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ABSTRACT

We provide a mini-guide to some of the possible manifesta-
tions of weak-scale supersymmetry. For each of six scenarios
we provide

e abrief description of the theoretical underpinnings,
o the adjustable parameters,

e aqualitative description of the associated phenomenol ogy
at future colliders,

e comments on how to simulate each scenario with existing
event generators.

. INTRODUCTION

The Standard Modd (SM) is a theory of spi n-% matter
fermions which interact via the exchange of spin-1 gauge
bosons, where the bosons and fermionsliveinindependent rep-
resentations of the gauge symmetries. Supersymmetry (SUSY)
is a symmetry which establishes a one-to-one correspondence
between bosonic and fermionic degrees of freedom, and pro-
vides a relation between their couplings [1]. Relativistic quan-
tum field theory is formul ated to be consi stent with the symme-
tries of the Lorentz/Poincaré group — a non-compact Lie alge-
bra. Mathematically, supersymmetry is formulated as a gener-
alization of the Lorentz/Poincaré group of space-time symme-
tries to include spinorial generators which obey specific anti-
commutation relations; such an agebra is known as a graded
Liealgebra. Representations of the SUSY algebrainclude both
bosonic and fermionic degrees of freedom.

The hypothesis that nature is supersymmetric is very com-
pelling to many particle physicistsfor severa reasons.

e It can be shown that the SUSY agebra is the only non-
trivial extension of the set of spacetime symmetries which
forms one of the foundations of relativistic quantum field
theory.

o If supersymmetry isformulated as alocal symmetry, then
oneisnecessarily forced intointroducing amassless spin-2
(graviton) field into the theory. The resulting supergravity
theory reduces to Einstein’sgeneral relativity theory inthe
appropriate limit.

* Theory subgroup conveners.

e Spacetime supersymmetry appears to be a fundamental in-
gredient of superstring theory.

These motivations say nothing about the scale at which nature
might be supersymmetric. Indeed, there are additional motiva-
tionsfor weak-scal e super symmetry.

e Incorporation of supersymmetry into the SM leads to a so-
[ution of the gauge hierarchy problem. Namely, quadratic
divergences in loop corrections to the Higgs boson mass
will cancel between fermionic and bosonic loops. This
mechanism works only if the superpartner particle masses
are roughly of order or less than the weak scae.

e There exists an experimenta hint: the three gauge cou-
plings can unify at the Grand Unification scale if there ex-
ist weak-scale supersymmetric particles, with a desert be-
tween the wesk scale and the GUT scale. Thisis not the
case with the SM.

e Electroweak symmetry breaking is a derived consequence
of supersymmetry breaking in many particle physics mod-
els with weak-scale supersymmetry, whereas el ectroweak
symmetry breaking in the SM is put in “by hand.” The
SUSY radiative electroweak symmetry-bresking mecha
nismworksbest if the top quark has mass m; ~ 150 — 200
GeV. The recent discovery of the top quark with m; =
176 4+ 4.4 GeV is consistent with this mechanism.

e As a bonus, many particle physics models with weak-
scale supersymmetry contain an excellent candidate for
cold dark matter (CDM): the lightest neutralino. Such a
CDM particle seems necessary to describe many aspects of
cosmology.

Finally, there is a historical precedent for supersymmetry. In
1928, P. A. M. Dirac incorporated the symmetries of the L orentz
group into quantum mechanics. He found as a natural conse-
guence that each known particle had to have a partner particle
— namely, antimatter. The matter-anti-matter symmetry wasn't
revealed until high enough energy scales were reached to create
apositron. In asimilar manner, incorporation of supersymme-
try into particle physics once again predicts partner particlesfor
all known particles. Will nature prove to be supersymmetric at
the weak scale? In thisreport, we try to shed light on some of
the many possible ways that weak-scale supersymmetry might
be reveaded by colliders operating at sufficiently high energy.
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Bosonfields  Fermionic partners
Gauge multiplets
SU(3) g i
SU(2) we w?
U(1) B B
Matter multiplets
Scalar leptons | LI = (v,é) (v,e7)L
R =¢&}, e
Scelar quarks | @7 = (4, dr) (u,d)r
U= R u§,
D=d ds
Higgs bosons H] (HS, H)1,
H] (S, 122,

Tablel: Field content of the M SSM for one generation of quarks
and leptons.

A. Minimal Supersymmetric Standard Model

The simplest supersymmetric model of particle physicswhich
is consistent with the SM is called the Minimal Supersymmet-
ric Standard Model (MSSM). The recipe for this modd is to
start with the SM of particle physics, but in addition add an ex-
tra Higgs doublet of opposite hypercharge. (This ensures can-
cellation of triangle anomalies due to Higgsino partner contri-
butions.) Next, proceed with supersymmetrization, following
well-known rules to construct supersymmetric gauge theories.
At this stage one has a globally supersymmetric SM theory.
Supersymmetry breaking is incorporated by adding to the La
grangian explicit soft SUSY-breaking terms consistent with the
symmetriesof the SM. These consist of scalar and gaugino mass
terms, aswell astrilinear (A terms) and bilinear (B term) scalar
interactions. Theresulting theory has > 100 parameters, mainly
from thevarious soft SUSY-breaking terms. Such amodel isthe
most conservative approach to realistic SUSY model building,
but the large parameter space leaves little predictivity. What is
needed as well isatheory of how the soft SUSY-breaking terms
arise. Thefundamental field content of theM SSM islistedin Ta-
ble 1, for one generation of quark and lepton (squark and dep-
ton) fields. Mixings and symmetry breaking lead to the actual
physical mass eigenstates.

The goal of thisreport is to create a mini-guide to some of
the possible supersymmetric model s that occur in theliterature,
and to providea bridge between SUSY model buildersand their
experimental colleagues. The following sections each contain
a brief survey of six classes of SUSY-breaking models studied
at thisworkshop; contributing group members are listed inital-
ics. We start with the most popular framework for experimental
searches, the paradigm

e minimal supergravity model (MSUGRA) (M. Dreesand M.
Nojiri),
and follow with

e models with additional D-term contributions to scalar

masses, (C. Kolda, S Martinand S. Mrenna)

e modelswith non-universal GUT-scal e soft SUSY-breaking
terms, (G. Anderson, R. M. Barnett, C. H. Chen, J. Gunion,
J. Lykken, T. Moroi and Y. Yamada)

e two MSSM scenarios which use the large parameter free-
dom of the MSSM to fit to various collider zoo events, (G.
Kaneand S. Mrenna)

e modelswith R parity violation, (H. Baer, B. Kayser and X.
Tata) and

e models with gauge-mediated low energy SUSY breaking
(GMLESB), (J. Amundson, C. Kolda, S. Martin, T. Moroi,
S Mrenna, D. Pierce, S. Thomas, J. Wellsand B. Wright).

Each section contains a brief description of the model, quali-
tative discussion of some of the associated phenomenol ogy, and
finally some comments on event generation for the model under
discussion. Inthisway, itishoped that thisreport will be astart-
ing point for futureexperimental SUSY searches, and that it will
provideaflavor for the diversity of ways that weak-scal e super-
symmetry might manifest itself at colliding beam experiments.
We note that a survey of some additional modelsiscontainedin
Ref. [2], dthough under a somewhat different format.

1. MINIMAL SUPERGRAVITY MODEL

Thecurrently most popular SUSY model istheminimal super-
gravity (mMSUGRA) modd [3, 4]. Here one assumes that SUSY
is broken spontaneoudly in a “hidden sector,” so that some aux-
iliary field(s) get vev(s) of order Mz - Mp; ~ (10'° GeV)2.
Gravitationa — strength interactionsthen automaticallytransmit
SUSY bresking to the “visible sector,” which contains al the
SM fields and their superpartners; the effective mass splittingin
the visible sector is by construction of order of the weak scale,
as needed to stabilize the gauge hierarchy. In minimal super-
gravity one further assumes that the kinetic terms for the gauge
and matter fields take the canonical form: as aresult, all scalar
fields (sfermions and Higgs bosons) get the same contribution
m2 to their squared scalar masses, and that al trilinear A param-
etershavethesamevalue Ay, by virtueof an approximate global
U(n) symmetry of the SUGRA Lagrangian [4]. Findly, mo-
tivated by the apparent unification of the measured gauge cou-
plingswithintheMSSM [5] at scAle Mgyt ~ 2-10 GeV, one
assumes that SUSY-breaking gaugino masses have a common
value m;, a scae Mgur. In practice, since littleis known
about physics between the scales Mgyt and Mpjanck, One of-
ten uses Mgyt as the scale at which the scalar masses and A
parameters unify. We note that R parity is assumed to be con-
served withinthe mSUGRA framework.

This ansatz has several advantages. First, it isvery econom-
ical; the entire spectrum can be described with a small number
of free parameters. Second, degeneracy of scalar masses at scale
Mgur leads to small flavor-changing neutral currents. Finaly,
thismodel predictsradiative breaking of the el ectroweak gauge
symmetry [6] because of the large top-quark mass.

~
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Radiative symmetry breaking together with the precisely
known value of Mz alows one to trade two free parameters,
usualy taken to be the absolute value of the supersymmetric
Higgsino mass parameter x| and the B parameter appearing
in the scalar Higgs potentia, for the ratio of vevs, tan 3. The
model then has four continuous and one discrete free parameter
not present in the SM:

D

This model is now incorporated in several publicly available
MC codes, in particular | SAJET [7]. An approximate version
isincorporated into Spyt hi a [8], which reproduces | SAJET
results to 10%. Most SUSY spectra studied at this workshop
have been generated within mMSUGRA; we refer to the various
accel erator subgroup reportsfor the corresponding spectra. One
“generically” findsthefollowing features:

Mo, My /2, Ao, tan B, sign(u).

e || islarge, well abovethe masses of the SU(2) and U (1)
gauginos. Thelightest neutralinoisthereforemostly aBino
(and an excellent candidatefor cosmol ogical CDM —for re-
lated constraints, see e.g. Ref. [9]), and the second neu-
tralino and lighter chargino are dominantly SU(2) gaugi-
nos. The heavier neutralinos and charginos are only rarely
produced in the decays of gluinos and sfermions (except
possibly for stop decays). Small regionsof parameter space
with |u| ~ My are possible.

o If m§ > mi,, dl sfermions of the first two genera-
tions are close in mass. Otherwise, squarks are signifi-
cantly heavier than sleptons, and SU (2) doublet sleptons
are heavier than singlet deptons. Either way, the lighter
stop and sbottom eigenstates are well bel ow thefirst gener-
ation sguarks; gluinostherefore havelarge branchingratios
into b or t quarks.

e Theheavier Higgsbosons (pseudoscalar A, scalar H°, and
charged H*) are usualy heavier than || unlesstan 8 >
1. Thisalso impliesthat thelight scalar A° behaveslikethe
SM Higgs.

These features have aready become something like folklore.
We want to emphasize here that even within this restrictive
framework, quite different spectra are also possible, as illus-
trated by the following examples.

Example A isfor mo = 750 GeV, my,, = 150 GeV, 4o =
—300 GeV, tang = 5.5, p < 0,and my = 165 GeV (pole
mass). Thisyields |p| = 120 GeV, very similar to the SU(2)
gaugino mass M, at the weak scale, leading to strong Higgsino
— gaugino mixing. The neutralino masses are 60, 91, 143 and
180 GeV, while charginos are at 93 and 185 GeV. They are al
considerably lighter than the gluino (at 435 GeV), whichinturn
lies well below the squarks (at ~ 815 GeV) and deptons (at
750-760 GeV). Due to the strong gaugino — Higgsino mixing,
all chargino and neutralino states will be produced with signifi-
cant ratesinthedecays of gluinosand SU (2) doublet sfermions,
leading to complicated decay chains. For example, the £+4-
invariant mass spectrum in gluino pair events will have many
thresholdsdueto x? — x3¢* £~ decays. Since first and second

generation squarks are almost twice as heavy asthegluino, there
might be a significant gluino “background” to squark produc-
tion at the LHC. A 500 GeV ete~ collider will produce all six
chargino and neutralino states. Informationaboutéy,, ég and 7,
masses can be gleaned from studies of neutralino and chargino
production, respectively; however, /s > 1.5 TeV isrequired to
study sleptonsdirectly. Spectraof thistype can already be mod-
elled reliably using | SAJET: the above parameter space set can
be entered viathe SUG R A keyword.

As example B, we have chosen mg = my;; = 200 GeV,
Ag = 0,tan 8 = 48, u < 0 and m; = 175 GeV. Note the large
value of tan 3, which leadsto large b and = Yukawa couplings,
as required in models where all third generation Yukawa cou-
plingsare unified at scale MguT. Herethegluino (at 517 GeV)
lies dightly above first generation squarks (at 480-500 GeV),
which in turn lie well above first generation septons (at 220-
250 GeV). The light neutralinos (at 83 and 151 GeV) and light
chargino (at 151 GeV) are mostly gauginos, while the heavy
states (at 287, 304 and 307 GeV) are mostly Higgsinos, because

The masses of ; (355 GeV), b; (371 GeV) and 7, (132 GeV)
are al significantly below those of the corresponding first or
second generation sfermions. As a result, more than 2/3 of all
gluinos decay into a b quark and a b squark. Since (s)bottoms
have large Yukawa couplings, b decays will often produce the
heavier, Higgsino-like chargino and neutralinos. Further, al
neutralinos (except for the lightest one, which isthe LSP) have
two-body decaysinto 7; + 7; in case of x3 thisisthe only two-
body mode, and for the Higgsino-like states this mode will be
enhanced by thelarge r Yukawacoupling. Chargino decayswill
also often produce rea 7;. Study of the £7 £~ invariant mass
spectrum will not alow direct determination of neutralino mass
differences, asthe £+ are secondaries from tau decays. Even éy,
pair eventsat eTe~ colliderswill contain up to four tau leptons!
Further, unless the e~ beam is amost purely right-handed, it
might be difficult to distinguish between 7, pair production and
)Zf pair production. Finally, the heavier Higgs bosons are quite
lightin thiscase, eg. ma4 126 GeV. There will be alarge
number of A — 7+7~ events a the LHC. However, because
most SUSY events will contain — pairsin this scenario, it is not
clear whether the Higgs signal will remain visible. At present,
scenarios with tan 8 > 1 can not be simulated with | SAJET,
since the b and = Yukawa couplings have not been included in
all relevant decays. This situation should be remedied soon.

1. D-TERM CONTRIBUTIONS TO SCALAR

MASSES

We have seen that the standard mSUGRA framework predicts
atestable pattern of squark and slepton masses. In this section
we describe a class of modelsin which a quite distinctivemodi-
fication of the mSUGRA predictions can arise, namely contri-
butions to scalar masses associated with the D-terms of extra
spontaneoudly broken gauge symmetries [10]. Aswe will see,
the modification of squark, slepton and Higgs masses can have
a profound effect on phenomenol ogy.

In genera, D-term contributionsto scalar masses will arisein
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supersymmetric models whenever a gauge symmetry is spon-
taneously broken with a reduction of rank. Suppose, for ex-
ample, that the SM gauge group SU(3) x SU(2) x U(1)y is
supplemented by an additiona U (1)x factor broken far above
the electroweak scale. Naively, one might suppose that if the
bresking scale is sufficiently large, al direct effects of U (1) x
on TeV-scale physics are negligible. However, a simple toy
model shows that thisis not so. Assume that ordinary MSSM
scalar fields, denoted generically by ¢;, carry U (1) x charges X;;
whicharenotall 0. Inorder to break U (1) x, we also assume the
existenceof apair of additional chiral superfields ® and ® which
are SM singlets, but carry U (1) x charges which are normalized
(without loss of generality) to be +1 and —1 respectively. Then
VEV’sfor ® and ® will spontaneously break U (1) x whileleav-
ing the SM gauge group intact. The scalar potential whose min-
imum determines (@), (®) then hasthe form

2

V= Vo+m? |0 + @ + X |0 — [B + Xileil?]”

)
Here V, comes from the superpotentia and involvesonly & and
®; it issymmetric under ® « @, but otherwiseits precise form
need not concern us. The pieces involvingm? and m? are soft
breaking terms; m? and m? are of order M2 and in general un-
equal. The remaining piece isthe square of the D-term associ-
ated with U (1) x, which forces the minimum of the potential to
occur along anearly D-flat direction (®) ~ (®). Thisscale can
be much larger than 1 TeV with natural choices of V, so that the
U (1) x gauge boson isvery heavy and plays no rolein collider
physics.

However, there is also a deviation from D-flatness given by
(@) — ()% ~ Dx /g%, with Dx = (m? — m?)/2, which
directly affects the masses of the remaining light MSSM fields.
After integrating out ® and @, one finds that each MSSM scalar
(mass)? receives acorrection given by

Amf = XZ'DX (3)
where Dx isagain typically of order M2 and may have either
sign. This result does not depend on the scale at which U (1) x
breaks; thisturns out to be agenera feature, independent of as-
sumptions about the precise mechanism of symmetry breaking.
ThusU (1) x managestoleaveits“fingerprint” on the masses of
the squarks, deptons, and Higgs bosons, even if it is broken at
an arbitrarily high energy. From a TeV-scale point of view, the
parameter Dx might as well be taken as a parameter of our ig-
norance regarding physics at very high energies. The important
pointisthat Dx isuniversal, so that each MSSM scalar (mass)?
obtai ns a contribution simply proportional to X;, its charge un-
der U(1)x. Typically the X; are rational numbers and do not
all havethe same sign, so that a particular candidate U (1) x can
leave a quite distinctive pattern of mass splittings on the squark
and slepton spectrum.

TheextraU (1)x in this discussion may stand alone, or may
be embedded in a larger non-abelian gauge group, perhaps to-
gether with the SM gauge group (for examplein an SO(10) or
Es GUT). If the gauge group contains more than one U (1) in
additionto U(1)y, then each U (1) factor can contribute a set

of correctionsexactly analogousto (3). Additional U (1) groups
are endemic in superstring models, so at least from that point of
view onemay be optimisticabout the exi stence of corresponding
D-termsand their potentia importanceinthestudy of the squark
and gl epton mass spectrum at futurecolliders. 1t should be noted
that once one assumes the existence of additional gauged U (1)'s
at very high energies, it isquiteunnatural to assumethat D-term
contributionsto scalar masses can be avoided altogether. (This
would require an exact symmetry enforcing m? = m? in the
example above.) The only question is whether or not the mag-
nitude of the D-term contributions is significant compared to
the usual MSUGRA contributions. Note al so that as long as the
charges X; are family-independent, then from (3) squarks and
deptons with the same electroweak quantum numbers remain
degenerate, maintaining the natural suppression of flavor chang-
ing neutral currents.

It isnot difficult to implement the effects of D-termsinsm-
ulations, by imposing the corrections (3) to a particular “tem-
plate” mSUGRA model. After choosing the U(1)x charges
of the MSSM fields, our remaining ignorance of the mecha
nism of U(1)x bresking is parameterized by Dx (roughly of
order M2). The Am? corrections should be imposed a the
scale Mx where one chooses to assume that U (1) x bresks. (If
Myx < Mpianck OF MguT, one should also in principleincor-
porate renormalization group effects dueto U (1) x above Mx,
but these can often be shown to be small.) The other parame-
tersof the theory are unaffected. One can then run these param-
eters down to the electrowesk scale, in exactly the same way as
in MSUGRA models, to find the spectrum of sparticle masses.

(The solved-for parameter  isthen indirectly affected by D-
terms, through the requirement of correct electroweak symmetry
breaking.) The only subtlety involved is an apparent ambigu-
ity in choosing the charges X, since any linear combination of
U(1)x andU(1)y chargesmight beused. These chargesshould
be picked to correspond to the basis in which there is no mix-
ing in the kinetic terms of the U (1) gauge bosons. In particu-
lar models where U (1) x and/or U(1)y are embedded in non-
abelian groups, thislinear combination is uniquely determined;
otherwiseit can be arbitrary.

A test case which seems particul arly worthy of study isthat of
an additional gauged B — L symmetry. Inthiscasethe U (1)x
charges for each MSSM scalar field are alinear combination of
B — Land?. If thismodel isembedded in SO(10) (or certain
of itssubgroups), thentheunmixedlinear combinationof U (1)’s
appropriatefor (3)isX = —3(B—L)+ Y. The X chargesfor
the MSSM sguarks and deptons are —1/3 for Qr, ug, e and
+1for Ly, and dg. TheMSSM Higgsfieds have charges +2/3
for H, and —2/3 for H,4. Herewe consider the modificationsto
amSUGRA mode! defined by the parameters (mo, my /3, Ao) =
(200,100, 0) GeV, p < 0, and tan 8 = 2, assuming m; = 175
GeV.

The effects of D-term contributionsto the scalar mass spec-
trumisillustrated in Fig. 1, which showsthe masses of €, ég,
the lightest Higgs boson A, and the lightest bottom squark 5,
as afunction of Dx. The unmodified MSUGRA prediction is
found at Dx = 0. A particularly dramatic possibility is that
D-terms could invert the usual hierarchy of depton masses, so
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that ms, , my < mg,. Inthetest mode, this occurs for nega-
tive Dx ; the negative endpoint of D x isset by the experimental
lower bound on m;. The relative change of the squark masses
issmaller, while the change to the lightest Higgs boson massis
almost negligible except near the positive Dx endpoint where
it reaches the experimental lower bound. The complicated mass
spectrum perhaps can be probed most directly at the NLC with
precision measurements of squark and slepton masses. Since
the usual MSSM renormalization group contributionsto scalar
masses are much larger for squarks than for deptons, itislikely
that the effects of D-term contributionsare relatively larger for
deptons.

At the Tevatron and LHC, it has been suggested in these pro-
ceedings that SUSY parameter determinations can be obtained
by making global fits of the mMSUGRA parameter space to vari-
ous observed signals. In thisregard it should be noted that sig-
nificant D-term contributions could invalidate such strategies
unlessthey are generalized. Thisisbecause adding D-terms (3)
to a given template MSUGRA mode can dramatically change
certain branching fractions by altering the kinematics of decays
involving squarks and especially deptons. Thisisdemonstrated
for the test modd in Fig. 2. Thus we find for example that the
product BR(x — £+X) x BR(x5 — £1£~X) can change
up to an order of magnitude or more as onevaries D-terms (with
all other parameters held fixed). Note that the branching ratios
of Fig. 2 include the leptons from two-body and three-body de-
cays, eg. x7 — £rvxdand xi — £tv — £7x%. Onthe
other hand, the BR(§ — bX) isfairly insensitiveto D-terms
over most, but not al, of parameter space.

Since the squark masses are generally much less affected by
the D-terms, and the gluino mass only indirectly, the produc-
tion cross sections for squarks and gluinos should be fairly sta-
ble. Therefore, the variation of BR(§ — bX) is an accurate
gauge of the variation of observables such as the & multiplicity
of SUSY events. Likewise, the )Zf X5 production cross section
doesnot change much asthe D-termsare varied, so the expected
trileptonsignal can vary likethe product of branching ratios—by
orders of magnitude. While the results presented are for a spe-
cific, and particularly simple, test model, similar variations can
be observed in other explicit models. The possible presence of
D-terms should be considered when interpretinga SUSY signal
at future colliders. An experimental anaysis which proves or
disprovestheir existence would be a uniqueinsight into physics
at very high energy scales.

To facilitate event generation, approximate expressions for
the modified mass spectra are implemented in the Spyt hi a
Monte Carlo, assuming the D-terms are added in at the unifi-
cation scale. Sparticle spectra from modelswith extra D-terms
can beincorporatedintol SAJET simply viathe M S5 M key-
words, although the user must supply a program to generate the
relevant spectravia RGE's or analytic formulae.
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Figure 1: Mass spectrum as afunctionof Dx.
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Figure 2: Branching ratios as a function of Dx .

V. NON-UNIVERSAL GUT-SCALE SOFT
SUSY-BREAKING PARAMETERS

A.

We considered models in which the gaugino masses and/or
the scaar masses are not universal at the GUT scale, Mgur.
We study the extent to which non-universal boundary condi-
tionscan influence experimental signaturesand detector require-
ments, and the degree to which experimental data can distin-
guish between different models for the GUT-scale boundary
conditions.

I ntroduction

1. Non-Universal Gaugino Massesat Mgyt

We focus on two well-motivated types of models:
e Superstring-motivated models in which SUSY bresaking is
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Mgur mgz

Fs My M» M| Ms M, M,

1 1 1 1 ~6 ~2 ~ 1
24 2 -3 -1|~12 ~-6 ~-1
75 1 3 —5|~6 ~ 6 ~-5
200 1 2 10| ~6 ~ 4 ~10

O—1I

bas=—4] 1 5 2 | ~6 ~10 ~B2

Tablell: Relative gaugino masses at Mgyt and mz inthefour
possible Fs irreducible representations, and in the O-11 model
with bgs ~ —4.

moduli dominated. We consider the particularly attractive O-11
model of Ref. [11]. The boundary conditionsat Mgyt are:

M ~ /3mg3[—(ba + bas) K]
mg = mg/z[—ﬁgsK/]
Ao == 0

(4)

where b, are SM betafunction coefficients, §gs isamixing pa
rameter, which would be a negative integer in the O-11 model,
andn = +1. From theestimates of Ref. [11], K ~ 4.6 x 10~*
and K’ ~ 103, we expect that slepton and squark masses
would be very much larger than gaugino masses.
e Modelsinwhich SUSY breaking occursviaan F-termthat is
not an ST (5) singlet. In this class of models, gaugino masses
are generated by a chira superfield @ that appears linearly in
the gauge kinetic function, and whose auxiliary F' component
acquires an intermediate-scale vev:
{F2)ab yays T,

Planck

()

where the A%® are the gaugino fields. Fz belongsto an SU (5)
irreduci bl erepresentation which appearsin the symmetric prod-
uct of two adjoints:

<I)av,b

L~ / d2owew? +he ~

Planck

(6)

where only 1 yields universal masses. Only the component of
Fz that is"* neutral” with respect to the SM gauge group should
acquireavev, (Fg)qap = cqabqp, Withe, thendetermining therel -
ative magnitude of the gauginos masses at Mgur: see Tablell.

Physical masses of the gauginos are influenced by tan 8-
dependent off-diagonal terms in the mass matrices and by cor-
rectionswhich boost m; (pole) relativetomg (my). If pislarge,
thelightest neutralino (whichisthe LSP) will have massmyo ~
min(M;, Mz) whilethelightest charginowill havemgi ~ M,.
Thus, in the 200 and O-l| scenarios with My <

myge and the X7~ and x? are both Wino-like. The tan 8 depen-
dence of the masses at mz for the universa, 24, 75, and 200
choices appearsin Fig. 3. The my -Tgo Mass splitting becomes
increasingly smaller in the sequence 24, 1, 200 75, O-Il, as
could be anticipated from Table Il. It isinteresting to note that
a hightan 8, u decreasesto alevel comparableto M; and M,,
and thereis substantial degeneracy among the i, x9 and 9.

(24X 24)symmetric = 1 © 24 & 75 @ 200,

~

1
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Figure 3: Physical (pol€) gaugino masses as afunction of tan 8
forthel (universal), 24, 75, and 200 F' representation choices.
Also plotted are | B| and |u|. We have taken mq = 1 TeV and
Mz = 200,400, 200,200 GeV, respectively.

2. Non-Universal Scalar Masses at Mgyt

We consider models in which the SUSY-breaking scalar
masses at Mgy areinfluenced by the Yukawa couplings of the
corresponding quarks/leptons. This idea is exemplified in the
mode of Ref. [12] based on perturbing about the [U (3)]® sym-
metry that is present in the absence of Yukawa couplings. One
finds, for example:

m% = m3(I +coMl Ay, + c'QALAd +..))

Z (7)

where Q represents the squark partners of the left-handed quark
doublets. The Yukawas A,, and A; are 3 x 3 matrices in gen-
eration space. The ... represent terms of order A* that we
will neglect. A priori, cg, c'Q, should all be similar in size, in
which case the large top-quark Yukawa coupling implies that
the primary deviations from universality will occur in m;‘lL,

mgL (equally and in the same direction).! It is the fact that

m;‘lL and mgL are shifted equally that will distinguish m? non-
universality from the effects of alarge Aq parameter at Mgur;
the latter would primarily introducet;, — ¢t mixing and yield a

low m;, compared to m; .
1 1

B. Phenomenology
1. Non-Universal Gaugino Masses

We examined the phenomenol ogical implicationsfor the stan-
dard Snowmass comparison point (eg. NLC point #3) speci-
fied by m; = 175 GeV, a; = 0.12, mg = 200 GeV, MP? =
100 GeV, tan8 = 2, Ag = 0 and p<0. In treating the O-11

! In this discussion we neglect an analogous, but independent, shift
in mtg .
R
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O-1II
1 24 | 75 200 bas = —4.7

my 285 | 285 | 287 288 313
may | 302 | 301 | 326 394 -
mg, 255 | 257 | 235 292 -
mg, | 315 | 321 | 351 325 -
my, | 266 | 276 | 307 264 -
my_ | 303 | 303 | 309 328 -
m; | 207 | 204 | 280 437 -
m;, | 216 | 229 | 305 313 -
myo 445 | 12.2 | 189 | 174.17 303.09
™m0 97.0 | 93.6 | 235 298 337
Myt 96.4 | 90.0 | 240 | 17457 303.33
Mgk 275 | 283 | 291 311 -
Mmpo 67 67 68 70 82

Table I11: Sparticle masses for the Snowmass comparison point
in the different gaugino mass scenarios. Blank entriesfor the O-
Il model indicate very large masses.

model wetakemo = 600 GeV, avaluethat yie dsa(pole) value
of my not unlikethat for the other scenarios. The masses of the
supersymmetric particlesfor each scenario aregivenin Tablel11.

The phenomenology of these scenarios for et e~ collisionsis
not absolutely straightforward.

e Inthe 75 model, x7T x; and xJx3 pair productionat /s =
500 GeV are barely allowed kinematically; the phase space
for x9x3 isonly somewhat better. All thesignalswould be
rather weak, but could probably be extracted with sufficient
integrated luminosity.

e In the 200 model, efe~ — x7x; production would
be kinematically allowed a a /s = 500 GeV NLC, but
not easily observed due to the fact that the (invisible) x?2
would take essentialy al of the energy in the )Zf decays.
However, according to the results of Ref. [13], ete™ —
vx1 x1 would be observable at /s = 500 GeV.

e The O-1l modd with égs near —4 predicts that My

and mye are both rather close to my, so that ete”

X1 %1 » x3%2 would not be kinematicaly alowed at /s =
500 GeV. Theonly SUSY “signa” would be the presence
of avery SM-like light Higgs boson.

1
—

At the LHC, the strongest signal for SUSY would arise from
gg production. The different models lead to very distinct signa-
tures for such events. To see this, it is sufficient to list the pri-
mary easily identifiable decay chains of the gluino for each of
the five scenarios. (In what follows, g denotes any quark other
thanab.)

- 90%

1: b 222 %96 B2 3

Xl(e e
% Oumbb

38% ~0 —
X19qbb

or utp~)bb

8% Obbbb

b ™% 965 222 hOx%b 2% %0bbbb

69% -0 0 0
=’ X1X1X 1bb

24: %05,

. 43% . ~0 —
g = x19 or x1qq

10% 2%bb

75 :

20% - ~0 —
=’ X399 or X347
10% +%%p
17% ~+ _
X Xiqg
200: 2255 "% 30
~51% 4+ _
J = X1 qq
17% ~o
— X19
26% ~0 —
= X197
% +%bb

O -1II

Gluino pair production will then lead to the following strik-
ingly different signals.

e In the 1 scenario we expect a very large number of fi-
nal states with missing energy, four b-jets and two |epton-
antilepton pairs.

e For 24, an even larger number of events will have miss-
ing energy and eight -jets, four of which reconstruct to two
pairs with mass equa to (the known) mye.

e Thesignal for gg productioninthecase of 75 ismuch more
traditional ; the primary decays yield multiplejets (some of
which are b-jets) plus x9, x3 or x. Additional jets, lep-
tons and/or neutrinos arise when x3 — x2 + two jets, two
leptons or two neutrinos or fcf — x2 + two jets or lep-
ton+neutrino.

e In the 200 scenario, we find missing energy plus four 5-
jets, only b-jetsappear in the primary decay —any other jets
present would have to come frominitial- or final-state radi-
ation, and would be expected to be softer on average. This
isamost as distinctive asignal as the 85 final state found
in the 24 scenario.

e Inthefina O-I1 scenario, x¥ — %9 + very soft spectator
jets or leptons that would not be easily detected. Even the
qg or g fromthe primary decay would not be very energetic
g|ven the small mass splitting between m; and Mgx ~

Soft jet cuts would have to be used to dig out this
sgnal but it should be possiblegiven thevery high gg pro-
ductionrate expected for thislow m; vaue; see Ref. [13].

Thus, for the Snowmass comparison point, distinguishing be-
tween the different boundary conditionscenariosat the LHC will
be easy. Further, the event rate for agluino mass thislow issuch
that the end-points of the various lepton, jet or A spectra will
allow relatively good determinations of the mass differences be-
tween the sparticles appearing at various pointsin thefina state
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decay chain. We are optimistic that thiswill prove to be a gen-
eral result so long as event rates are large.

2. Non-Universal Scalar Masses

Once again we focus on the Snowmass overlap point. We
mai ntai n gaugino mass universality at Mgy, but alow for non-
universality for thesquark masses. Of the many possibilities, we
focus on the case where only ¢ # 0 with Ag = 0 (as assumed
for the Snowmass overlap point). The phenomenology for this
case is compared to that which would emerge if wetake Ag # 0
with al thec; = 0.

Consider the g branching ratios as a function of m;, =m;
as cq is varied from negative to positive values. As the com-
mon mass crosses the threshold above which the g — b.b de-
cay becomes kinematically disallowed, werevert to amore stan-
dard SUSY scenario in which g decays are dominated by modes
such as x5 q7, %349, x3¢g and x3bb. For low enough my,, the
g — %1t mode opens up, but must compete with the g — b1b
mode that has even larger phase space.

In contrast, if A, isvaried, the g branching ratios remain es-
sentially constant until m; issmall enoughthat g — t1t iskine-
maticaly allowed. Below this point, this latter mode quickly
dominates the 5;b mode which continues to have very small
phase space given that the b; mass remains essentially constant
as A; isvaried.

C. Event Generation

A thorough search and determination of the rates (or lack
thereof) for the full panoply of possible channelsis required to
distinguish the many possible GUT-scale boundary conditions
from one another. In the program | SAJET, independent weak-
scale gaugino masses may be input using the M SSM4 key-
word. |ndependent third generation squark masses may beinput
viathe M SSM?2 keyword. The user must supply a program to
generate the rel evant weak-scal e parameter val ues from the spe-
cific GUT-scale assumptions. Relevant weak-scale MSSM pa-
rameters can also be input to Spyt hi a; aswith | SAJET, the
user must provide a program for the specific model.

V. MSSM SCENARIOS MOTIVATED BY
DATA

An dternative procedure for gleaning information about the
SUSY soft termsisto use thefull (¢, 100 parameters) parameter
space freedom of the MSSM and match to data, assuming one
has a supersymmetry signal. Thisapproach has been used inthe
following two examples.

A. TheCDFete vy + B r Event

Recently a candidate for sparticle production has been re-
ported [ 14] by the CDF collaboration. Thishas been interpreted
in several ways [15], [16], [17], [18] and later with additiona
variations[19], [20], [21]. The main two paths are whether the
LSP is the lightest neutralino [15], [22], or a nearly massless
gravitino[16, 17, 18, 19, 20] or axino [21]. In the gravitino or

| eTe” vy + E 1 constraints on supersymmetric parameters |

€R
100 L me, £ 112 GeV
60 < M; <85 GeV
40 £ My < 85 GeV
0.6 < My/M; < 1.15
—60 L p < —35 GeV
0.5 [ul/My < 0.8
1< tanB8 < 2.2

€L
100 £ mg;, <130 GeV
50 < M; £ 92 GeV
50 < My < 105 GeV
0.75 < My/M; < 1.6
—6b < < —35 GeV
0.5 < |p|/M1 £0.95
1<tanB <3

Table 1V: Congtraints on the MSSM parameters and masses in
the neutralino L SP scenario.

axino casetheL SPisnot acandidatefor cold dark matter, SUSY
can have no effect on R, or Z or BR(b — sv), and stops and
gluinos are not being observed at FNAL. In the case where the
lightest neutralino isthe LSP, the opposite holdsfor al of these
observables, and we will pursuethiscase in detail here.

The SUSY Lagrangian depends onanumber of parameters, all
of which havethedimension of mass. That should not beviewed
as aweakness because at present we have no theory of theorigin
of mass parameters. Probably getting such atheory will depend
on understanding how SUSY is broken. When there is no data
on sparticlemasses and couplings, it isappropriateto make sim-
plifying assumptions, based on theoretica prejudice, to reduce
the number of parameters. However, once there may be data, it
isimportant to constrain the most general set of parameters and
see what patterns emerge. We proceed by making no assump-
tions about soft breaking parameters. In practice, even though
the full theory has over a hundred such parameters, that is sel-
dom a problem since any given observable depends on at most
afew.

The CDF event [14] hasa 36 GeV e~, a59 GeV et photons
of 38 and 30 GeV, and Fr = 53 GeV. A SUSY interpretation
isgg — v*,2* — é&té, followed by each é* — e*x3,
X5 — vx2. The second lightest neutralino, x5, must be photino-
like since it couples strongly to €e. Then the LSP = x? must be
Higgsino-like[23, 24, 25] to have alarge BR(x5 — x9v). The
range of parameter choices for this scenario are given in Table
V.

If light superpartners indeed exist, FNAL and LEP will pro-
duce thousands of them, and measure their propertiesvery well.
Thefirst thing to check at FNAL iswhether the produced sel ec-
troniség or éx. If é, then the charged current channel ud —
W+ — &1 has5-10 timesthe rate of €] é; . We expect é, —
ex3(— 7x2). Mostlikely [22] 7 — exi, where x T isthelight-
est chargino. If the stop mass m; < my, then xE - (-
ex3)b so v — ebex?; if my > Mg+ then f(f — W*(— j)x3
0 — ejjx?, wherej = wu,d, s, c. Either way, dominantly
érLv — eeyjjEr where j may belight or heavy quarks. If no
such signa is found, probably the produced selectron was ég.
Also, o(vw) = o(érér). Cross sections for many channels are
givenin Ref. [22].

The most interesting channel (in our opinion) at FNAL is
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ud — W+ — xx3. Thisgives asignature vjj Er, for which
thereisonly small parton-level SM backgrounds. If m; < Mgk,
oneof j isab. If t — txJ (expected about 10% of thetime) and,
if ¢ are produced at FNAL, there are additional sources of such
events (see below).

If charginos, neutralinos and deptons are light, then gluinos
and squarks may not be too heavy. If stops are light (m;,
My), then BR(t — x9) 1/2 [26]. In this case, an ex-
tra source of tops must exist beyond SM production, because
o x BR(t — Wb)? isnear or aboveits SM vauewith BR(t —
Wb) = 1. With these motivations, the authors of [27] have sug-
gested that one assume my; > m; + my and my > my, with
my ~ 250 — 300 GeV. Then there are severa pb of top produc-
tion via channds 4§, ¢4, g withg — ¢g, and g — tt sincett
isthe gluino’sonly two-body decay mode. This analysis points
out that Pr(tt) should peak at smaller Py for the SM than for
the SUSY scenario, since the system is recoiling against extra
jetsin the SUSY case. The SUSY case suggests that if m; or
o,y are measured in different channels one will obtain different
values, which may be consistent with reported data. Thisanal-
ysisalso arguesthat the present datais consistent with BR(¢t —
tx9) = 1/2.

At present [28] R, and BR(b — sv) differ from their SM
predictionsby 1.5-2¢, and «; measured by the Z width differs
by about 1.5-2¢ from itsvalue measured in DI S and other ways.
If these effects are real they can be explained by )Zf - t loops,
using the same SUSY parameters deduced from the eeyy event
(+ alight, mainly right-handed, stop). Although tan 8, 1, and
M, apriori could be anything, they come out the same from
the analysis of these loops as from eeyy (tan8 < 1.5,u ~
—mz /2, My ~ 60 — 80 GeV).

The LSP=x? apparently escapes the CDF detector intheeeyy
event, suggesting it isstable (though only proving it liveslonger
than~ 1078 sec). If soitisacandidatefor CDM. The properties
of x9 are deduced fromthe analysis[22] so the cal culation of the
relic density [29] is highly constrained. The anaysis showsthat
the s-channel annihilation of x9x? through the Z dominates, so
the needed parameters are tan 3, m., 40 and the Higgsino fraction
for x9, whichislarge. Theresultsare encouraging, giving0.1 <
Qh? < 1, withacentral value Qh? ~ 1/4.

The parameter choices of Table IV can be input to event
generators such as Spyt hi a or | SAJET (via M SSMi key-
words) to check that the event rate and kinematics of the eeyy
event are satisfied and then to determine other related signatures.
Spyt hi aincludesthex3 — x%v branchingratiofor low tan 8
values, for | SAJET, thex§ — x%+ branching must beinput us-
ingthe FO RC E command, or must be explicitly added into the
decay table.

~

~

B. CDF/DO Dilepton Plus Jets Events

Recently, CDF and DO have reported various dilepton plus
multi-jet events which are presumably top-quark candidate
events. For severa of these events, however, the event kinemat-
icsdo not match well with those expected from atop quark with
mass m; ~ 175 GeV. The authors of Ref. [30] have shown that
thematch to event kinematics can beimproved by hypothesizing

a supersymmetry source for the recalcitrant events. The super-
symmetry source is best matched by considering g production,
where each § — gx,x — vi,£ — £x%. A recommended set
of parameters is as follows [30]: m; ~ 330 GeV, my ~ 310
GeV, m; 220 GeV, my ~ 220 GeV, my 130 GeV,
w~ —400 GeV, M; ~ 50 GeV and My ~ 260 GeV Note that
this parameter set discards the common hypothesis of gaugino
mass unification. These parameters can beinput into Spyt hi a
orl SAJET (viaM SSMi keywords), taking careto usethenon-
unified gaugino masses as inputs.

VI. RPARITY VIOLATION

R parity (R) is a quantum number which is +1 for any ordi-
nary particle, and -1 for any sparticle. R-violating (R) interac-
tionsoccur naturally in supersymmetric theories, unlessthey are
explicitly forbidden. Each R coupling also violateseither epton
number L, or baryon number B. Together, these couplingsvio-
late both L and B, and lead to tree-level diagrams which would
make the proton decay at aratein grossviolation of theobserved
bound. To forbid such rapid decay, such R couplings are nor-
mally set to zero. However, what if such couplings are actually
present?

In supersymmetry with minimal field content, theallowable R
part of the superpotentia is

Wﬂé = )\”kL L; Ek—l—)\”kL Q]Dk —|—A”kUiD]'Dk. (8)
Here, L, Q, E, U, and D are superfields containing, respec-
tively, lepton and quark doublets, and charged lepton, up quark,
and down quark singlets. The indices i, j, k&, over which sum-
mationisimplied, aregenerational indices. Thefirsttermin Wy
leadsto L-violating (L) transitionssuchase+v,, — é. Thesec-
ond oneleadsto L transitionssuch as« + d — €. Thethird one
produces B transitionssuch asu—+d — d. To forbidrapid proton
decay, itisoftenassumed that if R transitionsare indeed present,
then only the L-violating A and A’ terms occur, or only the B-
violating A’ term occurs, but not both. Whiletheflavor compo-
nentsof A’ involvingu, d, s are experimentally constrained
to be < 10~2* from proton decay limits, the other components
of MM and AN\ are significantly lesstightly constrained.

Upper bounds on the R couplings A, A’, and A" have been in-
ferred from avariety of low-energy processes, but most of these
bounds are not very stringent. An exception is the bound on
Al11, Which comes from the impressive lower limit of 9.6 x
10%%yr [31] onthe half-lifefor the neutrinol ess double beta de-
cay Ge — "6Se + 2e~. At the quark level, this decay isthe
process2d — 2u+2e~. If A;; # O, thisprocess can beengen-
dered by a diagram in which two d quarks each undergo the R
transitiond — 4 + e, and then the two produced % squarks
exchange a g to become two u quarks. It can aso be engen-
dered by adiagram in which 2d — 2d by g exchange, and then
each of the d squarks undergoes the R transitiond — u + e~ .
Both of these diagrams are proportional to A/3 ;. If we assume
that the squark masses occurring in the two diagrams are equal,
mg, ~ mg = my, the previously quoted limit on the half-life
impliesthat [32]
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It is interesting to recall that if the amplitude for neutrino-
lessdoublebetadecay is, for whatever reason, nonzero, thenthe
electron neutrino has a nonzero mass [33]. Thus, if Ay;; # 0,
SUSY interactionslead to nonzero neutrino mass [34].

Theway [35] in which low-energy processes constrain many
of the L couplings A and A’ isillustrated by consideration of nu-
clear 3~ decay and .~ decay. Inthe Standard Model (SM), both
of these decays result from W exchange alone, and the compar-
ison of their rates tells us about the CKM quark mixing matrix.
However, in the presence of R couplings, nuclear 3~ decay can
receive a contribution from d, 3, or b exchange, and .~ decay
from €, &, or ¥ exchange. The information on the CKM ele-
ments which has been inferred assuming that only W exchange
is present bounds these new contributions, and it is found, for
example, that [35]

M| < 3.4 x 10 ( 9)

|A12x] < 0.04 ( (10)

100 GeV) ’
for each value of the generation index k. In a similar fashion,
anumber of low-energy processes together imply [35] that for

many of the L couplings A;;x and A,

|)‘(’)

1 < (0.03 — 0.26) ( (12)

_
100 GeV) )
Here, ms is the mass of the sfermion relevant to the bound on

the particular A%

Boundsof order 0.1 have also been placed on the L couplings
Al ;1 Dy searches for squarks formed through the action of these
couplingsinetp collisonsat HERA [36].

Constraints on the B couplings A" come from nonleptonic
weak processes which are suppressed inthe SM, such asrare B
decaysand K — K and D — D mixing [37]. For example, the
decay Bt — KCK™ isa penguin (loop) process in the SM,
but in the presence of R couplings could arise from atree-level
diagram involving &%, (k = 1,2, or 3) exchange. The present
upper bound on the branching ratio for thisdecay [38] implies
that [37]

Myk
Ur

100 GeV

|ll

P12\ asl'? < 0.09 ( ) i k=1,2,3. (12)

Recently, bounds A{,, < 0.29 and A},, < 0.18 for my = 100
GeV have been obtained from data on D meson decays [34].
For arecent review of constraints on R-violating interactions,
see Ref. [39].

We seethat if sfermion masses are assumed to be of order 100
GeV or somewhat larger, then for many of the R couplings As; &,
Alix and My, the existing upper bound is ~ 0.1 for asfermion
mass of 100 GeV. We note that this upper bound is comparable
to theval ues of some of the SM gauge couplings. Thus, R inter-
actionscould still proveto play asignificant rolein high-energy
collisions.

What effects of R might we see, and how would R interac-
tionsaffect future searchesfor SUSY ?L et usassumethat R cou-
plings are small enough that sparticle production and decay are
still dominated by gauge interactions, as in the absence of R.
The main effect of R is then that the LSP is no longer stable,
but decays into ordinary particles, quite possibly within the de-
tector in which it is produced. Thus, the LSP no longer carries
away transverse energy, and themissing transverse energy (Er)
signal, which is the mainstay of searches for SUSY when R is
assumed to be conserved, is greatly degraded. (Production of
SUSY particles may still involve missing E7, carried away by
neutrinos.)

Atfutureete™ colliders, sparticle productionmay includethe
processes e*e™ — XX, X{X], €161, 61 €, €4er, R,
BT, iy, T 7L T 7R, L. Here thex arecharginos,
and thex? areneutralinos. Decay of the produced sparticleswill
often yield high-Er charged leptons, which can be sought in
seeking evidence of SUSY. Now, supposethe L SPisthelightest
neutralino, x3. If the L, R couplings A are nonzero, the x9 can
have the decays x9 — pev, eev.

These yield high-energy leptons, so the strategy of looking for
thelatter to seek evidence of SUSY will till work. However, if
the B, R couplings A"’ are nonzero, the x% can have the decays
X9 — cds, éds. When followed by these decays, the production
processete™ — x9x9 yieldssix jetswhichformapair of three-
jet systems. Theinvariant mass of each system iSmﬁ , andthere
isno missing energy. Thisisquite an interesting signature.

Nonvanishing L and R couplings A would also make possi-
ble resonant sneutrino productioninete~ collisions. [35] For
example, we could haveete™ — 7, — fcf;ﬁ, xJv,. Atthe
resonance peak, the cross section timesbranching ratio could be
large [35].

In future experiments at hadron colliders, one can seek evi-
dence of gluino pair production by looking for the multilepton
signal that may result from cascade decays of the gluinos. This
signal will be affected by the presence of R interactions. The
worst case iswhere the LSP decaysvia B, R couplingsto yield
hadrons. The presence of these hadrons can cause leptons in
SUSY events to fail the lepton isolation criteria, degrading the
multilepton signa [40]. This reduces considerably thereach in
my of the Tevatron. At the Tevatron with an integrated lumi-
nosity of 0.1 fb~?, thereis no reach in mj, while for 1 fb=1 it
is approximately 200 GeV [40], if my = 2my. Atthe LHC
with an integrated luminosity of 10 fb~?!, the reach extends be-
yondm; = 1 TeV, eveninthepresence of B and R interactions
[41].

If R couplingsarelarge, then conventional SUSY event gener-
atorswill need many production and decay mechanismsto bere-
computed. The results would be very model dependent, owing
to the large parameter space in the R sector. If R couplingsare
assumed small, so that gauge and Yukawainteractionsstill dom-
inate production and decay mechanisms, then event generators
can be used by simply adding in the appropriate expected decays
of the LSP (see the approach in Ref. [40, 41]). For | SAJET,
the relevant LSP decays must be explicitly added (by hand) to
thel SAJET decay table.
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VIl. GAUGE-MEDIATED LOW-ENERGY

SUPERSYMMETRY BREAKING

A.

Supersymmetry breaking must be transmitted from the
supersymmetry-breaking sector to the visible sector through
some messenger sector.  Most phenomenological studies of
supersymmetry implicitly assume that messenger-sector inter-
actionsare of gravitational strength. It ispossible, however, that
the messenger scale for transmitting supersymmetry breaking
isanywhere between the Planck and just above the el ectroweak
scale,

The possibility of supersymmetry breaking a a low scale
has two important consequences. Firdt, it is likely that the
standard-model gauge interactions play some role in the mes-
senger sector. This is because standard-model gauginos cou-
ple at the renormalizable level only through gauge interactions.
If Higgs bosons received mass predominantly from non-gauge
interactions, the standard-model gauginos would be unaccept-
ably lighter than the electroweak scale. Second, the gravitinois
naturally the lightest supersymmetric particle (LSP). The light-
est standard-model superpartner is the next to lightest super-
symmetric particle (NLSP). Decays of the NLSP to its partner
plusthe Goldstino component of the gravitino within a detector
lead to very distinctive signatures. In the foll owing subsections
theminimal model of gauge-mediated supersymmetry breaking,
and the experimental signatures of decay to the Goldstino, are
presented.

I ntroduction

B. TheMinima Model of Gauge-Mediated
Supersymmetry Breaking

The standard-model gauge interactions act as messengers of
supersymmetry breaking if fields within the supersymmetry-
breaking sector transform under the standard-mode gauge
group. Integrating out these messenger-sector fieldsgivesriseto
standard-model gaugino masses at one-loop, and scalar masses
squared at two loops. Below the messenger scale the particle
content is just that of the MSSM plus the essentially massless
Goldstino discussed in the next subsection. The minimal model
of gauge-mediated supersymmetry breaking (which preserves
the successful predictions of perturbative unification) consists
of messenger fields which transform as asingle flavor of 5 4+ 5
of SU(5), i.e. there aretriplets, ¢ and ¢, and doublets, £ and £.
Thesefieldscoupleto asinglegauge singletfield, .S, throughthe
superpotential

A non-zero expectation value for the scalar component of S
defines the messenger scale, M AS, while a non-zero
expectation value for the auxiliary component, F', defines the
supersymmetry-breaking scal e withinthe messenger sector. For
F <« AS?, the one-loop visible-sector gaugino masses at the
messenger scale are given by [42]

Qy

— A
47

ma, = ¢

(14)

wherec; = c; = c3 = 1 (wedefineg; = \/gg'), and A =
F/S. The two-loop squark and slepton masses squared at the
messenger scale are [42]

e = o (32) en ()" 1) (52
me= \ir) T2 \4) T5\2) s
(19)
where C; = %for color triplets and zero for singlets, C; =

% for weak doublets and zero for singlets, and Y is the ordi-
nary hypercharge normaized as Q = 75 + %Y. The gaugino
and scalar masses go roughly as their gauge couplings squared.
The Bino and right-handed dleptons gain masses only through
U(1)y interactions, and are therefore lightest. The Winos and
left-handed sleptons, transforming under SU(2)r,, are some-
what heavier. The strongly interacting squarks and gluino are
significantly heavier than the electroweak states. Note that the
parameter A = F/S setsthe scale for the soft masses (indepen-
dent of the ); for F < AS?). The messenger scale M;, may be
anywhere between roughly 100 TeV and the GUT scale.

The dimensionful parameters within the Higgs sector, W =
pH, HyandV = m2,H,H; + h.c., do not follow from the
ansatz of gauge-mediated supersymmetry breaking, and require
additiond interactions. At present there isno good model which
gives rise to these Higgs-sector masses without tuning parame-
ters. The parameters p and m2, are therefore taken as free pa-
rameters in the minimal model, and can be eiminated as usual
infavor of tan 8 and mz.

Electroweak symmetry breaking results (just asfor high-scale
breaking) from the negative one-loop correction to qu from
stop-top loops due to the large top quark Yukawa coupling. Al-
though this effect isformally three loops, it islarger in magni-
tude than the electroweak contributionto m#;_ dueto the large
squark masses. Upon imposing electroweak symmetry bresk-
ing, u istypically foundto beintherange u ~ (1 — 2)m; (de-
pending on tan ﬂ and themessenger scal€). Thisleadstoalight-
est neutralino, x2, whichismostly Bino, and alightest chargino,
)Zf which is mostly Wino. With electroweak symmetry break-
ing imposed, the parameters of the minimal model may be taken
to be

(tanB, A=F/S,signp, InM) (16)

The most important parameter is A which sets the overall scale
for the superpartner spectrum. It may be traded for a physical
mass, such as Mgo OF My, . The low energy spectrum is only
weakly sensitive to In M;, “and the splitting between In M3 and

In M, may be neglected for most applications.

C. TheGoldstino

In the presence of supersymmetry breaking thegravitinogains
amass by the super-Higgs mechanism

F
—_— V
V3M, ) ‘

where M, ~ 2.4 x 10'® GeV isthe reduced Planck mass. With
low-scal e supersymmetry breaking the gravitinois naturally the
lightest supersymmetric particle. Thelowest-order couplings of

F

~24 (7(100 Tov)? a7)

mg —
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the spi n-% longitudinal Goldstino component of the gravitino,
G, are fixed by the supersymmetric Goldberger-Treiman low
energy theorem to be given by [43]

L= —%j‘”‘B#Ga + h.c. (18)
where j*# is the supercurrent. Since the Goldstino couplings
(18) are suppressed compared to e ectroweak and strong inter-
actions, decay to the Goldstino is only relevant for the lightest
standard-model superpartner (NLSP).

With gauge-mediated supersymmetry breaking it is natural
that the NLSP is either a neutralino (as occurs in the minimal
mode!) or aright-handed d epton (as occurs for amessenger sec-
tor with two flavors of 5 4+ 5). A neutralino NLSP can decay
by x3 — (v, 2%, h°, H®, A°) + G, while a depton NLSP de-
caysby £ — £+ G. Such decays of a superpartner to its partner
plus the Goldstino take place over a macroscopic distance, and
for v/F below a few 1000 TeV, can take place within a detec-
tor. The decay rates into the above fina states can be found in

[16,17, 18, 19].

D. Experimental Signaturesof Low-Scale
Supersymmetry Breaking

The decay of the lightest standard-model superpartner to its
partner plusthe Goldstinowithin adetector leadsto very distinc-
tive signatures for low-scale supersymmetry breaking. If such
signatureswere established experimentally, one of the most im-
portant challenges would be to measure the distribution of finite
path lengthsfor theNL SP, thereby giving adirect measure of the
supersymmetry-breaking scale.

1. Neutralino NLSP

In the minima model of gauge-mediated supersymmetry
breaking, x9 isthe NLSP. It is mostly gaugino and decays pre-
dominantly by x9 — v + G. Assuming R parity conservation,
and decay within the detector, the signature for supersymmetry
a acol Iider isthenyy X + Fr, where X arisesfrom cascade de-
caysto x9. Inthe minimal model the strongly interacting states
aremuch too heavy to berelevant to discovery, anditistheeec-
troweak stateswhich are produced. Atete~ collidersx? can be
probed directly by ¢-channel € exchange, yielding the signature
efe™ — x3%% — vy + Er. At ahadron collider the most
promising signasincludegg’ — x9x, X7 x7 — 77X + Er,
whereX = WZ, WW, W¢ti—, . ... Another clean signatureis
qq’ — ZEZE — £T4~ vy + Er. Oneevent of thistype hasin
fact been reported by the CDF collaboration [14]. In al these
signatures both the missing energy and photon energy are typ-
icaly greater than m., 0/2 The photons are also generally iso-
lated. The backgroundfrom initial- and final -state radiation typ-
ically has non-isol ated photonswith a much softer spectrum.

In non-minimal modelsit |sp055|blef0r 9 to havelarge Hig-
gsino components, inwhich case x§ — h°—|—G candominate. In
this case the signature bbbb X + F7 arises with the b-jets recon-
structing myo in pairs. Thisfinal state topology may be difficult
to reconstruct at the LHC — a systematic study has not yet been
attempted.

Detecting the finite path length associated with x? decay rep-
resents a major experimental challenge. For the case x9 —
v + G, tracking within the el ectromagnetic calorimeter (EMC)
isavailable. A displaced photonvertex can be detected as anon-
zero impact parameter with theinteractionregion. For example,
with aphoton angular resol ution of 40 mrad/+/E expected inthe
CMS detector with a preshower array covering || < 1 [44], a
sensitivity to displaced photon vertices of about 12 mm at the 3¢
level results. Decayswell withinthe EMC or hadron cal orimeter
(HC) would give aparticularly distinctive signature. In the case
of decaysto charged particles, suchasfromx9 — (h°, Z°) +G
or X9 — v* + G withy* — ff, tracking within asilicon ver-
tex detector (SVX) isavailable. In this case displaced vertices
down to the 100 um leve should be accessible. In addition, de-
cays outsidethe SV X, but insidethe EMC, would give spectac-
ular signatures.

2. Septon NLSP

It is possible within non-minimal models that a right-handed
slepton isthe NLSP, which decays by £z — £ + G. Inthiscase
the signaturefor supersymmetry is£t£- X + Er. AteTe™ col-
liders such signatures arefairly clean. At hadron colliders some
of these signatures have backgrounds from WW and ¢t produc-
tion. However, £.,4y, production can give X = 4£, which has
significantly reduced backgrounds. In the case of £z£z produc-
tion the signature is nearly identical to depton pair production
withZ — £ + %9 with %0 stable. The main difference here is
that the missing energy is carried by the masd ess Goldstino.

The decay £ — £+ G over amacroscopic distancewould give
rise to the spectacular signature of a greater than minimum ion-
izing track with akink to aminimumionizing track. Notethat if
the decay takes place well outside the detector, the signaturefor
supersymmetry is heavy charged particles rather than the tradi-
tional missing energy.

E. Event Generation

For event generation by | SAJET, theuser must provideapro-
gram to generate the appropriate spectrafor agiven point in the
above parameter space. The corresponding M SSMi parame-
terscan beentered into | SAJET to generate the decay table, ex-
cept for the NLSP decaysto the Goldstino. If NLSP — G+«
at 100%, the FO RC E command can be used. Sincethe G par-
ticleisnot currently defined in | SAJET, the same effect can be
obtai ned by forcing the NL SP to decay to a neutrino plusa pho-
ton. If several decays of the NLSP are relevant, then each de-
cay aong withitsbranching fraction must be explicitly added to
thel SAJET decay table. Decay vertex informationisnot saved
inl SAJET, so that the user must provide such information. In
Spyt hi a, the G particleis defined, and decay vertex informa-
tionisstored.

VIIl. CONCLUSIONS

In thisreport we have looked beyond the discovery of super-
symmetry, tothe even moreexciting prospect of probingthenew
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physics (of as yet unknown type) which we know must be asso-
ciated with supersymmetry and supersymmetry breaking. The
collider experiments which disentangle one weak-scale SUSY
scenario from another will also be testing hypotheses about new
physics a very high energies: the SUSY-breaking scale, in-
termediate symmetry-breaking scales, the GUT scale, and the
Planck scale.

We have briefly surveyed the variety of ways that weak-scale
supersymmetry may manifest itself at colliding beam experi-
ments. We have indicated for each SUSY scenario how Monte
Carlo simulations can be performed using existing event gener-
ators or soon-to-appear upgrades. In most cases very littlesim-
ulation work has yet been undertaken. Even in the case of min-
imal supergravity the simulation studiesto date have mostly fo-
cused on discovery reach, rather than the broader questions of
parameter fitting and testing key theoretical assumptionssuch as
universality. Clearly more studies are needed.

We have seen that aternatives to the minima supergravity
scenario often provide distinct experimental signatures. Many
of these signaturesinvol vedisplaced vertices: thevariousNLSP
decays, LSP decays from R parity violation, chargino decaysin
the 200 and O-11 models, and enhanced b multiplicity in the 24
model. This observation emphasizes the crucia importance of
accurate and robust tracking capabilitiesin future collider exper-
iments.

The phenomenology of some scenarios is less dramatic and
thusharder to distinguishfrom the bulk of the mSUGRA param-
eter space. Inany event, precision measurements will be needed
in the maximum possible number of channels. 1n the absence of
a“smoking gun” signaturelikethose mentioned above, the most
straightforward way to identify variant SUSY scenarios will be
to perform an overconstrained fit to the mSUGRA parameters.
Any clear inconsistencies in the fit should point to appropriate
alternativescenarios. More study isneeded of how toimplement
this procedure in future experiments with real-world detectors
and data.
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