliminate events whose
missing momentum and energy are consistent with an
undetected neutrino, and in the latter case one can elim-
inate events whose visible mass is consistent with the R'
mass. All in all, we expect W pair production to be a less
troublesome background for squark studies than it is for
chargino and slepton studies. A more serious background
is e+vW+. Before cuts, this cross section is roughly an
order of magnitude above the signal, and because the
electron tends to be lost down the beam pipe and the

neutrino tends to be produced with large pT, the cuts
are not particularly effective. However, this background
can be removed by a cut on the two-jet invariant mass.
By eliminating events with invariant mass less than 100
GeV the background is effectively removed while much
of the signal is retained. Such a cut also reduces the vvZ
background to negligible levels. One might also be able
to take advantage of the fact that these backgrounds tend
to produce jets in the same hemisphere, while squark pair
jets are preferentially in opposite hemispheres.

Cascade decays result in a wide variety of signals, and
are therefore generally more dificult to isolate. However,
in the analysis of this paper, we will concentrate primar-
ily on events with two jets and isolated leptons. Back-
grounds to such events consist largely of events where
an on-sheU S' or Z decays hadronically, and these will
therefore also be removed by a cut on the two-jet invari-
ant mass. One important exception to this is tt events,
which should be well understood. This is a background
when both top quarks decay to b'av. We can reduce this
background by antitagging 6 quarks, and in our discus-
sion of cascade decays, we will discuss the effectiveness
of such a cut. This cut excludes b and t squarks from our
analysis; however, for reasons outlined in the following
section, the third generation of squarks will most likely
require a separate analysis anyway.

In addition to the standard model backgrounds dis-
cussed above, there may also be SUSY backgrounds
to consider, such as chargino and neutralino produc-
tion. Chargino pairs are a background to two-jet cascade
events when one chargino decays through a hadronic W
decay and the other through a leptonic S' decay. Neu-
tralino production can result in backgrounds to both
direct and cascade squark decays. However, in both
chargino and neutralino two-jet events, the two jets are
produced by an on- or ofF-shell W and Z decay, and so
the two-jet invariant mass should be less than or of or-
der the W and Z masses. Thus, the invariant mass cuts
that reduce the standard model backgrounds should also
effectively reduce the SUSY backgrounds. In any case,
it is not unreasonable to hope that once the standard
model and MSSM backgrounds are well understood, e%-
cient cuts can be devised to isolate the squark signal.

In the remainder of this paper we wil1 apply only the
ptT and acoplanarity cuts given above, namely, p'T ( 35
GeV for all events and 0, p ) 150 for events with only
two jets. A cut requiring the two-jet invariant mass to
be greater than 100 GeV has only a small effect on the
distributions we will plot, though it decreases the total
signal by roughly a factor of 3.
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III. EVENT SIMULATION AND ORGANIZATION
OF PARAMETER SPACE

eooo—

For the purposes of this exploratory study, we use
a simple parton level Monte Carlo program to simu-
late squark production and decay. We then simulate
hadronization and detector effects by smearing quark jets
with a detector resolution of oa/'E = 50%/~E (E in
GeV). The cuts on g~ and 0, ~ discussed above are
implemented to separate standard model backgrounds.
Beamstrahlung and initial state radiation are not in-
cluded, and we assume 100% electron beam polarization
and no positron beam polarization.

Systematic errors in this study are of two kinds. There
are, of course, systematic errors arising from hadroniza-
tion and detector effects. As our modeling of these efI'ects
is rather crude, a detailed study of these errors will not be
attempted here. In addition, there are errors arising from
the uncertainty in the determination of the neutralino
and chargino masses which enter our analysis. The ef-
fects of these errors on our ability to determine squark
masses will be included in our discussion of the case of
direct decays.

We must fix the squark masses for the Monte Carlo
simulations. To simplify the analysis, we assume that
all left-handed squarks from the first two generations are
degenerate, as are the right-handed squarks, and concen-
trate on the left-right splitting. This assumption may be
relaxed without major changes to the analysis, but will
result in greater complications in fitting the data. The
third generation of squarks will require a separate anal-
ysis, as the heavy top mass may not allow direct decays
of the top squark to the LSP, and in addition there will
be an appreciable left-right mixing. In most situations,
the third generation of squarks can be separated with 6

anti-tagging, and so we will consider only the first two
generations from here on.

The present lower mass limit on squarks is 100
GeV from the Collider Detector at Fermilab (CDF)
experiment [9) when the important effects of cascade
decays have been included [16]. These limits assume
M3 & 400GeV and disappear for higher M3. Squarks
will be pair produced by e+e m (p, Z) ~ qq. At
e+e colliders with ~s = 500 GeV, the production rate
becomes substantial not far below the kinematic limit
of mz —— 250GeV. For our studies, we will choose

m~~ = 220GeV and m~„= 210GeV. These values
are significantly above the present mass bounds, but are
also low enough to give —2500 events in 2 years, assurn-
ing two degenerate squark generations and unpolarized
beams at a luminosity of 10fb /year. The results for
m~ = 400 GeV and v s = 1 TeV are qualitatively similar;
we will address this case in Sec. VII.

In Fig. 1, we plot the cross sections for pair produc-
tion of ql. qL and q~q& &om e e annihilation, assuming
polarized e beams and unpolarized e+ beams. Note
the slow rise of the cross section near threshold, char-
acteristic of scalar particle production, which precludes
the use of cross section measurements alone for preci-
sion mass determinations. The polarization dependence
of the cross section is an important feature. We see that

4000—

2000—

-
R~~

0 ''r
200 210 220 230 240

I, ,

250

FlC. 1. The number of squark pairs of the 6rst two gener-
ations produced at a 500 GeV e+e collider with polarized e

beams, unpolarized e+ beams, and an integrated luminosity
of 20 fb for each e beam polarization. The four helicity
combinations plotted are e& Re —+ qL„Rq.

el beams produce ql, qL pairs 91% of the time, and e&
beams produce qRqR pairs 91% of the time. Electron
beam polarization is therefore an extremely efI'ective way
of separating the left- and right-handed squarks.

Since squarks are expected to be among the heaviest
superparticles, one cannot ignore the possibility of cas-
cade decays. We should therefore consider a represen-
tative variety of values of the neutralino and chargino
sector parameters rather than just the limiting cases. To
do this, we must organize our survey of the parameter
space. Given the constraint (8), all chargino and neu-
tralino masses are given as functions of tan P, p, , and
one of the gaugino masses, which we will take to be M2.
Thus, for a given value of tan P, squark decays are deter-
mined by the parameters (p, M2), and our task reduces
to exploring squark decays in this parameter plane.

The discussion will be limited to the part of the plane
with 0 & M2 & 1TeV and ~p,

~

& 1TeV. The constraint
M2 & 0 may be imposed without loss of generality. The
upper bound on M2 results from the fact that M2 is a
SUSY-breaking parameter, and for SUSY to naturally
explain the electroweak scale, M2 cannot be too large.
Although p, is not a SUSY-breaking parameter, a large
value for p would re-introduce the fine-tuning problem.
For most of this study, we will fix tan P = 2. The analysis
for higher tan P is not much different and will be deferred
to Sec. VIII.

With the parameters chosen above, we may now begin
our study in earnest by dividing the (p, M2) plane into
regions with similar squark decay channels. The decay
patterns will, of course, also be influenced by the Higgs
boson and slepton masses. Since these masses are un-

known, however, the boundaries separating regions with
difI'erent squark decays through Higgs boson and sleptons
are not fixed. For this reason, we first divide the pa-
rameter space into regions ignoring the Higgs boson and
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slepton decays; we will then consider the effects of vary-
ing the Higgs boson and slepton masses within each re-
gion. The regions are shown in Fig. 2 for mq ——220 GeV.
We can ignore the hatched regions in the upper left and
right corners, because there the squarks are lighter than
y&, which violates our assumptions. The cross-hatched
region along the M2 ——0 and p = 0 axes is experimen-
tally ruled out by lower bounds on superparticle masses
[28, 29]. In region 4, the squarks can decay to four or
more of the neutralinos and charginos. This results in
very complicated cascade patterns. Though our meth-
ods may, in principle, be extended to this region, we will
not consider it further in this paper. In what remains of
the plane, the situation is greatly simplified, because the
three neutralinos and charginos to which the squark can
decay are always yz, yz, and yy The only two-body de-
cays kinematically allowed in region 1 are those directly
to the LSP. In regions 2 and 3, squarks may also decay
to either y2 or y~ or both. In region 2, yz, yz, and y~
are all dominated by their gaugino components. This re-
gion is further subdivided into region 2a, where y2 and

may decay to the LSP through on-shell TV and Z
bosons, and region 2b, where decays through on-shell R'
and Z decays are not possible. In region 3, yz, y2, and

are all Higgsino-like, and again only decays through
off-shell R"s and Z's are possible. Finally, each region
has a mirror region in the p ) 0 part of the plane. These
mirror regions usually have the same decay patterns as
their p & 0 counterparts, and so where this is true, we
will analyze only the p & 0 regions. The only exception
is region 3, and we will note the different behavior for

p ) 0 at the end of Sec. VI. In Fig. 2 the representative
points in each region that we will consider in detail in
the following sections are marked.

In what follows, it will often be helpful to keep in

mind the following approximate relationships [30]. At
Mz Ml 2 M2 and M3 s M2 For ]pl M2 » Mz,

m-o =min(]p~, -', M2j,
m„-0 --max(]p], -'M2j,
m„+ = min(] p(, M2 j,

m - —min( ] p], M2 j,
mxo —max(

] p, ], M2 j,
m„+ —max(] p], M2 j.

(9)

2 2 2
mO + 1/2 (10)

where mo and mqy2 are the squark mass and the gaug-
ino mass at the unification scale MU, respectively, Since
mo ) 0 and m~~2 0.8M2, this leads to the constraint
M2 & 0.5mq, which in the present case implies that
M2 & 110GeV.

IV. DIRECT DECAYS

In region 1 only direct decays of the squarks to the LSP
are allowed. For the sake of concreteness, we will perform
our Monte Carlo simulations at the representative point
(p, M2) = (—500 GeV, 300 GeV). The quark jet f'rom the
decay of the scalar particle q -+ qyz will have a flat energy
distribution with end points

Note that in this approximation, y& and yz are virtually
degenerate throughout the plane. We will take advantage
of this fact in our analysis of cascade decays in Sec. V.

It should also be noted that our assumption that the
squarks are lighter than gluinos, coupled with the unifi-
cation assumption of Eq. (8), implies that our analysis
is only valid for M2 & 67GeV (above the dotted line in
Fig. 2). Also, if one makes the further assumption that
one can compute the squark mass by applying the renor-
malization group equations with the desert hypothesis,
one obtains

Ms (Cev)

1000--

g, (
Emax, min—

2
1 —

2
~ 1—

M2, '1

m2m )-
800--

600 -.

400--

200--

0--

I
I I

-1000

1 ~

2a ~

2b ~

-500 500 |000

where Ep is the beam energy, and we have neglected the
quark mass. Thus, in theory, squark masses can simply
be deduced from the distribution's end points. Unfortu-
nately, the simple flat shape will be changed by cuts, and
finite detector resolution and hadronization will smear
the end points. We assume an integrated luminosity of
10fb for each e beam polarization. Of the 1764 (975)
squark pair events produced by the e& (e&) beam, 1294
(683) survive the cuts. The energy distribution of the in-
dividual jets from the surviving events is given in Fig. 3,
where detector resolution effects have been included. We
see that the location of the end points is rather ambigu-
ous. One way to extract the squark mass is to apply a
binned likelihood fit to the jet energy distribution, with
the logarithm of the likelihood given by

FIG. 2. The (p, M2) plane divided into regions with sim-
ilar squark decay channels, given tanP = 2 and ms
220GeV. The squark decays of the various regions are de-
scribed in the text. The points of parameter space that we
consider in detail in the text are marked. The condition
mq & M3 is true only above the dotted line at M2 ——67 GeV.

Inl (m~, mz ) = ) A;(mq, ms ) lnB, —B;, (12)

where the sum is over all bins, A;(ms, ms„) is the
expected number of events in bin i given hypothetical
squark masses mq~ and mq~, and B; is the measured
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FIG. 4. Determination of minimum kinematically allowed

squark mass from the two visible quark momenta and the
LSP mass. The moments label the particles of q(pi)
y, (ps)q(p4) and q(p2) —& g, (ps)q(ps). The momenta of the
two undetected IiSPs are constrained to lie on the circle C'.

FIG. 3. The jet energy distribution resulting from
squark decays in region 1 at the point (y, , M2)
(—500GeV, 300GeV). Each jet produced in such events is
binned individually. Cuts and detector resolution e8'ects alter
the flat shape and make determination of the end points more
difficult. The solid (dashed) histogram represents events with

e~ (eR) polarized beams. The integrated luminosity assumed
is 10 fb per polarization, and the bin size is 4 GeV.

number of events in bin i. The actual values of mq and
mq„are determined by maximizing ln l., and the statis-
tical error of the determination is given by the width of
the lnd peak. For simplicity we leave mq fixed at its
actual value and calculate lnl:(mq~). In the lnd calcu-
lations, we have approximated the theoretically expected
number of events A, by Monte Carlo simulations with a
very large number of events (typically 50000). We find
that the mq~ determination has a statistical error of 0.9
GeV at 95'%%uo C.L. These calculations have been performed
assuming that the LSP mass is known. The expected sta-
tistical errors on the masses of yz and yz from chargino
studies are 3.2 and 2.0 GeV, respectively, while slepton
studies should give the LSP mass to 1.0 GeV [3, 4j. A
shift of 1.0 GeV in the LSP mass causes a shift of about
0.7 GeV in the central value of the likelihood fit.

In the single-jet energy spectrum used above, correla-
tions between the energies and directions of the two jets
of a given event are ignored, since each point in the distri-
bution represents only one jet. It is thus worth thinking
about whether there is a more e%cient way to use the
information contained in the event sample. One possibil-
ity is to retain the jet correlation information by using
a two-dimensional binning, but this necessitates a large
jump in computing time to obtain the A; distribution
accurately.

Instead, the method we will use extensively is the fol-
lowing: For each event, we calculate the quantity m- '",
the minimum squark mass kinematically possible, given
the two observed quark jet momenta. For each event,
we then get one value of m- '", and we apply a binned

likelihood method to the m- '" distribution. The quan-

tity m- '" is easily determined (see Fig. 4). We la—

bel the particle momenta as q(pi) -+ yi(ps)q(p4) and

q(p2) m yi(ps)q(ps). The total visible momentum is
then p~ ——p4 + p6. Because we know Eg and have
measured. Eq and E2, we can determine the LSP ener-
gies Ea and E5. However, we also know the LSP mass,
so we can find the magnitudes lpsl and lpsl, and since

p3 + p5
———p~, the vectors pq and ps are constrained to

lie on a circle C. We then can calculate the angles p and b

shown in Fig. 4. The minimum squark mass corresponds
to the maximum possible lp2l, and is given by

(m;'") = +s —l»sl —lp4l'

+2lps l lp4l(cos p cos 8 —sin p sin b). (13)
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FIG. G. The distribution of m- '", the minimum allowed
squark mass for a given event, in region 1 at the point (p, M2)
= (

—500 GeV, 300 Get ). The distribution for er (eR) polar-
ized beams is given by the solid (dashed) histogram and is

sharply peaked at the actual qr, (qn) mass of 220 (210) GeV.
The integrated luminosity assumed is 10 fb per polariza-
tion, and the bin size is 5 GeV.
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he distributions of m- for left- and right-polarized
electron beams are sharply peaked at the underlying
masses m4~ and mz„, respectively (see Fig. 5). As before,
for simplicity we leave mz„ fixed at its actual value and
calculate lnl:(m4~). We find that the statistical error
of the ms determination is reduced to 0.4 GeV at 95%
C.L. Thus, we see that the m- '" method improves our
statistical error significantly. If the cut m2 ~,t ) 100 GeV
is necessary to reduce background, our event sample is
reduced by a factor of 3, but the statistical error increases
only slightly to 0.5 GeV at 95% C.L. We note, however,
that a shift of 1 GeV in the LSP mass now shifts the
central value of the likelihood 6t by approximately 1.5
GeV. The m-'" calculation is more strongly dependent
on the LSP mass, and therefore places a higher premium
on its accurate determination.

The greater power of the m-'" distribution is mani-
fested in its sharp peak, because even slight variations in

mq~ and mq„move these peaks enough to create large
differences between A, and 8; in some bins. This im-
plies that lnd falls rapidly from its maximum. There
are a number of reasons for the sharp peak of the m- '"
distribution. Here we just note that, roughly speak-
ing, momentum vectors lying on large circles C may give
mass minima both close and far &om the actual squark
mass, depending on where the momentum vectors lie on
C. However, small circles give only accurate solutions,
and thus the calculated minimum masses preferentially
lie close to the actual underlying squark mass.

One potentially powerful feature of squark mass stud-
ies in this region is that, since both left- and right-handed
squarks have identical decay channels, a direct compari-
son can be made to determine left-right mass splittings.
The left- and right-handed squarks can be isolated using
polarized beams, and systematic errors, which should ef-

fect both polarizations equally, should largely cancel in
the ratio of their masses. One can therefore determine
left-right mass splittings to greater accuracy than one
can determine the actual values of the masses. This is
in contrast with the case of slepton studies, where use of
the left-polarized beam is hampered by a large W+W
background [5, 8]. As was explained above in Sec. II, we

do not expect R'+TV backgrounds to be a signifigant
problem for squarks.

While it may come as no surprise that precise mass
determinations can be made in the simple case of di-
rect decays, the large squark masses expected make it
likely that more complicated decays will be present. For
a generic point in parameter space, with a large num-

ber of possible decay chains present simultaneously, it is
important to determine whether it is still be possible to
extract accurate squark masses &om the more compli-
cated signal. We now turn our attention to this question
in representive regions of parameter space.

V. GAUGINO-LIKE CASCADES

In region 2 squarks have new decay channels through
on-shell yz and yz . In this region, however, yz = B,

R', and yz TV+, and so since right-handed
squarks do not couple to SU(2) gauginos, they still de-

cay predominantly directly to the LSP. This may be
seen from the branching ratios of uL, and uR, given in
the contour plots of Fig. 6. Similar plots for down-

type squarks differ little. The analysis for right-handed
squarks is therefore simple. First we use the polarized
eR beam to isolate right-handed squarks. Contamina-
tion from left-handed squarks will be of order 10%, and
most of these will go through complicated decay channels
and can be easily separated by considering only two-jet
events. We then apply the analysis of region 1 with lit-
tle degradation of statistics. As shown in Fig. 6, left-
handed squarks, unlike right-handed squarks, do decay
predominantly through cascades in some parts of region
2. When this is the case, a separate analysis for left-
handed squarks is necessary. The rest of this section will
be concerned with left-handed squarks only, which we
will study with eL polarized beams.

As suggested at the end of Sec. III, we can use the near-
degeneracy of yz and y~ to simplify matters. Through-
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FIG. 6. Contours of the branching ratios (a) B(ur, —+

up~) and (b) B(ua ~ ups) in percent in the (p, M2) plane.
In the gaugino-like region 2, uL, decays predominantly via cas-
cades, while uR is seen to decay primarily to y~ even though
other on-shell decays are kinematically allowed.
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out region 2, these two particles are typically degenerate
to a few GeV, and since

1
~m-0 —m-~

~
&& —M2 = m-0 —m-o,+2 X1 2 +2 +1

phase space suppression allows us to safely ignore decays
of yz to y~ and vice versa. We are then left with two-step
decays with squarks decaying to yz and yy which then
decay to the LSP through three-body modes mediated by
lV or Z bosons, sleptons, sneutrinos, squarks, or Higgs
bosons. The resulting quark jet energy distribution is
much more complicated than it was in the direct case,
with quarks produced both at the primary vertices, i.e. ,
the initial squark decay vertices, and in the later cascade
decays.

However, by choosing appropriate cuts, we can reduce
the problem to the case of direct decays. Recall that in
the m-'" analysis of region 1, we needed to know only
the energies and momenta of the quarks leaving the pri-
mary vertices and the mass of the neutralino or chargino
leaving those vertices, which we now denote m-"
In the case of region 1, such identifications are obvious,
since in all events both of the quark jets are produced
at the primary (and only) vertices, and m~" '~ = m-o
is always the correct choice. Cascade decays complicate
this analysis, because the initial squark decay may in-
volve neutralinos and charginos other than the I.SP, and
there may be many quarks produced, making it difFicult.
to determine which two came from the primary vertices.
Our stategy will be to find cuts that allow us to accu-
rately identify the primary quarks and assign m~"'" ' .
We can then calculate m- '" for each event and proceed
as in the previous section. Two simple strategies are (1)
separating direct and cascade decays kinematically and
choosing events that contain direct decays on both sides,
and (2) considering double cascade events in which the
y2 or yz has only leptonic decay products. We will shov
that these two strategies are always sufficiently efI'ective.
We now consider regions 2a and 2b in turn.

Decays of y2 and yi through on-shell lV's and Z's
are allowed in region 2a. We will take the representa-
tive point to be (p, , M2) = (—500 GeV, 200 GeV). At this
point, the masses of yi, g2, and yz are 103.2, 206.1,
and 206.0 GeV, respectively. The jet energy distribution
from e& events is shown in Fig. 7, where every quark jet
produced in the Monte Carlo squark decays is binned sep-
arately. The distribution consists of three parts ——- a large
peak of soft quarks emanating from squarks decaying to
yz and yz (long dashed line), a Ilat distribution from
direct LSP decays (solid line), and a wide hump from
hadronic W and Z decays (short dashed line). The total
distribution is given by the dotted histogram. The soft
jets in the peak may not be discernible experimentally,
but our analysis will use only jets from direct decays, and
these jets have energies that are always greater that 40
GeV.

As noted previously, since region 2 allows cascade de-
cays, top quark production is potentially a troublesome
background. In Fig. 8, we again plot the total jet energy
distribution resulting from squark decays, but this time,
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for comparison, also the bottom quark spectrum resulting
from top decays. In the bottom quark spectrum, we have
removed all b quarks produced in top events in which at
least one b quark has been successfully tagged. We as-
sume mq ~

——150 GeV and a 6-tagging eKciency of 80%%up

[3]. The top quark background is substantially reduced
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FIG. 8. The total jet energy distribution from ez events

at the point (y. , M2) =- (—500 GeV, 200 GeV) (solid line), aud
the bottom quark energy distribution resulting from the top
quark pair production background (dashed line). In the bot-
tom quark spectrum, we have removed all b quarks produced
in top events in which at least one b quark has been success-
fully tagged. We assume mt p: 150GeV and a 6-tagging
e%ciency of 80% [3].

Quark Jet, Energy (GeV)
FIG. 7. Jet energy distributions from e& events in region

2a at the point (p, , M2) = (—500 GeV, 200 GeV). Every jet
produced in the Monte Carlo squark decay events is binned
individually. The three components are a large peak of soft
quarks emanating from squarks decaying to y2 and y~ (Iong
dashed line), a IIat distribution from direct LSP decays (solid
line), and a wide hump from hadronic W and Z decays (short
dashed line). The total distribution is given by the dotted
histogram. The analysis is independent of the soft jets. The
integrated luminosity assumed is 10 fb ', and the bin size is
4 GeV.
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below the signal, and as top quark decays will be well-
understood by the time of these squark studies, the top
quark background should not be a signi6cant obstacle.

The branching ratios at (p, M2)
(—500 GeV, 200 GeV) are

tVO

X2

LSP

IO

B(ul. m ufo, ) = 58%,
B(ur, ~ ug ) = 28%%uo,

B(ul, -+ dy,+) =14%,

B(dl, m dyo, ) =36'%%uo,

B(dl, m dy2) =43%%uo, (15)
B(dl, ~ ug& ) = 21%,

AetO tV y
X2, X,

L, v

L, V

L, v

LSP

and so we see that there are still many direct LSP decays.
We will therefore try to isolate the double direct LSP de-
cay events and then apply the analysis of Sec. IV. Of the
1764 events produced with a left-polarized beam in one
year, 1437 pass the QT and e,o& cuts. We then consider
only events with two jets and no isolated leptons, leav-
ing 673 events, and for each of these we calculate m- '"

using m~" ' = m~0. Of the remaining events, 244 arex
actually cascade events with neutrino decay products,
but these may be removed by considering only events in
which both jets have energy above 30 GeV. We 6nd that
the likelihood 6t to the remaining m- '" distribution gives
squark masses to 1.3 GeV at 95% C.L.

The distribution of Fig. 7 was calculated for the case
where the sleptons and Higgs scalars are massive enough
that their diagrams are off-shell and suppressed. Smaller
slepton and Higgs boson masses will, of course, change
the part of the jet distribution resulting &om cascades,
but will have no effect on the two-jet event sample and
will therefore not change our results.

We now turn to region 2b, whose representative point
we take to be (p, M2) = (—500 GeV, 100GeV). Here the
masses of yz, y2, and yz are 52.8, 108.1, and 107.8 GeV,
respectively, and we see that the W and Z diagrams are
indeed off shell. The branching ratios are

B(ul, -+ uy, ) = 7%,
B(uL, m uyo2) =61'%%up,

B(ur, -+ dy+, ) =32%,

B(dl, m dy, ) = 1%,
B(dl, -+ dy2) = 67%%up, (16)
B(dI, m uy, ) = 32'%%up.

Because there are not many direct LSP decays, the anal-
ysis must rely on cascade events. This complicates the
analysis. However, we now show that even for the most
dificult sets of parameters, a signi6cant number of g2
and yz decays will be purely leptonic. In these events
we may unambiguously identify the two primary vertex
quark jets, and we can then again apply the region 1
analysis.

To do this we must analyze the relative importance of
the various cascade diagrams (see Fig. 9). The Higgs dia-
grams may be safely ignored. Typical values for the mass
of the lightest Higgs scalar, h, are in the range 70—110
GeV. For this entire range, the 6 process proceeds off
shell and is also suppressed by the bottom quark Yukawa
coupling. The other Higgs scalars are significantly more
massive and can also be safely ignored. In addition, we
have squark and slepton cascade diagrams. Sleptons are
generally expected to be lighter than squarks, and we will
see below that the lower the slepton masses, the simpler
our analysis. For now, we will pessimistically take the
sleptons to be degenerate and of mass 200 GeV.

Ado

X2, X) LSP

tvo IV +
X2, X]

Z, N'

LSP

FIG. 9. The Feynman diagrams for three-body yz and
decays mediated by h, charged sleptons and sneutrinos,

squarks, and Z and W bosons.

Since we have squark and slepton masses signi6cantly
higher than Mgr, one might expect the W and Z dia-
grams to dominate. However, in the gaugino-like region
of parameter space, ~Nqq~

—
~Vqq( = 1, and so the LSP is

primarily composed of B, which does not couple to the
W or Z at all. Thus, these diagrams are suppressed by a
factor S = 0([Vq2~, [Nqq[, ~Nqs~, [Nq4[). We can obtain
a rough estimate of 8 by taking an appropriate limit of
the explicit expression for Vq2 [30]. Taking M~ small
compared to p and M2, we have

Jll cos p + M2 S1I1p
Vg2 - ~2M@a

P

50GeV t' 2M2)1+
& )

(17)

for tan P = 2, where we have expanded in terms of M2/p„
a small parameter in the gaugino-like region. Thus,
Vq2 is about 0.02 at our representative point. The
Nqz are roughly of the same order, and we find that
0.01 + 8 & 0.1 throughout most of the region. The
competing suppressions of the different diagrams make
it impossible to simply determine which diagram dom-
inates. In fact, our calculations show the gauge boson,
squark, and slepton diagrams to be roughly of the same
order. (Note that if one takes the gaugino-like relations

y~ ——iB, y2 = —iW, and y~ = —iW+ too seriously,
one is led to incorrectly conclude that the W and Z dia-
grams may be set to zero. This is never valid in the part
of the plane we are considering. )

Evaluating the various diagrams with m& ——m„-
200GeV, we find



2378 JONATHAN L. FENG AND DONALD E. FINNELL

B(g2 m qqyo) = 20%, B(y~ -+ q'qyo) = 55%,
B(yz m llano, ) =31%, B(y, m lvyo, ) =45%,
B(yo' -+ vvy', ) = 49%.

(18) 1250-

I I I I
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We see that there are many leptonic decays, and we can
therefore consider only the events with two quark jets
+ leptons without a great loss in statistics. (Note that
at this point in the parameter plane the only jets be-
low 40 GeV are those produced by 8"s and Z's. Thus
by selecting only two-jet events, the jets that enter our
analysis are again all hard enough to be experimentally
detected. ) Of the 1508 e& polarized events that pass the
y'T and 0, ~ cuts, 834 have exactly 2 quark jets (+ lep-
tons). Because the polarized beam has eliminated most
right-handed squarks &om our sample, and left-handed
squarks rarely decay directly to the LSP, we expect that
inost of these events are double cascade events, and in
fact 70% are. We then calculate m- '" with the assign-

ment I-" ' = m-~. Note that since yz and yi arex X1
virtually degenerate, we need not distinguish them for the
kinematic analysis of Sec. IV. About half of the events
with one or two direct LSP decays are kinematically in-

compatible with the assignment m -" ' = m - +, andx X1 '

we eliminate these. Almost none of the double cascade
events are removed by this cut. We are then left with
689 events, of which 84% are double cascade events. The
double cascade events form a sharp peak in the m-'"

4
distribution, while the few events involving direct decays
are much more broadly distributed. After performing a
likelihood fit to the m- '" distribution, we find that the
squark mass can be determined to 2.4 GeV at 95% C.L.

If we lower the slepton mass, the slepton diagram con-
tribution grows. For m&

——110GeV, even though the
sleptons are still off shell, the gauge boson suppression
factor S defined earlier allows the slepton diagrams to
dominate, and the resulting branching ratios are

B(gz ~ qVXz) — 0.3%%uo,

B(y2 ~ lip, ) = 39.8%,
B(y2 -+ vvy, ) = 59.9%.

B(x& ~ q'qXi) = 6%
B(y, -+ Ivy, ) = 94%, (19)

Clearly most y2 and yi decay to leptons, and we can use
almost all of the cascade events in our analysis.

VI. HIGGSINO-LIKE CASCADES

In region 3, y2 and yi are again close in mass, but
now, as suggested in Eq. (9), they are also close to the
LSP in mass. We will take as our representative point
(p, Mz) = (—100GeV, 700GeV), where the masses of go~,

y2, and y~ are 98.3, 110.9, and 106.1 GeV, respectively.
The branching ratios of left- and right-handed squarks to
the LSP are now both 10%—20%. The analysis for left-
and right-handed squarks is similar, and we will consider
only the left-handed below.

The quark jet energy distribution is shown in Fig. 10.
The large low energy hump is composed of the soft
quarks produced in the decays between the neutralinos
and chargino. The primary vertex quarks have the Hat

energy distribution we expect, but this is really a super-
position of decays to three different particles with slightly
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FIG. 10. Jet energy distributions at the point (p, M2) =
(—100 GeV, 700 GeV) in region 3. The solid (dashed) his-

togram represents events with ez (eR) polarized beams. The
soft hump of secondary vertex jets is well-separated from the
primary vertex jet distribution. The integrated luminosity
assumed is 10 fb ' per polarization, and the bin size is 4
GeV.

different masses. We see that the primary and secondary
vertex quark jets are well separated in energy, and we

can isolate the primary quark jets with a simple jet en-

ergy cut at 30 GeV. In fact, we again have not included
the decays of yz to gi in the Monte Carlo simulation.
This omission is physically unwarranted, as such decays
no longer suffer the pronounced phase space suppression
relative to the decays of g2 and yi to the LSP. However,
these decays will only increase the number of soft jets in
the low energy hump, which will be eliminated with the
energy cut anyway. We have also assumed m&

——200 GeV
and mho ——110GeV. Other values will change the shape
of the low energy hump, but again this is irrelevant after
the energy cut.

We must now determine the squark mass from the jet
energies. Unlike in the previous sections, we cannot use
the m- '" distribution, because for a given quark jet, we

cannot tell if its primary vertex partner was y2 or yi,
and the 5 GeV mass difference between these two is now

significant compared to the the accuracy with which we

hope to measure the squark masses. We will therefore
simply use the jet energy distribution for our likelihood
Bt. Our strategy will then rely on the assumption that
we know the neutralino and chargino parameters. The

and y+ masses will be quite accurately determined
and will fix the relative positions of the end points of
the energy distributions. Slepton and chargino studies
should be able to determine the parameters p and M2,
which will determine the branching ratios of the squarks.
In the Higgsino-like region, it may be difIicult to deter-
rnine M~ precisely, but since the branching ratios are rel-
atively insensitive to M2, we nevertheless also expect to
determine the branching ratios accurately. Given these
assumptions, we take the neutralino and chargino masses
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and branching ratios as inputs in our analysis. The only
unknown is then the squark mass, and a ln 8 fit gives us
the squark mass to within 1.2 GeV at 95'%%uo C.L.

Region 3 is the only region where the corresponding
p ) 0 region has diferent decay properties. In the p ) 0
region, all types of squarks decay to the LSP with branch-
ing ratios + 80%%uo. We can therefore use the direct decays
in this region, and the analysis is actually simpler.

VII. HIGHER SQUARK MASSES
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FIG. 11. The (p, Ms) plane divided inta regians with sim-
ilar squark decay channels, given tanP = 2 and m~ = 400
GeV. The squark decays of the various regions are as in Fig. 2
and are given in the text. The point in region 2a that we con-
sider in detail is marked. The condition mq ( Ma is true only
above the dotted line at M2 ——121 GeV.

So far we have been studying squarks with mass
220GeV. Of course, squarks may be significantly more
massive than this, and it is therefore important to con-
sider the applicability of the preceding analysis to the
case of higher mass squarks and higher energy colliders.
With slight modifications, we will see that it is straight-
forward to adapt the analysis to higher energies. We
note, however, that as the squark mass rises, our assump-
tion of mq ( M3 becomes more and more disfavored if
one subscribes to the theoretical prejudice of a universal
scalar mass.

To proceed, we will consider the case of a 1 TeV collider
with luminosity 30fb /yr. Squarks with mass near the
kinematic limit of 500 GeV can be studied; we will take
m~p = 400 GeV and m~„= 390 GeV. The (p, M2) plane
may be divided into regions as before (see Fig. 11). All of
the region boundaries move to higher

~ p~ and M2, except
the boundary between regions 2a and 2b. The bound-
ary at which gluinos become less massive than squarks
moves up to M2 121 GeV. In addition, renormalization
group equatons coupled with the desert hypothesis now
imply M2 & 200 GeV. Of course, region 4, the region of
complicated cascade decays, becomes large. A full treat-
ment of this region would demand a significantly more
complicated analysis.

The squark decays of regions 1, 2b, and 3 are qualita-
tively similar to those in the lower energy case we con-
sidered earlier, and therefore similar analyses are applica-
ble. An important difFerence for our analysis, however, is
that region 2a is no longer a thin strip, and consequently
the branching ratio to the LSP is small throughout most
of region 2a. In the previous discussion, the branching
ratio to the LSP, even for left-handed squarks, was sub-
stantial in region 2a, and we based our analysis on the
abundance of direct LSP decay. We see that this conve-
nient feature does not persist to cases of higher squark
masses and higher energy colliders, and for the case of 400
GeV squarks we must use cascade decays for left-handed
squarks in region 2a.

To study this in detail, we again choose the point
(y, , M2) = (—500 GeV, 200 GeV). Let us consider first
the scenario when mt- ——380GeV and mho = 110GeV,
and so sleptons and Higgs bosons are too massive to be
on shell. In this case, the branching ratios are

B(uL -+ upi) = 5%,
B(ul. ~ ufo) =63%,
B(uL, -+ dy+) = 32'%%up,

B(dl, m dyo) = 2'%%uo,

B(dr, m dy2) =66%%, (20)
B(dl, ~ upi ) = 32%,

and

B(y2 -+ qqyi) =68%, B(}{~-+ q'qadi) =66%,
B(y2 m lip, ) =11%, B(y, m Lvg, ) =34%%up,

B(y2 m vvy, ) = 21%.
(21)

The cascade decays dominate, and unfortunately, the on-
shell TV and Z diagrams result in a predominance of
hadronic decay products, making it more difBcult to iden-
tify the primary vertex jets. However, when there are
only two quark jets, we know that these came from the
primary vertex. With eL polarized beams and an inte-

grated luminosity of 30fb, we can obtain 2333 events
that pass the y'T and {l, ~ cuts, and of these, there are
still 478 two-jet events. Applying the same analysis to
these events as was applied to the cascade events of re-
gion 2b in Sec. V, we find that the squark masses can
be determined to 4.8 GeV at 95% C.L. We therefore find
that despite the predominance of cascades with hadronic
decay products, we again expect to measure the squark
masses to an accuracy of about 1'%%uo.

It is tempting to try to improve our statistics by us-

ing some of the events with more than two jets. For
these events, we can try to reconstruct the on-shell W's
and Z's &om jet pair invariant masses and thereby de-
termine which quark jets are produced at the primary
vertex. With six jets and the detector resolution of 50%
assumed above, it is very dificult to determine with any
certainty which two of the 6fteen possible quark pairs
have the correct invariant masses to be W and Z decay
products. However, for the 996 four-jet events, the deter-
mination is much easier. For these events, we accept only
those events where exactly one of the six quark pairs has
invariant mass within 10'% of either miv or mz. Here
29%%up of the four-jet events pass this invariant mass cut,
and of these, fewer than 1% have misidentified W's or
Z's. Therefore, in 29% of the 4q and all of the 2q events
we can identify the primary quarks. Of these 779 events,
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67% are double cascade events. We then calculate m- '"
g

for each event and assume m -" ' = m - + . Demanding
X Xl

that this hypothesis be kinematically consistent leaves
647 events, of which 80% are double cascades. The lnd
fit to the m- '" distribution gives the squark mass to 4.4
GeV at 95% C.L. , a slight improvement of our previous
result.

It is important to note that backgrounds to the four-
jet events are large and may make the four-jet events
diKcult to isolate. In particular, if it is necessary to cut
events with a pair of jets whose invariant mass is near
the R' or Z mass to reduce the background, the analysis
of the preceding paragraph is of course not possible. In
addition, if 6 is light enough to be on shell in the cascade
diagrams, 6 quarks will dominate the decay products and
one cannot antitag bottom quarks. However, by using a
combination of b tagging and 6" mass reconstruction one
might hope to isolate the primary vertex quarks. On the
other hand, the presence of light sleptons would make the
analysis easier, since there are then more lepton decay
products and more two-jet events.

Measurements in region 2b with high m& and high
mpo will be slightly degraded for the same reasons as
in 2a, namely, many cascades with few leptonic decays.
One would again like to put the large fraction of events
with more than two jets to use. Unfortunately, for these
events, one will generally not be able to identify the pri-
mary quark jets, as there are no on-shell W and Z decays
to reconstruct. However, it may still be possible to get
information from these events. For example, noting that
jets from cascade decays have a smooth energy distribu-
tion concentrated at lower energies, if one plots the dis-
tribution of one-jet energies, one might be able to discern
the end points of the primary decay jet distribution above
the tail &om the cascade jets. In the pessimistic high m&

case we are considering, most events will include many

jets, and a realistic study would require an accurate sim-
ulation of hadronization eKects and jet reconstruction.

VIII. ADDITIONAL REMARKS AND
CONCLUSIONS

In our whole analysis above, we have set tang = 2.
Raising tan P has little efFect on the squark branching
ratios in the p ) 0 part of the parameter plane, and its
eKect on branching ratios in p ( 0 regions is to make
then more similar to p ) 0 regions. For example, when
tanP = 20, the only large efFect is that the branching
ratio to the LSP in region 3 grows to = 80%. Thus,
the decay patterns are nothing new, and by exploring all
regions of the plane for tan P = 2, we have simultaneously
roughly analyzed the case of higher tan P.

In this paper we have begun to explore the prospects
for measuring squark masses at future e+e colliders,
within the context of the MSSM. We have shown that,
even if squarks choose complex decay patterns, these
machines do offer opportunities for making squark mass
measurements at the level of a few GeV. Such precision
measurements would be invaluable for probing the mech-
anism of supersymmetry breaking in deeper underlying
theories. Interesting questions for future research include
how more realistic physics simulations would affect this
picture and how squark masses would be studied in the
rase that gluinos are the dominant decay channel.
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