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We analyze the prospects for discovering supersymmetry at the Fermilab Tevatron and CERN LEP colliders
in the scenario that the lightest supersymmetric particle is a gravitino of maskeV. We consider in
particular the case that the lightest neutralino has a nearly 100% branching fraction into gigditoion
within the detector. This implies that supersymmetric events should contain both misaimgversgenergy
and two energetic photons. Therefore, one can search for supersymmetry simply through inclusive production
of superpartners. We consider the exclusion and reach capabilities of the Tevatron in exploring the supersym-
metric parameter space, and study the efficiencies which can be achieved in this search. We also consider the
discovery reach and backgrounds at LEP with=160,175, and 190 GeV[.S0556-282(96)02621-

PACS numbeps): 14.80.Ly, 04.65+e, 11.30.Pb

I. INTRODUCTION itino mass is related to the scale of spontaneous supersym-
metry breaking by
One of the intriguing theoretical aspects of supersymme-

try is that if it is realized as a local symmetry, it necessarily A2 A 2
and automatically incorporates gravity. This connection is of mazﬂzs,gx 105(% ev. (1)
no consequence in most studies of supersymmetric phenom- NELY 500 Ge

enology at colliders, because of the familiar negligibility of
gravitational interactions. However, this need not be so if theHereM = (8 7G oo ~2=2.4x 10" GeV, andA 5gy is the
gravitino (the spin 3/2 partner of the gravitpis very light.  coupling of the would-be Goldstino to the divergence of the
The gravitino G) obtains its mass by absorbing the spin 1/2supercurrent. Now, the scalkg,gy should at least exceed
would-be Goldstino associated with the spontaneous breakhe mass of the heaviest of the superpartners of the standard
ing of supersymmetry. In the high-energy limit, the interac-model (SM) particles, typically a gluinod) or squark ),
tions of the*1/2 helicity components of the gravitino are the and probably greatly s§One might expect a significant hi-
same as those of the Goldstino it has absorbed. As emphararchy between\gsy and the electroweak scale, in order
sized originally by Fayef1], these interactions are propor- that negative radiative corrections to the Higgs scatmass’
tional to 1img in the mg—0 limit and are therefore poten- can be effective in driving electroweak symmetry breakKing.
tially important even for processes at ordinary energies.  Thus if one takes, e.g., a bourd; 5,>500 GeV, Eq.(1)
However, the strength of gravitino interactioims equiva-  becomes a lower bound on the gravitino mass of roughly
lently 1/mg) certainly cannot be arbitrarily large. The grav- 6x10° eV. In any case a given mass spectrum for the par-
ticles always implies a lower bound ang . This is equiva-
lent to a bound on the strength of the gravitino’s interactions

*Electronic address: ambros@umich.edu with the SM particles and their superpartners. This type of
"Electronic address: gkane@umich.edu bound is quite conservative, and is certainly not expected to
*Electronic address: kribs@umich.edu be saturated in particular mode]g,3] of supersymmetry
SElectronic address: spmartin@umich.edu breaking at low energies. For example, recently proposed
IElectronic address: mrenna@hep.anl.gov models[3] of dynamical supersymmetry breaking communi-
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cated to the visible sector by gauge interactions evidentlgant amount of missing energy. Thus, supersymmetric sig-
favor mg=1 eV which automatically avoids a dangerdes nals in the gravitino LSP scenario should be similar to those
axion [4], although other ways of doing this might be pos-in the neutralino LSP scenario but with twone energetic,
sible. often isolated, photons if bottone of the N; decays occur
One can also attempt to obtain a lower bound on the grawvithin the detector. Several recent papers have presented in-
itino mass by examining the requirements of partial-waveteresting studies of this type of signal at the Next Linear
unitarity for, e.g., the scattering of two gluons into two grav- Collider [9], ey colliders[10], and the Tevatrofl11].
itinos [5]. That process has contributions at the tree level Since the presence of additional energetic photons in su-
from t- andu-channel exchanges of the gluino. As shown inpersymmetric events would provide a welcome and powerful
Ref. [5], tree-level partial wave unitarity is violated in this discriminant against SM backgrounds, it is possible to con-

process when/s exceeds sider supersymmetry discovery signals based on inclusive
production of all superpartners. The signatures in the grav-
Ecit= v288mMmg /myg . 2 itino LSP case are yE++ X (or possiblyyE;+ X), whereX

is an arbitrary collection of leptorgets_(including
Now, one way to interpret this result is that the gravitino X=nothing which can occur, e.g., in the case®gN, or vv
interactions, being gravitational, should not become strongproduction). The purpose of the present paper is to study this
below, say, the scal!; then, Eq.(2) would become a lower strategy at the Fermilab Tevatron and CERN LEP colliders
bound on the gravitino mass ohg=mg/30. If this were in the minimal supersymmetric standard mod®SSM)
true, the gravitino would always interact far too weakly to with a light gravitino. We define the MSSM to be the mini-
play any role in collider experiments. However, it seemsmal supersymmetric extension of the SM wRhparity con-
preferable to interpret the critical energy indicated by @y.  served. Squarkéther than the top squarkare assumed to
as the maximum value of a scale; of unknown new phys- be very nearly degenerate in mass, as suggested both by
ics at whichmg becomes effective. In that case, one findstheory and the absence of flavor-changing neutral currents in
only that mg=Agzmg/30M. If Ag is smaller than the ulti- experiment. Sleptons with the same electroweak quantum
mate scale of supersymmetry breakinllg,sy, this con- numbers are also assumed to be degenerate in mass. We will
straint is vacuous when compared with Et). also often, but not always, make use of the “gaugino mass

On the other hand, cosmological constraifi$ seem to  unification” assumption for running gaugino mass param-
place an upper bound ang of about 16 eV, at least in the  eters:
absence of late inflation. There is then still a window of
perhaps nine orders of magnitude for the mass of a light M. = 3 M.=—2M @)
gravitino. In particular classes of models, this window can be 2" 5 tarf by  oaz ¥
much smaller. Throughout this windowg is clearly insig- i i . i . )
nificant for collider kinematics, and so can be taken to simWhich arises both in gauge-mediated and gravity-mediated
ply parametrize the strength of the gravitino’s interactions. SUpersymmetry brea_kufg. _ _

Most collider phenomenology studies performed up to T.h|s study is motlvatedlln part by the opservatlon at the
now assume that the lightest supersymmetric particgP)  Collider Detector at FermilafCDF) of a singleeeyyEy
is a neutralino [mixture of neutral Higgsinos and €vent[12] that does not seem to have a SM interpretation. It
SU(2), xU(1)y gauginod. If, as is most often assume®  has already been suggested that this event can be explained
parity is exactly conserved, then supersymmetric particle§Y Supersymmetry, either in the gravitino LSP scenario
will always be produced in pairs, and the LSP is absolutely13,14 considered here or in a scenario with a Higgsino-like
stable. In this “neutralino LSP scenario,” every supersym-neutralino LSP{14]. In [14], we found that if this event is
metric event will feature two LSP'’s leaving the detector.due 1o selectron pair production followed by the decays
Therefore the signals for supersymmetry always involve€—€N; andN;— yG, then the kinematic requirements of
missing energy, often together with lepton and/or multijetthe event place rough bounds of 80 Ge\fmg and 38 GeV
signatures corresponding to particular decay chains of the-My, <100 GeV. However, this event can also be ascribed
superpartners producéd]. In the “gravitino LSP scenario,” to pair production of charginos, as we shall remark below. In
however, the signatures should be quite different if the deany case, we will maintain a more general point of view in
cays of superpartners into gravitinos occur within the detecmost of the present work, rather than restrict our attention to
tor a significant fraction of the time. the parameter space suggested by that one event.

For example, in the most obvious case that the next-to- This paper is organized as follows. In Sec. Il, we will
lightest supersymmetric partic(®lLSP) is a neutralindN;)  consider the decays of supersymmetric particles into two-
with a nonzero photino component, one has the interestingnd three-body final states which include a gravitino. The
decay[1,8] two-body decaysN;—ZG and N;—h°G (which might

_ _ compete withN;— yG if the photino component oN; is
N;— vG. (3)  very smal) turn out to be subject to a very strong kinematic
_ suppression. We also discuss expectations for the de-
In the rest frame of the decayind,, the photon takes an
energy equal tcmﬁl/2 and is produced isotropically. The

photons produced in supersymmetric events should thereforélin particular, this “unification” relation can be well motivated

often be energetic enough to pass cuts designed to redueeen in the absence of gauge-coupling unification at a very high
SM backgrounds. The gravitino still carries away a signifi-energy scale; see, e.g3].

a
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cay lengths oﬂl, and note the existence of regions of pa- m>
rameter space where the decdy;—yG is unduly F(N-—wé)z Kiy Ni @
suppressed. In Sec. lIl, we consider the limits on the reach of : 48 Mzm?é'

the Tevatron by studying the cross sections for inclusive
sparticle production. These rates are more interesting than in
the case of the neutralino LSP scenario because of the rela-
tive ease with which arbitrary types of sparticle production
can be detected using energetic photons. We propose a set of
cuts designed to maximize the efficiency for the detection O(Nhere
supersymmetry at the Tevatron via the signatysét+ X,

5
~  ~ 2Kz tkiz. My m3\*
I'(N;—Zz2G)= , (8

967 Mzmé

and study the efficiencies and lepton and jet multiplicities Kiy:|Ni1 costyy+ Nj, sindy?, 9
obtained using several sets of model parameters as test cases.

In Sec. IV we discuss the possibility of discovering super- kiz,=|Ni1 Sinfy—Ni, coul?, (10
symmetry at LEP with/s=160,175, and 190 GeV, includ-

ing an analysis of the relevant backgrounds. Section V con- KiZL:|Ni3 cos8—N;, sing|? (11

tains some concluding remarks.

measure the contents imi of photino, zino, and the
Il. DECAYS INTO GRAVITINOS Higgsino partner of the neutra_l would-be Nambu—GoIdstone
- ~ ) boson, respectivelyfHere and in the following we use the
The decayN;— G will play the central role in the phe- notations of{16] for the parameters and mixing matrices of
n0men0|Oglca| dISCUSSIOI’lS to fO”OW. In Secs. Il and IV we neutralinos and H|ggs scalar bosons in the MSSM. TNHS
will simply assume that this decay is the only important oneare the neutralino mixing matrices with,{) the (mass,
InVOIVIng the graVItan, and that it always occurs within the gauge eigenstate |abe|sy and tans the ratio of H|ggs
detector. However, it is interestiﬂg to consider other pOSSibl@acuum expecta’[ion Va|uégn these and similar formulas

decays which might have an impact on collider phenomenolp,jo\ the Planck-scale suppressim& /M2 is numericall
ogy as well. If N; is the NLSP and is fairly heavybut ' PP ni y

especially if it is beyond the reach of the Tevatron with thecounteracted by the hierarch;n%_lmé, so that the decay
. . 0 I
present integrated luminosjythe decaysN;—~h"G and \igth can be non-negligible. So for example, we can write

N;—ZG can at least naively be important. Also it is inter- Eq. (7) in the suggestive form
can even entertain the possibility that superpartners other . )
il LT
. ; . ; ) 100 Ge 1ev - (12
the decay widths of supersymmetric particles into final states
[1,15] kinematically allowed, the decay can still proceed through an

esting to consider the possibility that a sparticle other than

than the NLSP can decay directly into final states containing

involving gravitinos. When the two-body decay,—ZG is near threshold, for-
off-shell Z boson. In these situations one must use the three-

N, is the NLSP. Finally, ifmg is very small(<1 eV), one F(Ni—wa)=l.12>< 10~ 1GeV
a gravitino. In this section we present general formulas for X Kiy
The relevant interactions of the gravitino are given bymula(8) is not reliable; also when the two-body decay is not

1 = ~ . 1 — - body decay formula. In the limit of massless SM fermions
LD gy Mo G F,,+ vl L y"y'G,.D,p+H.c., from the off-shellZ, the width of the neutralino from three-
) body decays through a virtuzl boson is obtained by replac-
ing

where the spin 3/2 gravitino field i§,, \* is the gaugino 2\ 4

associated with the gauge field contained in the field strength (2kiz tkiz)| 1= — | —=2kiz 11t kiz 1o (13
Fﬁv, and(¢,y) are the scalar and fermionic components of mﬁi

the chiral supermultiplets. The full gravitino field can be well

approximated by its spin 1/2 Goldstino component when itin Eg. (8), where the kinematic factors are most compactly
appears as an external state in processes at energy scalggten as

relevant for collider studies:

€ fl (1—x)4x/R)"

AN " ) R
G~ \3 mg %G (6)

with R=mZ/mZ and e=I;m;/m5. In the case that

(14)

In this limit it is not difficult to use Eq(5) to calculate decay my.—mz>I, one finds |0~|1~(1_m§/m§] )* so that
rates of supersymmetric particles in the MSSM to final states. ' . SN )
including gravitinos. Let us first consider the decays of neu%q' (8) is recovered. At thresholdm{Ni~mZ) one finds
tralinos. Using the relation between the mass eigenstates aha™4!1~0.0029, rather than 0 as suggested by the two-body
the_gauge eigenstates of the, one finds the decay widths formula (8). For another point of reference, withy, =70

of N; into neutral gauge bosons to be GeV, one finds that the kinematic factors are approximately
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=~0.0013 and ;=~0.000 15. In order for off-shell or near- m2 =m2+m32 |cos28] (21)
threshold decay®N,—Z*)G to compete witiN,— yG, the oo W
ggc:;hnoE\(,::r?qf%?:ﬁm— C1>Ef_)‘101 éleesrgngv]fi)lr::jdg rf:/e%t(;) 1?56 Ve for tand>1. Squark(masg® parameters receive large posi-

' Ny ™ 0 tive contributions proportional ta2 and/or «, so that it
~Next we consider the decays of a neutralino into a gravseems doubtful that a squark could be the NLSP. One pos-
itino plus any Og thc? neutral Higgs scalar boson mass eigerkijple exception is the lightest top squark mass eigenégte
St?.tESgo—(h H ,A") of the MSSM. The two-body decay sincem? can receive large negative radiative corrections
widths are given by 1 )

proportional to the top Yukawa coupling squared. However,
N e m%' 2\ a if my,=m, thent,; should be very long lived if it is the
['(N;—¢G)= _le ! -, (15) NLSP, and in particular should always hadronize and escape
the detector as a charge 0 or 1 “mesinot;q) or as a

96 M Zmé 2

N; —
charge 0, 1, or 2 “sharyon”t(,qq’) bound state. In any
where the relevant Higgsino contents are given by case, for the remainder of this paper, we will decline to con-
sider the possibility that a sfermion could be the NLSP.
Kkino=|Ni3 sina—N;, cosz|?, (16) The two-body decay widths of chargino€,} into grav-
itino final states are given by formulas entirely analogous to
kino=|Ni3 cose+N;4 sina|?, (17  Eas.(8) and(15):
5
in0=|N;i3 sind+N;, cosB|?. 18 ~ ~  2kiw,trw, Mg ma,\ 4
Kin0 | i3 B i4 58| (18 F(Cr—>W+G)= |9-|—67T i |_Iv|2 , 1__2V£ ’
Note that with the identificationg=G° (the electroweak me mCi
would-be Nambu-Goldstone bospn kjgo=|N;; cosB (22)
—N;, sinB?, and mgo=m;, one recovers the decay width 5
into longitudinalZ’s indicated in Eq(8), in compliance with - ~  Kig+ mEi ma+ 4
the equivalence theorefi7]. [(C—H"G)= 967 MZm2 7|, (23
It is certainly not an outlandish possibility thamﬁl ms C,
>mpo, SO that the two-body decay;—h°G can compete ith
with N;— yG. However, this decay is also crippled by the wi
k!ne_rr?atlc suppression indicated in EG.5) unlessmN1_|s KinZ%(|Vi1|2+|Ui1|2)- (24)
significantly_larger thammyo. The three-body decay widths
for N;— ¢* G with ¢* decaying into pairs of SM fermions K. = |Visl? SiFPB+|U,|? cofB, (25)
(treated as massless for kinematic purppsee given by L
replacing, in Eq(15), .
placing, in Eq(15) Kin+ = |Vis2 CO2B+|Uiy|? sir?B. (26)
2\ 4
1— M, 0 (19) The generalizations to off-shell decays are given by the ob-
me L vious analogue of the above expressiondNpdecays. How-
i

ever, it should be noted that because of the form of the
) ) 5, 2 2 chargino and neutralino mass matrices, a chargino can only

as given by Eq(14) with R=m/mg ande=T';m,/m5.  pe the NLSP in a small and not particularly attractive region

Since in the MSSM the width df® is only a few MeV, such of parameter space.

three-body and near-threshold decays are generally negli- In general, ifmg could be arbitrarily small compared to

gible. superpartner masses, then all decays of supersymmetric par-
The decay widths of sleptons and heavy squarks are aldécles could proceed directly to the corresponding SM par-

easily found. For a sfermion decaying into a massless SMicle plus gravitino. However, as a practical matter for super-

fermion+gravitino, one finds the two-body width symmetric states accessible at Tevatron energies and taking
into account a conservative lower bound on the gravitino
m> mass as mentioned in the Introduction or stricter bounds in

r(?ﬁfé)z —f~2 (20 particular classes of models, it is easy to see that the decay
487M Zma widths for non-NLSP sparticles listed above should be quite

small and should be overwhelmed by the usual well-studied
One of the more intriguing possibilities is that the nearlydecays. In addition to the decay of the NLSP, there is one
degenerate right-handed slept@s g, and7g act effec-  other potential exception which seems worthy of mention. If
tively as co-NLSP’s. In that case, the supersymmetry discovthe gravitino mass is near the lower end of the allowed win-
ery signatures would generally involve at least two energetidow, it is possible that a heavy gluino can decay directly to
leptonstE+. If a sneutrino is the NLSP, then signatures gluon+gravitino through a two-body decay, rather than fol-
should often be similar to those in the neutralino LSP scefowing the usual cascade decay pattern through virtual
nario, since the decays— vG are invisible. It does not ap- squarks. Since the only other decays of the gluino are medi-
pear to be sensible to contemplate a left-handed chargeated by virtual squarks which can be quite heavy in models,
slepton as the NLSP, because of the sum rule it is conceivable that the direct decay to gravitino can domi-
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nate in the gravitino LSP scenaridn contrast, decays of all ClearlyL depends strongly omy, andmg and can either be
otf1er non-NLSP superpartners can proceed through virtuahrger than, or negligible compared to, the relevant physical
W's or Z's or sparticles which are plausibly much lighter gimension(~150 cnj of a CDF-type detector. Note thatlif
than squark$.The relevant decay width is given by is larger than 150 cm, the efficiency for detecting one photon

m2 can greatly exceed that for detecting both. For example, tak-

[(G—0G)= —2_9 ing L to be 15 m, one finds that the probability for bgtime
(9-9C) 487M Zma of the photons being emitted within 150 cm of the event
5 I vertex is roughly 0.010.17). ForL~150 cm, the probability
~1.1%x10°° GeV Mg \) ( Mg ) of two (one photons being emitted within 150 cm of the
' 250 Ge 1ev event vertex is 0.4Q0.47). Since the SM backgrounds for

events with one energetic photon greatly exceed those for
events with two such photons, we will optimistically assume
'%the following discussion that for the_ processes _of interest
decays of gluinos has already been studiefLBy19], where <150 cm, so that all supersymmetric events will lead to
Eq. (27) was found to be negligible unlessg=10"2 eV, two gotennally detectable ph(_)tons.. Taklrlngly and
even if all squarks are as heavy as several TeV. For graviti(Ez/mﬁl— 1)" to be of order unity, this requires roughly
nos lighter than 107 eV, it was found that the direct decays mg=<250 eV for a 100 Ge\AA\I'1. Larger decay lengths will

(27) can dominate over the more conventional decay chaingecrease the efficiency of detection accordingly.
through virtual squarks only if

(27)

The competition between this decay and the usual casca

- — q
mg=103 eV 1T Tev (28) AT THE TEVATRON

myg )2 IIl. SUPERSYMMETRY WITH A LIGHT GRAVITINO

) ) ) ) The presence of two energetic photons from supersym-
This can only occur in the slightly problematic case thatmetric events in the gravitino LSP scenario should dramati-
Asysy does not greatly exceets [cf. Eq. (1)]. cally increase the detectability over that found in the usual

Given the considerations above, we will optimistically as-peytralino LSP scenario. In this section we will study the
sume for the remainder of this paper that a neutralino is th%ossibility for detecting inclusiveyyE,+ X signals at the
NLSP, that the branching fraction fof; — yG is 100%, and  Tevyatron in the present data sample of about 100" gier
that all supersymmetric decay chains terminate in this subgetector. We concentrate on signals from chargino and neu-
decay. Nevertheless, it is worth noting that this decay can bﬁ-a“nQ slepton, and light top squark production for a range
strongly suppressed due to a very small photino content ot models, and we comment on other potential signals. For
N, in regions of parameter space with small, makingN;  this study, we assume that the decgﬁs—> yG occur within
long lived on collider scales. Assuming the usual gauginGne detector 100% of the time. As a practical matter, we
mass unification conditiofd) and restricting our attentiqn 10 compute kinematics of events with the further assumption
the parameter space not already excluded by LEP with tanthat these decays occur close to the event vertex. All event
>1.5, k1, can be less than 0.001 only 4f is negative and  simylation is performed using tierTHIA Monte Carlo code
|uliM5<0.2. For «1,<0.01, it is required thajul/M,<0.4  ith supersymmetric extension@l]. References[9—11]

(0.2 for u negative(positive.. A milder but still quite sig- 550 contain recent studies of gravitino LSP physics at col-
nificant suppressioik;,<<0.1 can be obtained [f/M,<0.5  |igers.

(0.65 for u negative (positive. Conversely, as long as
|#/>M, and mg,>50 GeV, one finds<;,>0.21(0.13 for u
negative(pgsitive. Formally, if «;, were to vanish, the de- ) ) _—— o~ ~—
cay N;— G could still proceed through one-loop graphs, ~ The production cross sections f6;C; , C;N;, andN;N; -
but these amplitudes are very smidD] and in the present at hadron colliders are functlons of the gaugmo-H|ggsmo
context are only competitive for a fine-tuning ef, which is ~ Parametersthe U1) gaugino mas$,, the SU2) gaugino
finer than we are willing to contemplate here.  _ massM,, the supersymmetric Higgsino mass paramegier

Of course, a 100% branching fraction fil,— yG does tang] and the squark masses. In the foIIowm_g we vary these
not guarantee that the photons can be detected, since tR@rameters to find the range of expected signals. The grav-
length scale associated with this decay might easily be condtino LSP_scenario has striking phenomenological implica-
parable to the relevant physical size of the detector. Th&ons for C; andN; production. Consider, for example, the
probability that eachN; with energyE in the laboratory processpp—C1 N,. In the neutralino LSP scenario, it is

frame will travel a distancesx before decaying is given by Well known that this process can be detected with a good
efficiency when the final state includes three leptf23].

A. Chargino and neutralino production

P(x)=1—e ¥, (29 However, in the gravitino LSP scenario, all of the final states
_ of this process (including yyl "I 1" " Er, yylTjjE T,
where from Eq(7) the decay length is yyI"17jj#+, and yyjjjjHE5) can provide useful signals.

Likewise, the production of ; C 1 pairs can lead to observ-
able signalsyyl 1’ "E1, yyl TjjE+, andyyjjjjE . When

e _5 2 the gaugino unification conditiof¥) is satisfied, these two

Ny ) ( Ms ) em (30) processes provide the bulk of the supersymmetric signal
100 GeV 1 eV throughout much of parameter space, because of the rela-

L=1.76<10"%(ky,) " YEYm: —1)2
1

X
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FIG. 1. Total production cross sections for charginos and neu- FIG. 2. Asin Fig. 1, but as a function afi . We find that even

tralinos (N;N; andN;C; and C;C;) at the Tevatron with/s=1.8  when the gaugino mass unification assumptinis not made, the

TeV as a function of the lightest neutralino mass, assuming gauginginimum cross section is never significantly less than shown here.
mass unification. The solid lines are the minimum and maximum

allowed cross sections. The dashed line is a typical l§gend

> satisfied, then the total inclusive chargino-neutralino produc-
heavy squark limi{u=1000 GeV,mgz=1000 GeV, tag=1.5).

tion cross sectiorfor the range ofmﬁl shown can be es-
tively large couplingsWElﬁz and 26161' 76161- Also  sentially negligible;.this is 'graceable directly to the kineme_ltic
N,N, production, which is undetectable at hadron collidersSUPPression associated with very heavy charginos. In Fig. 2
in'the neutralino LSP scenario, leads to the sigpgE+ in we show the.same cross section, this time as a function of the
the gravitino LSP scenario. Unfortunately, although this pro-ighter chargino mass. Again, Fig. 2 assumes @g. How-
cess is kinematically favored, it usually has a Qegligibleever’ we found that the minimum production cross secthn in
cross section at hadron colliders because of a sEg|N, € case of general gaugino mass parameters,_is not signifi-
coupling and heavy squarks. cantly Iqwer than that shovyn in Fig. 2, for a givén mass.

The branching fractions for the various final states assol NS IS important because it shows that the Tevatron can set
ciated with chargino and neutralino production are quiteM°del-independent exclusion limits ong,, if the efficiency
model dependent. For example, the jet or lepton multiplicityfor detection is reasonably bounded from below. The maxi-
and kinematics can be a strong function of squark and slegnum production cross section for general gaugino mass pa-
ton masses. Since all of these final states fidmand N,  rameters not obeying E¢4) can be several times larger than
production involve two energetic photons and missing transthat shown in Fig. 2. As can be seen from Fig. 2, the total
verse energy, we prefer to focus on the inclusiyd+ X number of chargino-neutralino pair production events at the
signal rather than details of jet or lepton multiplicity. If a Tevatron with 100 pb" of data is>100 before cuts if a
number of events are found in the data sample which are nghargino mass is less than 100 GéWe maximum LEP
understood as coming from the SM, then such details coulgeach.
help disentangle the underlying theory. Below we show such To fully define a signal, we choose the following cuts for
distributions for a specific set of models. the two photonsy; and v,.

In Fig. 1 we show the allowed range for the total inclusive  Et(y1), Er(y2)>12 or 25 GeV, wher& is the transverse
production cross section(pFHNiNj or C,C; or N;C;) at  energy. We define two different signals based on the mini-
Js=1.8 TeV as a function of the lightest neutralino massmal Ey. For the lower threshold, we impose a 30% loss of
my,. We have assumed that the gaugino mass unificatioffficiency when one or both photons have below 25 GeV,
assumptior(4) holds, so that the gaugino-Higgsino sector istO simulate the approximate I.OSS of triggering ?ff.'c'eﬁw]'
determined by only three parameters, one of which we |’7i§3’1)|’ |77(72)2|<1’ wherez is the pseudorapidity.
choose to be th&l; mass. To generate this graph, we have Er"<4 GeV, where
varied the other parameters of the MSSM over the ranges

250 GeWmy <1000 GeV, Ex’= X EY'-Ex(),
i, R=0.4

—1000 GeW u<1000 GeV, .
H and we sum the transverse energy from all particlgs (
1.5<tanB<55 within a cone of sizeR= /(A 7)%+(A)? centered on the

The dashed line represents a typical lajge heavy squark

limit, namely, ©u=1000 GeV, mz=1000 GeV, and taf 2This number can be significantly reduced without affecting the
=1.5. If the gaugino mass unification conditi¢#) is not  signal.
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FIG. 3. The number ofyyE1+ X events expected in 100 pb
of data using the models defined by Eg§1) and the cuts explained
in the text withE+(y)>12 GeV. The signal comes from the inclu-
sive_production cross sections for charginos and neutraliNgs,
andN;C; andC;C;) at the Tevatron with/s=1.8 TeV as a func-
tion of the lightest chargin€; mass, assuming gaugino mass uni-
fication.

photon candidatgPhotons from jets or bremsstrahlung tend
not to be isolated from additional hadronic activjty.
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FIG. 4. As in Fig. 3, but withE(y)>25 GeV.

tan3=1.5,1.7,2.5,3.0,10.0,

240

(m~,mTL,mTR)=(250,125,119 or (500,250,238 GeV.

(31

Here M is fixed by Eq.(4). The sneutrino mass_is fixed by

E+>30 GeV, where; is determined by the sum of the the sum rulg21). (When the result is less than thg mass,

visible energy in smeared jets, photons, and leptons.

Standard model physics backgrounds can arise from
W*(=lv))yy, Z(—vv, 7" 77) yy, andQQyy whereQ=c,

b, ort. We have not made a full matrix element simulation
of these backgrounds. However, we estimate their magnitude
by generating™=v, Zv, tt, byX, andcyX events with ad-
ditional QED radiation in the leading-logarithm approxima-
tion [24]. Based on this analysis, we estima&@e13, 0.11,
<1073 <1072 <0.1) events in 100 pb* from each of these
sources whelk(y)>12 GeV. For this set of cuts, theyy
background is the largest hadronic source, and it is well un-
der control. Likewise, backgrounds from a jet faking an iso-
lated photon can be estimated from these numbers using a
simple scaling byr/ae, xR, ., X f~0.1, whereR; ,,~10"3

is the probability a jet fakes a photon afrt10 accounts for

the squared quark charge. The probability of two jets faking
two photons is even further suppressed. Finally, backgrounds
with a fake missing transverse energy are limited by excel-
lent electromagnetic calorimetry. Essentially, these chosen
cuts should yield a signal free from background, though the
£+ cut could be increased if necessary.

To assess the sensitivity of the Tevatronytg+ X sig-
nals fromC; and N; production, we have performed event
level simulations of various light gravitino models using the
parameters

Inclusive NN;, GC;, NG, Production
* hY
s ,;;3& {,W
f‘;ﬁd' % 3 ? vVt
W% "":° . u”’ o ¥ .o:“ }...
by ’:;‘r MR
hoy ;0‘ f44
g 2 0add
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5 ¥ P} > 12 GeV
3’0 E; > 30 GeV
*
*
&
*
[*
[T U N D B BN S SN W NN e
30 40 50 60 70 80 g0 100 110

N, Mass (GeV)

FIG. 5. The number of generatedyE++ X events passing cuts

divided by the total folE+(y)>12 GeV, for the models defined by

Eqg. (31). The signal comes from the_inclusive production cross

M,=100,150,200,225 GeV,

sections for charginos and neutralindgN; andN;C; andC;C;) at

the Tevatron with\s=1.8 TeV as a function of the lightest

pu==*x125+215+300+-600 GeV,

charginoC,; mass, assuming gaugino mass unification.



5402

AMBROSANIO, KANE, KRIBS, MARTIN, AND MRENNA

7000 F
Inclusive NiNj, CiCl. N,C]- Production Model 1 o000 F Model 2
5000
4000 |
. — Leptons —— Leptons
LR 3000 F
oo PR > TR Jets E Jots
N °"‘$‘g“ & -, nye ™o e 2000 f
‘.o;':d' # o:}’o‘%’ 8
.0 e + ? 1000 :.,:
"o') - % el o [ I
§ , :;".:4' 5 4 6 8 4 6 8 10
D" *
Lo | Y =]
§ * " h] <1 3
& P> 12 GeV 8 6000
Y E, > 30 GeV o0 Model 3 : Model 4
. Ss000 F -
[ 298 Z 5000
. S
4000 1 4000 |
+ E F
P 3000 | — Leptons | 3000 — Leptons
. 3
. Eoy e e Jots Jets
A 2000 | 2000 F
1000 .} 1000 |
voRlw v b o Biwvt 100, Yoem il iy PRI == L OV e A
50 75 100 125 150 175 200 225 250 0 2 4 6 8 10

° Mut wf ; ; (25 \Y
. 25
C, Mass (GeV) Multiplicity for P} > G}

FIG. 8. The lepton and jet multiplicities for the four models

FIG. 6. As in Fig. 5, but as a function <mf151. explained in the text

we take insteadn; =my, +5 GeV andmy fixed by the sum ~ o _ ~ .

rule) While larger squark masses can easily be obtained ifo" ©f MK, and in Fig. 6 as a function afic, using the
models, we find that to a good approximation the depenEr(y)>12 GeV cut. By comparing Figs. 3 and 4, we con-
dence of signals on squark mass vanishes for squark masségde that most of the photons originating from models with
above 500 GeV at the Tevatron. We display the results inhc,= 140 GeV which pass the 12 Ge¥4 cut will also pass

terms of the number of expected events in 1007phs a  the higher threshold. It is also clear that the lovi&r(y)

function of C; mass in Figs. 3 and 4, for a minimuBy(y)  threshold substantially increases the signal for smaﬂ@lr
threshold of 12 and 25 GeV, respectively. The efficiency forgegpite the loss of triggering efficiency.

excludesm"c‘1< 125 GeV when Eq(4) is assumed, which is
. well above the pair production threshold of any LEP up-

Inclusive NN, CC, NG, Production grade. Th_e same in_forr_nation, but pI(_)tted as a function of the
Lt N, mass, is shown in Fig. 7. From this plot, we conclude that
50 - . . a lightest neutralino mass below 70 GeV is excludable in the
Yo, .
R <1 same manner, when E@4) is assumed. Wg ha}ve not at-
- . ¥t P:}:1ZGGV tempted a completely general study of efficiencies when the
Swl X o E, > 30 GeV gaugino mass unification is not assumed. However, we do
E L:’ o not see any reason to expect significantly lower efficiencies
2 . ";, R, in the completely general case. In particular, small mass dif-
§3° C " . e ferences between charginos and neutralinos should have little
5 '13'..» . * effect on the efficiencyfor fixed m‘,\]l) since the photon en-
2 ;.,' + ergies andt+, which primarily determine the signal, depend
gzo - 't of . * -~ h . .
3 s . oo on the mass and boost bf;. Therefore by considering Figs.
S WY .., 5 and 6 and using the fact that the minimum production cross
10 ‘%’g Aa e, section as a function ofng is bounded from below as in
..u . ;.,;.* o Fig. 2, we conclude that it should be possible to exclude
s ”’Tﬁw mg, <100 GeV formy >50 GeV using the present 100 b
° 20 30 40 50 60 70 80 80 100 110 120

of Tevatron data, even without assuming E4).

As mentioned previously, the lepton and jet multiplicities
of such events can be large, although they can be sharply

FIG. 7. The number ofyyE1+ X events expected in 100 pb ~ "educed from naive expectations because of limited detector
of data using the cuts explained in the text wiEh(y)>12 Gev. acceptance, jet definition, and isolation criteria. This is par-
The signal comes from the inclusive production cross sections fofiCularly relevant when the mass splittings among charginos
charginos and neutralind®;N; andN;C; andC;C;) at the Teva- ?nd neutralinos are re_Iatlver S_'ma”- qeﬁ gre defined us-
tron with yS=1.8 TeV as a function of the lightest neutraling ~ INg a standard clustering algorithm wik=0.5 andE }>15
mass, assuming gaugino mass unification, and using the modefseV, |7|<2.5. The particle energies are smeared using typi-
defined by Eq(31). cal CDF energy resolutions. Electrons and muons must have

N, Mass (GeV)
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E{&#>20 GeV and7®*|<2.0, while being isolated from 1
excess transverse energy. We illustrate typical jet and lepton
multiplicities for four specific models in Fig. 8. The model
parameters are the following.

Model 1. M,=100 GeV,u=-216 GeV, ta=2.5, and
mg=m7=1000 GeV. One then finds my,
=(53,108,227,238) GeV, mg =(108,240) GeV, and
x1,=0.85.

Model 2. M,=150 GeV,u=-125 GeV, taB=1.7, and
mg=my = 1000 GeV. One then finds my,

=(80,119,153,179) GeV,m5i=(134,182) GeV, and

0.1 ¢

0.01 ¢

Inclusive slepton production (pb)

K17=0.81.
Model 3. M,=200 GeV, u=600 GeV, tap=3.0, my_ 0.001 . s . . :
=150 GeV,m;=250 GeV,mj =260 GeV, andmg=700 0T R s gen

GeV. One then findsrnﬁi=(98,190,602,615) GeVmgi
=(189,614) GeV, andk,,=0.72.
Model 4. M,=225 GeV, u=300 GeV, taB=1.5, my FIG. 9. Total slepton production cross sections at the Tevatron
—105 GeV,m;=115 GeV,mj =125 GeV anchwa=30'6 with \s=1.8 TeV, forlgl as a function ofmy, (solid line), and
4 1 L ’

i _ ~ left-handed slepton§vy and| v and | ) as a function ofms;
GeV. One then flndsmNi—(101,183,301,355) GeVmCi (dashed lines In the latter case, the loweuppey dashed line
=(176,350) GeV, andk,,=0.56. corresponds to t@#=55 (1.5). The cross sections shown are
We note in passing that model 4 may be of particularsummed over slepton flavors, with slepton masses taken to be flavor
interest, since it has some general properties consistent withdependent.

an alternative candidate for the C@feyyE; event through

C,C, production. In this model, the lepton multiplicity iS crease monotonically with larger tan(for a fixed value of
peaked at _1 pgt there is also a substantial component WI%‘;)- TheTL"v' component of the signal is always the largest.
lepton multiplicity 2(because of allowed two-body decays of the fing| states from, I, andl,7 production will depend

C, and N, to sleptorrN,). One expects about three gnqifically on the slepton ar@ ,N, masses, but can contain
chargino-neutralino events after cuts from this model in the yE; and up to three charged leptons.

current data taken at the Tevatron. We will remark further on” " roiher than conduct an extensive survey of slepton signa-
the chargino pair production interpretation of the CDF event, o5 '\ve consider as a test case the chargino or neutralino
below. This model also has light sleptons, and so it couldse oy of model 4 of Sec. Il A. For the fixed set of gaugino

have produced the event through selectron pair prOd”Ctiorbarameters of that model, we further vary the right-handed
but the kinematics does not favor this interpretation because

the leptons would be too soft. Figure 8 shows how the rela-

tive multiplicities could help distinguish models if a signal is 0
established. r Inclusive T, Ty Production
B. Sleptons ..

In most theoretical models, scalémas3? parameters re- g .o *e P¥';‘71'2<éev
ceive positive contributions proportional t@? and/or «; , < m . E, > 30 GeV
whereq; (i=1,2,3 are the gauge couplings felt by the scalar. g o Iy .

Therefore one expects that sleptons with the same ‘g . .
SU(2), XU(1)y quantum numbers should be degenerate in g'r ., ..
mass, and should all be considerably lighter than squarks, ¢ . ©°°% ..
with my,<m;<mfj_ the most plausible mass ordering. Itis & ° « %%, .

@ . ° °
therefore interesting to consider slepton discovery signals at § . . °, .
the Tevatron; a corresponding study in the neutralino LSP I ° . °,
scenario appears. ii25]. In Fig. 9, we show total Tevatron . ° .
cross sections folgl g production summed over three fami- I ., °
lies (solid line) as a function ofm7_. The signal forégeg .
production with the decagr— €N, is eeyyE+, providing a 0 e
viable candidate for the single observed CDF event of this i, Mass (GeV)

type [12]. As is known from the analyses §12—14], such

events do not seem to have a probable SM interpretation. In FIG. 10. Expectedglg signals(including all three lepton fla-
the same figure we show as a functionnof the total cross  vors) from model 4 at the Tevatron witfs=1.8 TeV, as a func-
section forvy, |, v, andl |, production, for tag=1.5 and tion of my .. The total yyEr+X signal is shown by the solid
55 (dashed lines Since the masses ofand|, are related by  circles, while the single lepton and dilepton components are de-
the sum rule(21), the rates fol ‘v andl |, production de- noted by crosses and open circles, respectively.
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0 100
F Inclusive i, T, T_v,, v, v, Production
L d
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.
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3 . . £
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R 100 120 140 160 180 200 220 FIG. 12. Cross section for pair production of the lighter top
v, Mass (GeV) squark mass eigenstate at the Tevatron wish=1.8 TeV.

FIG. 11. Total expecteti 1, andl,7 and7v signals(including ~ tained at the Tevatron. In Fig. 12, we show the to{t] pair
all three lepton flavojsfrom model 4 at the Tevatron witk/s ~ production cross section as a function tgf mass. In the
=1.8 TeV, as a function ofn;. The total yyE;+X signal is  gravitino LSP scenario, this process should lead to spectacu-
shown by the solid circles, while the single lepton and dileptonlar signalsyyE++jets.
components are denoted by crosses and open circles, respectively. We consider two scenarios, based on the mass orderings
my,<mg, +my or my, >mg +mg. In the fiLst case, eadh

selectron and sneutrino masses over the ranges 100 Gé@scades through 2 two-body decays m)és final state. In
<m7_,m-<200 GeV. It should be noted that for much of the secondt; undergoes an additional three-body decay to
RV ’

. . ~ reach abffyG final state, wherd is a fermion. As a result,
this range, direct decays of sleptons to leptonsipdhould the photons produced in the second case tend to be softer.

gonm(:lnﬁte Ifortthne Chr?je}? nrgoijefl'.r? |Ege(§he|5|gt]ngls r:rovm rr'g:]hti:or the first casef,t; production leads to two additional
anded septons a om fett-nanded sieptons have ra arm jets in the final state, while jets and additional lep-

different characteristics, and because the masses of right- apd o or jets are present for the second. As before, we ignore

lﬁz_h?ﬁgigiigtzgs ::Z:& r||or|II:nlr:?Iatig, xg CST]%OVS%Z dc'rs(;ssuch particulars, which could substantiate a suspected signal,
blay P Y- 9. nd concentrate on the same inclusiyeE++ X signal.

sections after cuts arising from right-handed slepton produc-
tion. The inclusiveyyE+ signal, with or without additional
leptons, is denoted by solid circles. We note that the dilepton

component of the signalopen circleg is greater than the IS B
single lepton componelitrossesfor m7,>130 GeV. There "3 tt Production
is also a significant component with no leptons passing the 21 ,::;2:

cuts. In Fig. 11 we likewise show the total rate after cuts
expected from |, andl, 7, andvv production, as a function

of nr; . For any given model, the expected number of events
with zero or one lepton far exceeds the number with two
leptons. This is partly because of the comparatively larger
cross section fowl, andvv production, but also because
some leptons do not pass cuts.

T
¥
i

Number of Diphoton Events in 100 pb!

<1 .
C. Light top squarks PY> 12 Gev ° :;:&ﬁa w
B _ . €, > 30 GeV 3 oH
In specific models, one top squark mass eigenstatds . ° . il
often found to be much lighter than all of the other squarks, I PRI
and can even be lighter than the top quarkm‘fl< 100 ‘°.% 1
GeV, chargino or top squark loops might help to exp[&i6] | T .22;.07 .
the excess oR, in the LEP data from the CERN'e" * i Mass (GeV)
1

collider LEP. However, we have already seen that in the
gravitino LSP scenario, charginos must be far too heavy for
this to occur. Furthermore, a significant bound can be inde- FIG. 13. Number ofyyE+ X events in 100 pb' as a function

pendently placed on a light top squark mass in the gravitin®f the lighter top squark mass eigenstate at the Tevatron \\Qﬁih
LSP scenario given the integrated luminosity already ob-—q g Tev.
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isolation requirements with the higher jet multiplicity. In Fig.

1000 :
000 | 14, we show contours of this total production cross section in
the (mg,mg) plane. (For simplicity, we have assumed de-
800 generacy of all squark flavoysAt least in the case when
o TOO| gaugino mass unification is assumed, it appears to be doubt-
8 60l ful that gluino pair-production processes can be useful, since
8 ool the non_observatlon of events from chargln_o and neutralino
g production together with Edq4) forces the gluino mass to be
g 400 - too large. It should be noted thit; as given by Eq(4) is
B a9l less than the physical pole mass of the gluj28] by an
200 | amount which is often quite substantial, especially if the
squarks are heavier. This effect makes it even less likely that
100 - processes involving gluino production can compete with the
0 s s s ) s chargino-neutralino processes already discussed. The rate for
0 100 200 300 400 500 600

associated production a; or N; with a gluino or squark
overtakes thedg+gq+qq) production rate whemyg ex-
ceeds roughly 400 GeV, depending on the squark masses
FIG. 14. Contours of inclusive production cross sections for[29]. In this regime, however, even the sum of all processes
gluinos and squark&g andgq, Gg) at the Tevatron with/s=2  involving gluino or squark production should be small com-
TeV. All squark flavors are taken to be degenerate for simplicity. pared to those from chargino and neutralino production, un-
lessmyg is significantly less thamg . It therefore seems un-
Based on the previous bounds mrr{ll and mEl’ we consider likely that gluinos or squarks can be involved in the

models withmg_+m,>m7 >my >70 GeV for the range discovery process.

of gaugino parameters discussed previously, and a smaIIeEr c ; the int ati f the CDF . ;
set of models Witrmrl>m51+ m,>125 GeV. The results omments on the interpretation of the E€yyier EVen

are illustrated in Fig. 13, which shows the number of ex-_ In this section we have emphasized the power of the
pected diphoton events in the present data sample using tHé&Vvatron in setting exclusion limits in the gravitino LSP sce-
previously defined cuts witB(y)>12 GeV. There is a sub- hario. Of course, in this context we must mention that at least
stantially higher detectability of the signal whep—C,bis ~ one even{12] of this general type has been observed at the
not kinematically allowed. The absence of such events in th&€DF. This event has an energetic electron and positron, two
present data sample seems to exclutiglighter than at least €nergetic photons each wifly<1, and large(>50 GeV)
140 GeV even in the case that; >mg +mj,, which is E;. It easily passes the cuts defining our S|gn<_';1l above..
already far too heavy to have any effect on the interpretatior|1 :[I'he most ob\gouts_ cangld?]te pr(I)ce?js f(t))r this dt_avent IS ds’?'
of the LEP R, measurement. Additionally, itm7 +mg ectron pair production. As has aiready been discussed in
-~ ‘1 i [13,14), and recently in some more detail 1], one can
<my, then the decay—t,N; can occur, generatingyE+

_ ! - attempt to explain the event either in terms'gfeg pair
events fromtt production, but the bounds ant andmy,  production ofé, 8, pair production. From the kinematic in-

preclude this. formation, we found if14] that in either of these two cases,
Note that the limit on the mass of the light top squark inone has rough boundsz>80 GeV and 38 my, <100

the gravitino LSP scenario is much stronger than for thegey. |f one assumes gaugino mass unification, the lower
neutralino LSP scenario in the case whefe-cN,. The  hong obtained here fany, is far weaker than the lower

latter case, which relies on the signal of two acollinear jetsbound established above from the nonobservation of

\?vr#ijc?c,i el.:,elgm;:]eeds tt?: et?;mgschﬂﬁ'[g%]b%\:\éeapa?: ?wl:lnl chargino and neutralino events at the Tevatron. As has been
tation of the gravitino LSI; scenario ey which sets both emphasized repently 'hll]’. th_g energetic ellectrons in the

N1 event seem to indicate a significant mass difference between
the scale oE+(y) ander. my, andms, in order to have sufficiently energetic electrons

with a high enough probability to explain the event.
Right-handed selectrons have a lower production cross
It is a common feature of known models that the gluinosection than do left-handed selectrons for a given mass, as
and squarks are quite heavy. However, the presence of enaran be seen from Fig. 9, and this seems to perhaps favor the
getic photons in the eventual decay products means that thdea that the pair-produced selectron was left handed. How-
detection efficiency is likely to be higher in the gravitino ever, since we are forced to calculate the probability of this
LSP scenario than in the neutralino LSP scenario. Thereforsingle event using Poisson statistics, this argument is not on
it is again interesting to get an idea of the upper limit on thevery solid footing. For example, if the three right-handed
potential reach of the Tevatron collider by considering thesleptons are degenerate in mass, then the cross section to
total inclusive production of gluinos and squarks produce any paifgly is of course 3 times larger than the rate
(99,09,9q). It must be mentioned that there are at least twadfor the pair'éz€r which could explain the event actually
factors which might adversely affect the efficiency hereseen. Itis not completely clear which of these rates should be
somewhat,_including larger boosts, leading to longer decagaken in assessing the likelihood of a single observed event.
lengths forN;— vG [cf. Eq. (30)], and losses from photon In any case, the rate before cuts fafz production in 100

Giluino mass (GeV)

D. Other processes
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pb~!is about 1 event fom7 =125 GeV and 1/2 event for pb~! data sample collected at the Tevatron. However, it is
m7_=145 GeV. The rates after cuts are significantly lesgmportant to take into account the results of Sec. Ill when
R

because of acceptancésee Fig. 10 but it seems possible assessing the discovery potential of the various LEP up-

that the observed event is an upward fluctuation ingike; grades. At least within the context of gaugino mass unifica-
production process, even Wi[th— M, sufficiently large to tion, we have found that the lightest neutralino mass can be

, . N bounded from below by 70 GeV, based on the exclusion
explain the observed kinematics. capability of the current 100 pB data. Similarly, the lighter
Conversely, although the rates for left-handed selectroghmgino mass is bounded below by 125 GeV, and even

produption are larger, one must also note _that in this inte_rWhen Eq.(4) is not assumed, one hasg >100 GeV for
pretation the expected number of events with two leptons is 1

always considerably less than for one or zero lept(es my,>50 GeV. Therefore, it is immediately clear that one
Fig. 11). The reason_for this is that the production_crossca@nnot hope to observe chargino pair production at any of
section fromuw and !, is necessarily larger than forl, ~ the LEP upgrades considered here in the gravitino LSP sce-
because of the kinematics dictated by the sum (al. It ~ nario with our assumption thah;—Gy always occurs
might therefore be viewed as problematic that the single obwithin the detector. Furthermore, the second lightest neu-
served event has two leptons. The limited acceptance fdfalino should also not be kinematically accessible at LEP
leptons only exacerbates this problem. Nevertheless, it agafen iNN1N, production, at least in the case that gaugino
seems to be not entirely out of the question that the everffass unification4) holds. The reason for this is thatc,
could be due t@, €, production. >125 (as required by the Tevatron datand my, <95 (as
There is another very interesting possibility, however, 'I'required for accessibility ie* e~ collisions with ys=190
Iustra‘ged by_ model 4_ab0ve, that the event Co_uld be due t&eV) force one into a region of parameter space with rather
c?argﬂ? pe:]w production. V\fje nt(_)te that depert1_d|ng On paraMyrge x| and gauginolikeN; and N,, so that my,+ My,
eters, the chargino pair-production cross section remains suf: 1 "~/ Trerefore. it is clear that in the chargino-

ficiently large to give 1 everafter cutg in 100 pb ~ up to at neutralino sector, LEP190 can only hope to obsdwl,

leastme, =200 GeV. Now, each produced chargino can de'production with signatureyE. Likewise, the existing Teva-

cay into eitherl vyG or qqyG. If the decay is dominantly o data make it impossible for a light top squddk other
throughW-boson or squark exchange, then one might expectqyark to be accessible at LEP with our assumptions. There
the eeyyE+ event to be accompanied by many more eventss 5 still a possibility to observe slepton pair production
with jets or significant hadronic activity in addition 1. gince, taking into account efficiencies, the Tevatron cannot
However, this can be avoided €, has kinematically al-  get exclusion limits on slepton masses which are significantly

lowed two-body decays into left-handed sleptons and ”°§tronger than the indirect one following fromn-r>mﬁl

Into W, : >70 GeV. Therefore there is a narrow rang&qfand slep-

mg, > m5>my, (32) ton. masses from no less than 79 GeV up to less than 95 GeV
which can be probed at LEP witfis<190 GeV.

We begin by consideringl;N; production ine*e™ col-
lisions, which leads to events with two acoplanar photons
) ] _and large missing energyA similar study for the NLC has
In this case, the chargino should decay as eithefecently been madg].) The energy distribution of photons

Ci—yl—=IvNi—lyE; or (if kinematically allowed  produced in such events is flat, with end points
C,—l v—IvN;—IyE;. Both of these decays have the

same signafwith different kinematics so that the signal for
chargino pair production will bé*I’~yyE; in this case,
with a nearly 100% branching fraction before cuts. Even
though sneutrinos are lighter than charginos, the chargino . >
production cross section can be much larger. Of course, it Emax,min:z(\/gi S_4mﬁl)' (39
should be noted that the rate for different flavor leptons in

this case is twice that for like-flavor leptons. Still, we find The two photon enerdies in each event vary over this range
that it is possible to obtain kinematics and rates after cuts P 9 . y IS rang
which could explain the CDF event. The kinematics of thelndependently, providing a very simple characteristic kine-

event together with the cross section for chargino pair pro-matlc signature. The missing energy in each event is

duction evidently favomg =125 GeV in this case. boun(ied according to 2“‘”<E<.2Emax and is pe_akt_ad ?‘t
L~ ~ . , Epean= VS/2. Two further corollaries are that the distribution
We should also mention that; N, production can give an

. e 1 - X of E, +E, is the same as that &, and that the energy
eeyvyE; signal, but it is very difficult to reconcile this pos- dist bl " 2 £ th | tic ohot b di
sibility with the observed event, because of the large invari- Istribution ot the morg( es9 energetic pnoton observed in
ant mass of thee pair in the evenf12] each event riseffalls) linearly with energy. The numerical
’ bounds on photon energies in thgN; signal are, for the

various LEP upgrades,

me,— My, <My (33

Emin<E'y11E'y2< Emaxv (34)

IV. SUPERSYMMETRY WITH A LIGHT GRAVITINO
AT LEP

The LEP collider at CERN will probe some of the param- 3we neglect final state interference effects throughout the follow-
eter space which is not yet excludable by the current 10Ghg discussion.
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1 . . . ; The prospects for discoverpr confirmation are clearly

&1 much brighter at LEP190 with 500 pb per experiment,

+7. +i+§?+ % both because of the kinematic reach and the greater luminos-
o1L ° .++:$+*.;:ﬁ'+

i
ﬁ{i gt " | ity. In Fig. 15, we show a scatter plot of the todyN, cross
»+,++W$f section atys=190 GeV. Each point on this plot corre-
-"’0‘ i 3 -j:
-

o
+ .+
"
:

sponds to a set of model parameters which plausibly could
have avoided detection at the Tevatron with the current inte-
grated luminosity, based on the results of the previous sec-
tion. To illustrate the dominance of th@& exchange dia-
grams, models Withl’ngR< 175 GeV are denoted by crosses,

while those with 175 Ge\k Mg, < 500 GeV are denoted by

L dots. (The CDFeeyyE; event could perhaps be explained
$o— by €grer production in models of the former categorf¥he
70 75 80 85 90 95 gaugino mass unification conditiqd) is assumed here. We
N, mass (GeV) have taken into account initial state radiation effects which
imply a small(=10%) reduction in the signal; it should be
o noted that such effects are larger whfboson exchange
FIG. 15. Production cross section fof;N; at LEP with \'s  dominates because of radiative return to Zheeak. To these

=190 GeV. Each point represents a set of model parameters whiatross sections one must apply detector cuts,[8@],
may not be excludable at the Tevatron with 100 bbThe crosses

(dot9 represent models WitmgR less(greatey than 175 GeV.

0.01 |

o(N;N,) (pb)

0.001 |

|cos,|<0.95, (39

20 Ge\<E, ,E, <60 GeV (\s=160 GeVl, (36
G (s v 9 (P1)4>0.06F peam (40

18 GewE, ,E, <70 GeV (Vs=175 GeV), (37) . .

for each photon. The discovery reach with 500 bbxtends

16 Ge\WE. E. <80 GeV (\/gz 190 GeV) (38) up to within a fevyi GeV of the kinematic limit. Clearly the
[ERR ’ presence of a lightg provides much more favorable discov-

for a lower boundmy =70 GeV. For masses nearer thresh-"Y progpgcts. H_owever, there IS no gluarantee of d|scqvery of
1 a lightN, if mg_ is large, even with this amount of luminos-

old, the range of photon energies of course becomes nart- q tor th 0f ble ki i
over aroun /4 n e case Ths he overboundep 110 4 1 0 o orate anenates,
mass from the Tevatron ensures that fh&; signal at LEP q g :

g .
will automatically pass appropriate cuts on soft photons. Thid'd"y QED process & =7y pr_od_uctlon has_ a Iar_ge Cross
will be useful below in our discussion of cuts and baCI(_secuon, but can easily be discriminated against with a cut on

grounds. missing energy or equivalentl§y<0.8Ebeamfor each pho-
__ Several factors affect the production cross section fopn' The most important ph_ysms backgrounds for $he
N;N, at LEP. Since in the accessible parameter spacis 59 COme fromyyw;v; (i=€,u,7) with two separately
essentially forced to have a large gaugino component, th aUQE;'”VE”an;‘:SEtS of d'j!gramS(A)deBe - Y2 with
s-channelZ boson exchange contribution is suppressed. If, /1% (t_reel eygman |agrhaman (B)eTe _)77”8’&6.
sleptons are light, the diagrams with slepton exchange will"0ugn virtual W-boson exc angdseven Feynman dia-
dominate. The diagrams witbz_exchange are usually far grams.

more important, because te&:N, coupling is larger than [31\]Nea h;’:l V:ci(':d?irzne%megctkgesee fgscgg{gr%gcti;ducalcuT;tliEgn of
the eg N; coupling. TheN;N; production cross section is ' P P 9

quite sensitive to the selectron masses, even if the seIectroEr']%h'B(ige;r(‘n;l T\jlir:ti n?;ﬁopaﬁ:;sl‘:gr(;iis; ?:’ r\gl'ttignresrgltfa:gd
themselves are not accessible at LEP. As a result, the disco he roc?ssee*e’ﬁ ph andeae’—> gratic recF:)eivge '
ery reach is always within a few GeV of the kinematic limit, P YYVuVp YYViVq

but for no value ol’mﬁ1 can one clearly guarantee discovery (;o(nltreistéutli(;nss 1ggl¥th;?2acrio;¥rﬁ)§;ﬁé4 g'g??(;nfz toAtctr/Fe

o EEﬁickground foryyEE after the cut439) and (40). When the

for large mg_. At LEP160, the cross section is always lessg o siate isyyv.v., one must take into account a signifi-
than 0.2 pb for modelgwith gaugino mass unificatiomot  cant interference between the diagrams of types A and B.
excludable at the Tevatron, and is less than 0.1 pbrfer  The diagrams of type A clearly dominate in the kinematic
>75 GeV. These are optimistic upper bounds, and the crogggime characterized by a missing invariant milisg;s very

sections for less favorable parameters can be much smallerlose toM ;. [HereMﬁwiS:(pewr Pe-— Py, — py2)2.] In that

This leaves open only the possibility of perhaps a few eventgegime, the interference with the type-B diagrams is a small
at LEP160 with 25 pb" per experiment, for a narrow mass perturbation and in any case only affects 1/3 of the back-
range, optimistically 70 Ge\wmy, <77 GeV. As we will  ground. For slightly largeM,,,s, however, the type-B dia-
remark below, there is also a nontrivial background for suctgrams do have a substantial interference with the off-peak
events, so that an unambiguous discovery will require a cetype-A diagrams. The overall effect is one of constructive
tain amount of luck. interference, but the sign is not definite for all kinematic
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FIG. 16. Distribution of the missing invariant mass nyE FIG. 17. Distribution of photon energies foryvv backgrounds

events at LEP with/s=190 GeV. Angular and photon energy cuts at LEP with \'s=190 GeV. Detector cuts have been applied as
have been applied as described in the text. The lighter solid line idescribed in the text. The solidashedl line is the distribution for
the remaining total backgroun@6 fb) for all three neutrino spe- the more(les9 energetic photony, (y;) in each event. The dotted
cies. The signals fomy =75 and 90 GeV are the solid and dashed (dot-dashejilines are the same distributions after the cut\bpis
lines, respectively, with an arbitrary choice of 50 fb for the signal described in the text.

before cuts in each case.

Js=(160, 175, 19pGeV are only(1.8, 1.3, 1.0 fb, respec-
tively. Finally, imposing the cut4l) on top of these cuts

fb for e”e” — yyw,v, after the cut{39) and (40). reduces the background to a completely negligible level.
Since theyyvv backgrounds have larger support for rela-  The distribution inM,,; for signals and backgrounds at

tively soft photon energies, one can reduce them somewhaﬁ: 190 GeV is shown in Fig. 16. In this figure we have

by imposing the cut arbitrarily chosen a total signgbefore cuts of 50 fb, with
N, masses of 75 and 90 GeV. The differential cross sections
2<E.[Epean<O. 41 1

0 7/ Epeant=0-8 (1) shown are after the detector cu@9) and (40) and photon
on each photon; the upper limit easily eliminates the€nergy cuts(4l). The total yyvv background shown
e"e —yy process as we have already mentioned. The cu@mounts to 56 fb, but is reduced to a negligible level by the
(41) has little or no effect on the signal, as can be seen fronMinvis CUt. Note, however, the significant overlap in invariant
Eqgs. (34)—(38). After imposing this cut in addition to the Missing mass for the backgrounds and the signals. The signal
detector cutg39) and(40), we find a remaining background distribution in M;,;s is broadly peaked below the 80 GeV
at \/s= (160,175,199 of (29,24,2) fb from yyver,, and cut, and vanishes nedf;,;s=0. We conclude that even in

configurations. Atys=(160,175,190), we find61,49,42

(27,22,18 fb from each ofyyv, v, and yyv_v the worst-case kinematic situation, the efficiency for detect-
U np VT -
In order to more strongly reduce the backgrounds we caH'd N1N1 should exceed 50% after cuts at LEP190. Thus a
impose a cut on the missing invariant mass of 40 fb signal before cuts should provide a ten-event discovery
after cuts with 500 pb'. By comparing with Fig. 15, we
10 GeV<M,is<80 GeV. (42)  conclude_that LEP190 should be able to unambiguously ob-

serve N;N; production formﬁl up to at least 85 GeV if

The upper limit is to avoid theyyvv physics backgrounds, . <175 Gev, assuming gaugino mass unification. The ex-
while the lower limit eliminates a potentially largseveral R

hundred fb detector background following from Clusion capability decreases for largers , however. The
e"e”—yy(y) with one photon lost in the beam direction or ¥y¥v background is more problematic =160 GeV with

in an insensitive part of the detectdhe part of this back- 25 pb * or {s=175 GeV with 10 pb*, where only at most
ground due to photons lost in the beam direction is als@ few signal events are expected, and the signal distribution
substantially reduced by imposing a lower bound cupen  in Mj,;s again overlaps with th&-boson peak.

The signal vanishes at the end points of the distribution Conversely, Fig. 17 shows the distributions for photon
Minis=0, 2E,.x and is broadly distributed in between. The energies at/s=190 GeV for the backgrounds, before and
greater part of the signal will always pass all of the cuts,after theM,,,;s cut. All of the yyvv contributions have been
although a significant part of the signal will necessarily haveincluded here. The two distributions correspond to the more
to be eliminated by the cu#2). After imposing this cut in  and less energetic photon in each background event, after the
addition to (39) and (40), the total yyvv backgrounds at detector cutg39) and (40). After imposing in addition the
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cuts(41) and(42), the totalyyvv background is reduced to
a fraction of a femtobarn. The signal frolyN; production
(not shown is characterized by a linearly risinéalling) dis-
tribution for the more(les9 energetic photon in each event,
with endpointsE i, andE . as given abovgNote the loga-
rithmic scale in Fig. 17.

We now turn to the question of slepton pair production
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If the decayﬁle yE; occurs within the detector, then super-
symmetric phenomenology at colliders will have a very
bright future. Indeed, the existing Tevatron data of 100'pb
should allow the exclusionmﬁl>70 GeV andm51> 125
GeV at least in models obeying the gaugino mass unification
condition (4). For my,>50 GeV, it should be possible to

signals at LEP. In general, slepton masses up to within a fe§xcludemg, <100 GeV in a model-independent way. The

GeV of the kinematic limit should lead to visible signals
with 500 pb * at LEP190. If right-handed sleptons are kine-
matically accessible, one finds that the cross sectiogdeg

reach is much higher. These results rely on the fact that every
supersymmetric event contains two potentially detectable en-
ergetic photons anét;, yielding a high(up to 30% detec-

production is generally somewhat larger than those for eaction efficiency. We emphasize that this efficiency is not ex-

of mrmr and7r7g, because of the positive contribution of
diagrams witht-channel exchange of gaugino lik¢,. The

pected to be significantly reduced by small mass splittings
between charginos and neutralinos, since both the photon

pair production of electron sneutrinos can be very strongl)éneﬁgies and th&; depend only on the mass and boost of
suppressed, because of _destructive interference frogpe N,. If the single CDFeeyyE event is an example of

chargino exchange, even wi@y required to be heavier than
125 GeV. Fortunately, pair production of muon and

sheutrinos does not suffer this suppression, and those cro
sections are always large up to within 1 or 2 GeV of the

kinematic limit. Because of the sum rul@l), it seems quite

such an event, then it is not unlikely that an upgraded Teva-
tron with \'s=2 TeV and=2 fb™! of data can establish a
a%covery. In any case, Tevatron upgrades will continue to
make strong inroads into the parameter space of the gravitino
LSP scenario. The reach and exclusion capability can be es-

unlikely that pair production of left-handed selectrons can b%imated for Tevatron upgrades using Figs. 1 and 2 and as-

a discovery process at LEP in the gravitino LSP scenari
considered in this paper. However, the cross sectioe,feg
can be even larger than feger production when both are
kinematically accessible, because of a large contributio
from exchange of gauginolike neutralinos.

It is important to note that for théguite narrow range of
masses which are accessible at LEP and which cannot
ready be ruled out at the Tevatron, each slepton_hagar
only one allowed two-body decay mode, namely;>Njl.
This decay is never strongly suppressed bec&lsalways

has a significant gaugino component. Therefore, charge

slepton production will essentially always give rise to the
signall *I ~ yyE, while sneutrino production, likll;N; pro-
duction, can give rise only tgyE. The leptons appearing in

vyl "I"E events from charged slepton pair production at
LEP should necessarily be quite soft, because there cann

be a large mass difference between the sleptonNyndnd
the sleptons cannot have a large boost. However, the S

n

Buming efficiencies=15% as found in Figs. 5 and Note

that the increase ir/s from 1.8 TeV to 2 TeV makes such
estimates conservatiye.
It is quite possible that LEP190 with 500 phof data can
make the discovery if the lightest neutralino is kinematically
ccessible. At least in the case of models not already exclud-
able by the Tevatron with gaugino mass unification, only
NN, and slepton pair production can be explored at LEP,
with possible signalsyyE and |71~ yyE. We found that
ppropriate cuts on the missing invariant mass and on photon
nergies can reduce theyE backgrounds to a negligible
level while keeping intact at least 50% of the signal even in
the worst kinematic situation. The discovery reach extends to
within a few GeV_of the kinematic limit. An important factor
in thee"e™ —N;N,;— yyE search is the mass of the right-
éctmded selectron. Iz <175 GeV, then there should be at

\gast ten events after cuts in 500 Phat \'s=190 GeV for

backgrounds for such processes are extremely small. Takirl§n, =85 GeV, but the rate can be much lower for larger

into account the cut$39) and (40), one finds thatyyZZ
production is always below threshold at LEP160, LEP175
and LEP190, whileyyWW is only above threshold at
LEP190. UsingcompHEPWe have found that the latter pro-
cess only contributes about 0.1 fb to thheyE background
at \/s=190 GeV. There is also a background éeyy¥ and
wwyyE from the process™e™—Z*)yy with Z—7" 7~ and
leptonic 7 decays, but this is very small. Similarly, the pho-

tons produced in sneutrino pair production should be softeg

than those found itN;N; events. Since slepton interactions
are not expected to exhibit significant flavor violation, we
can conclude by noting that the signatures for the gravitin
LSP scenario at LEP are alwaysyE (from N;N; andvv
production ande*e” yyE, u"u” yyE, andr r yyE (from
charged slepton productinn

V. CONCLUDING REMARKS

Mg, I this sense, any exclusion limits will be dependent on
assumed upper bounds fm;R. If e is light, then LEP160

and LEP175 can observe a few events.

Although we have not studied future colliders here, it
seems clear that both the Large Hadron Collider and Next
Linear Collider will be very effective discovery machines if
the detectors have a good efficiency for detecting isolated
energetic photons ané;. If the reportedeeyyE; CDF
vent is interpreted as slepton or chargino production, it
seems essentially certain that the NLC will detect supersym-
metric events, and that the LHC also will if the detectors are

Qufficiently good with photons ané .

In general, the ability of the present Tevatron data sample
to bound the gravitino LSP scenario emphasizes the impor-
tance of photon detection. This component should not be
ignored in future detector design. Also, it would be useful to
have photon pointing information, in the case the— yG
decay length is macroscopic. As we mentioned in Sec. I, it

In this paper, we have studied discovery signals for supers certainly possible that this is so, leading to more single-

symmetry with a gravitino LSP at the Tevatron and at LEP.,

photon events than diphoton events. In that case, one can
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imagine discovering supersymmetry using the usual wellare also interesting question32]. We should also mention
known discovery signals of the neutralino LSP scenariothat if the gravitino is the LSP, then the lightest neutralino is
supplemented by a fraction of these events with one addief course no longer a cold dark matter candidate. It remains
tional energetic photon. Measuring this fraction would pro-to be seen if one can obtain a viable dark matter scenario; for
vide a powerful piece of information in disentangling the a recent proposal sd&3]. It seems clear that such issues
signal,_especially if it can be combined with measurementsnerit further investigation.
of the N, decay length.

The _gravitino LSP possib.ility also provides a riph area for ACKNOWLEDGMENTS
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