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Probing gauge-mediated supersymmetry breaking models at the Fermilab Tevatron
via delayed decays of the lightest neutralino
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We quantitatively explore, in the context of the DO detector at the Fermilab Tevatron, three very different
techniques for observing delayed decays of the lightest neutralino of a simple gauge-mediated supersymmetry
breaking(GMSB) model to photon plus gravitino. It is demonstrated that the delayed-decay signals considered
can greatly increase the region of general GMSB parameter space for which supersymmetry can be detected.
In the simple class of models considered, the combination of standard supersymmetry signals and delayed-
decay signals potentially yields at least one viable signal for nearly all of the theoretically favored parameter
space. The importance, for delayed-decay signal detection, of particular detector features and of building a
simple photon detector on the roof of the DO detector building is stufi&@b56-282198)00519-0

PACS numbes): 12.60.Jv, 13.85.Qk, 14.80.Ly

[. INTRODUCTION of complete SWB) representations. In such models the
boundary conditions for the soft-supersymmetry-breaking
Even in the context of the minimal supersymmetric modelmasses are set at the mass scale of the messengerMggtor
(MSSM), it has become increasingly apparent that there ar@nd take a particularly simple form. For the gaugino Majo-
many different ways in which supersymmetry breaking carfana mass terms one finfis|
occur, leading to many different possible phenomenologies.
In particular, gauge-mediated supersymmetry breaking
(GMSB) models have attracted a great deal of interest in the
last few years. The theory of gauge-mediated supersymmetry
breaking posits that supersymmetry breaking is transmittewherek,=k;=1, k;=5/3 andN,<4 is required to avoid
to the supersymmetric partners of the standard m¢siel)  Landau polesA =(Fg)/(S) is the ratio of the vacuum ex-
particles via the S(B)xXSU((2)xU(1) gauge forces. Two pectation values of the auxiliary and scalar field components
GMSB model-building approaches have been explored in thef the chiral fieldS. Note that the gaugino masses have the
literature. same relative values as if they were unified at the grand-
In hidden-sector models, the GMSB model consists ofunification scaleM ; even though the actual initial conditions
three distinct sectors: a hidden sector where supersymmetgye set at scal® . In addition, scalar masses are expected
is broken, a “messenger” sector containing a singlet fieldto be flavor independent since the mediating gauge forces are
and messenger fields with $)xXSU(2)xU(1) quantum flavor-blind. In the simple models we consider here, they
numbers, and a sector containing the fields of the M$EM  take the form
The coupling of the messengers to the hidden sector gener-
ates supersymmetry-breaking in the messenger sector. ) 3 ai(Mp) |2
In models of “direct gauge mediation{sometimes called m; (Mm)ZZAszf(M—> > c yry ()
direct-transmission model$2], the GMSB model consists m
only of two distinct sectors: a sector which is not only re-

sponsible for supersymmetry breaking but also contains th)é\'ith Ca=4/3 (for golor triplets, (.:2:.3/4 (for weak doublegs
nf)essenger fieldg, an{i the sthor of I\/QI)SSM fields. andc, = $(Y/2)? (in the normalization wher¥/2=Q~Ts).

) . .To avoid negative mass-squared for bosonic members of the

ol RSSO e, SUpSTSITITI IESITg ecsenger eciy -1 5 requredMy A~ 111 pr
SU(3)XSU(2) XU(1) gauge interactions between messengelre"eo| to avoid fine-tuning, for whicti(A/My)=1 and 1
fields and the MSSM fields. In particular, soft- sg(A/Mm)_sl.ZB. _For Mm/A>2, 1§g(A/Mm)$1.045.
supersymmetry-breaking masses for the gauginos ang€'® We will consider masses obtained wifhk f=1. The
squared-masses for the squarks and sleptons arise, resp sults above at SC""_M”‘ must be evolved down to the _scale
tively, from one-loop and two-loop diagrams involving the © thg actual spamclg masses, de.nofed The resulting
virtual exchange of messenger fields. gaugino masses are given by replacingM,) in Eq. (1) by

Let us consider further the simple hidden-sector models ofti(Q)- Evolution of the sfermion masses is detailed in
the first class in which the communication of supersymmetryRef- [17].  Most important is the ratio my /M,
breaking in the hidden sector to the messenger sector occurs\6/5yr 1 /N~ (5/33)(1-r,), where r;=(a;(M)/
via two-loop interactions involving a new gauge group with @;(Q))?. For the very broad range oQ=m, and
couplingg,,, and in which the messenger sector consists of atM ,<3Xx 10° TeV, 1<r,;=<1.5, in which case the lightest of

SU(5) singlet superfields and a certain effective numbBk,  the sparticle partners of the SM particles is ff~B for

A ) ai(Mp) (1)

Mi(Mm)zking<M_ A A,
m
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Np=1 or the/g (more precisely, ther;) for N,,=2. Our _Thde ra_ngehof/(\j of ingerest inf tEiS modgll Is easigscﬁer-
numerical results are obtained by evolving froM,, mined using the dependence of the sparticle mass
approximate upper limit is set by requiring that all superpart-

=1.1A. . -
As for the other parameters of low-energy supersymmeper masses be 1.5 TeV. An approximate lower limit comes

try, the A-parameters(describing tri-linear Higgs-squark- from requiring that the right-handed slepton be heavier than
saaricand Higs-slepton-slepton couplnge supressed, (7% 10" onr I 1080 Cey fom curert et
while the generation of thg andB parametergresponsible sion). From Fig. 1 and Eq(3), we see thai\ values below
for mixing of the Higgs superfields and scalar fields, respecz " TeV 9. Id vi Id? ' " lue fon= . For A
tively) is quite model-dependefi@nd lies somewhat outside 50-60 TeV would yield too small a value fonz,. .or

the standard ansatz of gauge-mediated supersymmetry breaf@lues above about 150 TeV the squarks and gluino would
ing). In the end, the parameters of the minimal GMSB modelhave masses of order 1.5 TeV, which is somewhat beyond
[3] consist of the normal 18 standard model parameters anit€ range for which the model would provide a comfortable
three new parameters\, tanB=uv,/vq (the ratio of the Solution to the naturalness problem. _
vacuum expectation values of the neutral members of the ASSUming that supersymmetry is spontaneously broken in
Higgs doublet fieldsH, and Hy, responsible for giving the hidden sectof4,5], a massless Goldstone fermion, the
mass to up-type and down-type quark fields, respectivelyGC"d_S“f‘Q arises. Its coupling to a particle and its superpart-
and sigiiw). This is the result after trading in tiand|x|2  Neris fixed by the supersymmetric Goldberger-Trieman re-

parameters fop2=v2+ 2 and tans, and using the observed ation:

value of my to fix v. For this study, we have taken tgn 1 5

=2 and signg)=—1. Further, we will consider onI\N,, Lint=— Ej”“&MGaJr H.c., 4
=1 models in this paper.

The masses of the sparticles as a functiom\ pfesulting
from the above inputs, are easily summarized. g1 we
have the following approximate rules of thumb whens of
order 100 TeV:

where j#¢ is the supercurrent, which depends bilinearly on
all the fermion—boson superpartner pairs of the theory and
G,, is the spin-1/2 Goldstino fieldwith spinor indexa). VF

is the scale at which supersymmetry-breaking occurs in the

myo~1.35 GeWA(TeV), my:+~2.7 GeVx A(TeV), hidden sector. When gravitational effects are included, the
! ' Goldstino is “absorbed” by thgravitino (gs,), the spin-3/2
m-~8.1 GeWXA(TeV), my ~1.7 GeVxA(TeV) partner of the graviton. By this super-Higgs mechanism, the
g : ’ ‘R . )

Goldstino is removed from the physical spectrum and the
gravitino acquires a massng,,). In models where the grav-

m7 ~3.5 GeWxA(TeV), mg~11 GeVxA(TeV), itino mass is generated at tree-level one finds

()
whereM; is the U1)-gaugino soft-supersymmetry-breaking Mg/p= F , (5)
mass,my is the gluino masspy is a typicalu or d squark V3Mp

mass, ancin;R,m;L are the masses of the right- and left- , B 1
handed sleptons(all evaluated at the appropriat€ where Mp is the reduced I_Dlancik scadp=(87Gy)
<1 TeV). The masses of various sparticles in the case 0~.2'4>< 10° GeV]. The he“CItyiE components of the grav-
No—1 ar'e plotted as a function of (taking f=g=1) in |ft||jo behave _approxmatelly like the Goldstino, whosg cou-
Fim 1 plings to particles and their superpartners are determined by
9- % Eqg. (4). In contrast to the helicity+ 3 components of the
gravitino couple with gravitational strength to particles and
their superpartners, and thus can be neglected. It is conve-
nient to rewrite Eq(5) for the gravitino mass as follows:

F F

@MPNZ' 100 Te

1000

500

2
Mg= V) ev. (6)

In the models we consider, the gravitino will be the light-
est supersymmetric partner. Thd and 7, will be substan-
tially heavier; whichever of these two particle is the lighter
will be called the next-to-lightest supersymmetric particle
(NLSP), and will decay to the gravitino and its SM partner.

Masses (GeV)

[5))
[=]

25 50 75 100 125 150 If R-parity is conserved, as we assume, the gravitino will
A (TeV) then be stable and thus will be a candidate for dark matter. If
the gravitino lightest supersymmetric partiqleSP) is too
FIG. 1. mg, my andmy as functions ofA in theN,=1 GMSB  heavy (ng,=few keV) its relic density will overclose the
scenario, taking=g=1 andM,,=1.1A. universe in most cosmological scenarjés7]. From Eq.(6),
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this means that/F values above roughly 3000 TeV are dis- dominant out to the highegt values consideretiThecr for
favored. On the other hand, there is no particular probleny9— yg,,, decay takes the form

with very light gravitinos(eV masses Although these will

not contribute significantly to the total mass density of the 100 Ge\i°® JF
universe, it may turn out that the main component of the dark (CT)}?:~B—>yE]3/2~ 13 \)) (100 Tev pm.
matter has another source. Some examples are the QCD ax-

ion, its supersymmetric partnéhe axino[9]) or the lightest (8)

4

0
m;(l

1

27.5/Np,

I rticle in the GMSB m nger .
sta_ll:_)heepsa(\:;c;eof Sltjpeeriyn’lsmetrjsbsr(;agﬁl@???g very cru- If F~3000 TeV (the upper limit from cosmol_ogy_then
c7~100 m for m;(2=100 GeV; JF~100 TeV implies a
However, it is highly model-dependent. In hidden-sectorshort but vertexable decay length. Thus, the signatures for
models, values of F~10°~10* TeV are required in order this GMSB model are crucially dependent gh. In particu-
to generate sufficiently large supersymmetry-breaking in théar. for largef=F/Fs, and hence largeF, the neutralino
sector of MSSM field§11,7]. In particular, one can derive decay is most naturally characterized by a substantial decay
[11] the approximate inequality length, possibly of order tens to hundreds of meters. Events
through the detector, and then decays, can be a substantial
fraction of the total, as can events in which all the neutrali-
@ nos exit the detector before decaying. Thus,_gt the very least,
it is highly relevant to assess how our ability to discover
supersymmetry changes as a functiony&. In the follow-
where f=F/F g~ (g2/1672) ~2~2.5x 10%/g% , with g, be- ~ context of the DO detector at the Fermilab Tevatron collider.
ing the coupling of the gauge group responsible for commu- Before proceeding W|_th the Fermilab Tevatron ana_ly3|s,
nicating (via two-loop diagrams supersymmetry breaking let us return to the quest|on_of what the current CERMN
from the hidden sector to the messenger sector. Perturbatit-="-2 limits are upon the simple GMSB model we are con-
sidering. The latest limit$8] including \'s=183 GeV run-

. i o ning are quite significant, at least in the limits of either small
CERNe'*e™ collider LEP-2 limit andf=2.5x10%, Eq.(7) JF (for which 30 ygap vorl JE (for which
yields F=10' TeV (JF=5000 TeV) for N,=1 (N, ~gr_W_IC. ).(1_>yg3’2 'S promp} orfarge orw _'C,
=4). Thus, even allowing for roughly a factor of 2 or 3 the x; is |nV|S|'bI§). In the smaII\/E/pr.ompt-photon'llmlt,
uncertainty in the approximate lower boundf must lie EIeBton mass limits 0%75_89 Gev anse from looking for

r’r events where/g—/x9—/ygs,. Further, o0

models, the two-loop communication between the hidder=80 GeV is required by the absence of excesg+Et
and messenger sectors is eliminatédn Eg. (7) is effec- events. In combination, these requike=60 TeV (see Fig.
tively of order unity, andyF can be as low as 100 TeV in 1). In the large\F/invisiblex? limit, the normal supersym-
phenomenologically viable models. metry (SUSY) search for/r/r with 7g— /%] implies

In what follows, we will focus on theNr,=1) modelin  m; =80 GeV, implyingA=55 TeV. The case of interme-
We will employ the specific input boundary conditions givenwould anticipate that (conservatively A<50-55 TeV
earlier. With these inputs, the model is completely specifiedvould be excluded by such an analysis. Thus, as stated ear-
in terms of just two independent parametetsand \JF. As lier, we shall focus our analysis on the=50-60 TeV re-
explained aboveA determines the gaugino and sfermion gion.
masses, whilg/F determines the properties of the gravitino ~ Finally, we wish to caution that many alternative GMSB
3000 TeV range, the small size of the couplings, E4) direct-transmission models are very different from one an-
_ ' ) — "~ other and need not have the simplig,-scale boundary con-
imply that all the ipartlclei other than th¢ undergo chain gitions of Egs.(1) and (2). The relations between sparticle
decay down to the(‘f. The X? finally decays to a two-body and gravitino masses vary tremendously. As an extreme ex-
final state containing th@s,. x>— 032 is the only allowed

cial parameter for the phenomenology of GMSB models.
in which one or more of the neutralinos travels partway
G 7y
=f
2000 Te 100 Ge
ing sections of this paper we will focus on this issue in the
ity would requiregy,=1. Formy_=75-80 GeV(the rough -
near its upper limit from cosmology. In direct-transmission”’
and (see belowthe lifetime of the}g. For \F in the 100— models have now been constructed. In particular, the various
two-body mode forA=<80 TeV, and this mode remains

2The other two-body modes that become kinematically allowed at
high A are'y9— Zgs, and x2—h%g,. However, for ay? that is
_. ~O g . . .
'Focus on this model was originally motivated by #w®y event nearly pureB-ino, the x;—Z29s, width is suppressed relative to

~0 = - 2 ~0
at the Tevatrorj19]. However, recent Fermilab Tevatron analysesth""tgfOr X1779312 b¥ a factor of [sin 4y/coséy]” and the x;
[20] rule out most, if not all, of the parameter space for which this —N"ga, partial width is proportional to the square of the very small
model could have explained this event. Higgsino component of thﬁ‘j.
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ample, in the model of Refl2] the gluino is the LSP and generated simultaneously for all SUSY production mecha-
the gravitino is sufficiently heavy as to be phenomenologi-nisms by modifyingSASUGRA/ISAJET[24] to incorporate the

cally irrelevant. _ _ GMSB boundary conditions, and then forcing delayel
The remainder of the paper is organized as follows. INyecavs according to the predicted. We used the toy calo-

§§C' Il, we descrlbt_a in detail the phengmenology _Of therimeter simulation packagsapPLT. We simulated calorim-
x1-LSP model and give results for all the signals consideredetry covering|y|<4 with a cell size given byAR=A7

In particular, we describe in detail the delayg@ decay X A¢=0.1x0.0875 and took the hadronielectromagnetic
signals and illustrate the regions of model parameter spacgalorimeter resolution to be 0JE (0.15A/E). The DO elec-
for which they would allow detection of a supersymmetry tromagnetic calorimeter was simplified to a thin cylinder
signal. Section Il presents discussion and conclusions.  \uith radiusr=1 m and length—2 m<z<+2 m. Also im-
portant to the analysis was the central outer hadronic DO
calorimeter OHC, which we approximated as occupying a
hollow solid cylinder defined by-2 m<z< +2 m and radial

In the Introduction, we emphasized that our ability to de-region 2 msr=<2.5 m. It is important that the DO OHC is
tect supersymmetry at the Tevatron will depend substantiallgegmented im R and that there are also several layers of
on \F. The case wherg/F is sufficiently small that ally)  inner hadronic calorimeter.
decays are prompt received early attentia,14,3,15,16 The signals are defined in terms of jets, isolated leptons,
Of these references, on¢5] performs a quantitative Fermi- isolated prompt photons and isolated delayed-decay photons
lab Tevatron collider study with the full boundary condition (j.e. emerging fromy$ decays occurring with substantial de-
consftraints_ of Eq9.1) and(2). The results of Refl15] were lay).
confirmed in Ref.[18]. In_ these latter analyses, the prompt- ") A jet is defined by requiring| 7./ <3.5 and EjTet
decay hadron collider signal for supersymmetry considered, 55 GeV (for ARyyy=0.5).

was events containing two or more isolated photons, deriving (i) An isolated lepton is defined by requiring,|<2.5
from decay of two or more neutralinos, plus missing energy, '

) . ) and E5>20, 15, 10 GeV for the most energetic, 2nd most
(and possibly other particlesThe case where/F is very energetic and 3rd most energetic lepton, respectiV/dlge

large and _mos}}‘f decays occur outside the detector was firsicriterion for isolation isE+(AR<0.3)<4 GeV (summing
analyzed in Ref[18]; it is equivalent to conventional super- over all other particles in the cone surrounding the lepton
symmetry phenomenologjn which, for example, one looks (i) A photon is a prompt-photon candidate if it emerges

for jets pl_us missing energy or three leptons plus missing,;m ax? decay that occurs before the has reached the
energy with the constraints implied by Eqsl) and (2)  gactromagnetic calorimeter. They{,¢,) of such a photon
among the sparticle masses. For modergle it is most i5 defined by the direction of the vector pointing from the
appropriate to look for signals that would be characteristic Ofneraction point to the point at which it hits the electromag-
events in which they] decay is delayed, but still occurs netic calorimeter(This is generally not the same as the di-
within the detectol(or within a region that could be probed rection of the photon’s momentuyAn isolated prompt pho-

by a simple addition to the detecjoin Ref.[18] one signal  ton is defined by requiringn,| <1 andE}>12 GeV, with

of this type was examined in the context of the DO detectorisplation specified bfE(AR<0.4)<4 GeV, summing over
namely, the “outer-hadronic-calorimetefOHC) signal that g other particles in the cone surrounding the point at which
results when the delayed decay takes place in one of th@e photon hits the EM calorimeter. Photons that emerge
outermost DO hadronic calorimeter cells. Here, we will con-within the hollow cylinder defined by the electromagnetic
sider, in addition, two other delayed-decay signals. The firstalorimeter, but that are not isolated, are merged with had-
is the “impact parameter”l) signal. If the(transversgim- ronic jets as appropriate.

pact parameter of a photon appearing in the electromagnetic (i) An isolated delayed-decay OHC signal photon is de-

calorimeter could be shown to be non-zero, this would consz ~ ~

i i ' . fined as one that emerges fro %—> decay that takes
stitute a signal for a delayed decay. The extent to which th lace inside an OHC ?:ell angxthatyr?§/§> 15 éev with
resolution for such an impact parameter measurement by the ’

Collider Detector at FermilabCDF) and DO detectors is ad- isolation spe_C|f|ed_ b¥Er(AR<0.5)<5 G_eV, summing over
equate for this signal to be useful is an important issue. Thgll other particles in the cone surrounding the location of the
second is the “roof-array’(RA) signal. For large/F, many X? decay. This implies, in particular, that there should be

}g decays will occur outside the muon chambers. A tWO_very little energy deposited in the inner hadronic calorimeter

layer detector placed on the roof of the DO detector buildinggﬁns in the saméz,¢) location as the OHC cell in which the
decay occurs.

could pick up a portion of such delayed photons and possibly1 ; ) )
provide a dramatic signal. In fact, we will demonstrate that (V) An isolated delayed-decay impact-parameter signal

sensitivity to GMSB models with substantjed decay length ~ Photon is defined as one that emerges fronya- ¥gas
will be maximized by implementing all thre©HC, b, RA)
delayed-decay signals.
We will now outline the results we have obtained for 3we never consider more than three isolated leptons, and all lep-
these signals and the associated procedures. Events weo@s are prompt.

Il. COLLIDER PHENOMENOLOGY
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decay (occurring before the? has exited the tracking re- Present. We shall presume that the background to this signal
gion) and that passes through the central electromagneti®ill Pe neﬁ'g'bllf' Thlsdseerrr:s rgaas?nablle given the Ialready
calorimeter(with the dimensions and physical location speci-qu'te small background to the simple tri-lepton signal.

. . . : The two-prompt-photon-plus-missing-energy sigifradl-
fied earliej. The photon is required to havg;>15 GeV.  |4ing Ref.[15], we require{a) at least two isolated prompt

No isolation requirement is imposed. Nor is there any SPephotons(as defined abovyeand (b) E;>E™". Detection ef-

cific requirement on the apparent rapidifye. as measured ficiency of 80% (100% is assumed if EX<25 GeV

by the location at which it passes through the electromag 75 Gev). This signal should be completely free of back-

netic calorimetex ground providedt™ is adjusted appropriately as a function
(vi) A delayed-decay roof-array signal photon is definedof Juminosity. The signal will be deemed observable if there

as one that emerges fromyd— ygs), decay that occurs at a are 5 or more events.

vertical distance in the range 6.5m2<16.5 m from the _ The delayed-neutralino-decay signal resulting when the

interaction point and haB?>15 GeV. This means that the x; decay takes place in the outermost hadronic calorimeter

%2 will have decayed past the muon detector system bugell of the DO detectorin an event in which ax}— yJa
below the roof of the DO detector building. The delayed-decay occurs inside one of the outer hadronic calorimeter
decay photon is required to pass through a 2838 m rect- (OHC) C?”S' they W'”. deposit all its energy in the pell. By
angle centered at 16.5 m above the interaction point. This igﬁirpeamng:ﬂg \?vlé?:ta?\fgz ggﬁ;g%ratrﬁ?s '32"33;?%?5;]% V\';Ieth
the approximate size of roof array that could be positioned s% 9 POSt, 9

that t of th Id h | t of ther criteria, backgrounds can be made sthiore spe-
at no part of e array would have a jargé amount o m""E:ifically, we require that the event fall into one of three

; . . Glasses defined by the following sets of requirements:

further isolation requirements or other cuts are placed on the

photon. (1) (a) n(jets)=3; (b) at least one delayed-decay OHC pho-
We now give the specific requirements for each type of  ton; (¢) Er>E7".

signal. First, for all signals, events are retained only if at least2) (& any number of jets(b) two or more delayed-decay

one of several sets of reasonable trigger requirements are OHC photonsjc) Er>ET"

satisfied. The triggers considered were the following. (3) (@ any number of jets(b) at least one prompt photon;
(1) E;>35 GeV. (c) at least one delayed-decay OHC photdd) E;
(2) four or more jets withEF'™>15 GeV. >ET.
(3) (@ two or more jets WithEF™>30 GeV; (b) Er |y the absence of the needed detector-specific study, we will
>40 GeV. assume zero background tot2.+ 3. for the saméET" val-

(4) (@ one or more leptons WitlE7>15 GeV, |7,/  yes that will be employed for the prompt-2ignal. Observ-
<2.5 and isolation defined bi(AR<0.3)<5 GeV; (b)  ability of the delayed-decay OHC signal is assumed if the
E;>15 GeV. number of events for 2.+ 3. is 5 or more. Of the above

(5) (@ two or more leptons WithET/>15 GeV, |75,/] three sub-signals, 1. provides by far the largest event rates in
<2.5 and isolation defined b(AR<0.3)<5 GeV; (b)  the moderate/F region.

E+>10 GeV. The impact-parameter signalVe requiren(jets)>3, Er
(6) two or more photons witle,>12 GeV,|n,|<1 and >ET" and one or more delayed-decay impact-parameter
isolation specified bfE+(AR<0.4)<4 GeV. photons(as defined aboyewith transverse impact parameter

The additional signal-specific cuts are itemized below. b larger than 2 cm. The DO detector in run-Il will have a
The standard jets-plus-missing-energy signalWe  pre-shower installed and is expectg2l7] to achieve a &
employ DO cuts [21]: (a) n(jets)=3—labelled k resolution of about 0.2 cm in the transverse impact param-
=1,2,3 according to decreasingr; (b) no isolated eter. Thus, our 2 cm requirement amounts to a d@viation
[E?ad(ARsO.3)<5 GeV] leptons with E;>15 GeV; from zero impact parameter. We assume zero background
(0 E;>75GeV; (d 0.1<A¢(E:,j)<w—0.1 and and require=5 events for observability. A
JAG(Er,j1)— 72+ (Ap(Er,j,))>>0.5. The background The roof-array signalWe requiren(jets)>3, E;>ET"
cross section level has been estimated by DO tooge and one or more delayed-decay roof-array photons. If there is
=2.35 pb. The signal will be deemed observablgiifthere  directionality or timing for the roof array, additional cuts that
are at least 5 signal event$i) os/og>0.2, and (iii) ensure tiny backgrounds could be incorporated without sig-
Ns/+/Ng>5, whereNg andNg are the numbers of signal and nhificant losses in the signal event rate. However, such addi-
background events. tional cuts are not imposed in this study. As above, we as-
The tri-lepton signalWe employ the cuts of Ref26]: sume zero background after cuts and reqeif® events for
three isolated leptons,n(jets)=0, E;>25 GeV and Observability.
IM(7i/})—mz|>8 GeV (i#]). For these cuts, the cross
section for the sum of all backgrounds to the tri-lepton signal
is 05=0.2 fb. 40ur additional criteria will be chosen so that the cross section for
The tri-lepton-plus-prompt-photon signaWe impose the  producing an isolated energetic long-lived kaon in association
same cuts as for the tri-lepton signal, but require in additionherewith is small. Further, any such kaon will interact strongly and
that there be at least one prompt photas defined aboye s almost certain to be absorbed before reaching the OHC.

075005-5



C.-H. CHEN AND J. F. GUNION PHYSICAL REVIEW 68 075005

A S B S

2500 2600 [ .
F Tri—lepton ¢ (fb) Contours

r 1 or more prompt ¥ required
2000 [— _

[

2000

0.125 fb

1600 1500

VF (TeV)
IR A
VF (TeV)

1000 1000 [

500

L 1 PR L
60 100 100

A (TeV) A (TeV)

FIG. 2. We present cross section contours in fb units for the FIG. 3. We present cross section contours in fb units for the
tri-lepton signal(as defined in the tekxt tri-lepton-plus-prompt-photon signéhs defined in the textin ad-
. . dition to the cuts for the tri-lepton signal, we impose the require-
We will now summarize our results for all these channels en that there be at least one prompt photon present. The solid

A limited subset of these results appeared in RE8]. In the  contours are the same ones presented in Fig. 2. The dotted contours
present paper, our discussion will focus on the luminositiegorrespond to 5 events at Tev38£30 fo ) and 5 events in
expected in run-1l and at TeV3We begin with the jets- ryn-Ii (L=21bY).
plus-missing-energy and tri-lepton signals.

The jets-plus-missing-energy-sign@imploying the Cuts | \yer hound onA coming from CERNete~ LEP-2 limits
specified above, fot =0.1 fo~* (run-I), we found in Ref. -
[18] that this signal was viable for anyF if A<25 TeV. ‘R
For bothL=2fb~! andL =30 fb™?, the signal is viable for
any \F if A=<30 TeV. Given the lower bound of 55 TeV

coming from the lower bound omy , it would appear that Ok :

. o TR that are inevitably presentThe prompt-two-photon signal to
the jets-plus-missing-energy signal will not be useful at thebe discussed below will also be in evidence. There will then
Tevatron. be little doubt that nature has chosen a GMSB model rather

The tri-lepton signal.Contours of constant cross section . 6 o
for this signal are presented in Fig. 2. Compared to the bac fhan a supergravitfSUGRA) ”.‘Ode' with similar poundary
the gaugino and sfermion soft-

. ; conditions  for
ground cross sectionyg=0.2 fb, we see that in order to supersymmetry-breaking masses. Howevery is large
achieveS/\/B=5, we require a signal cross section ef Persy Y g X 9

i _ e . a1 there will be no prompt photons and no hint for the GMSB
IT )8;;]?;% _ngllcfr?)ss(rsuer:g(’)r?;fl—'g zbla:%‘ ;ti?:%o(][gpl- character of the model from these two signals. To illustrate
gna. ; e N these points, we turn to the prompt-photon signals.
(Tevs, respectl\{ely. Figure 2 then shows that the param- - p,q tri-lepton-plus-prompt-photon signaContours of
fﬁ?r spacel for tWhleh f(;l\pfgsg r_pmve tfry Cfrl geldf's_cf vs[are(Aj USIN%nstant cross section for this signal are presented in Fig. 3.
~'§5S_|'_nga fex eE—SZ fo-1 de N 01:75'_'_ Vv ’f ° L The solid contours are the same as plotted in Fig. 2. The
?1 or L= . and 1o € or dotted contours correspond to 5 events at Tev38 (
=30 fb™*. Thus, the tri-lepton discovery mode will allow —0.16 fb atL=30 fb %) and 5 events in run-ll ¢=2.5 fb
supersymmetry detec_tlo_n out to substantlglly highethan atL=2fb™1). Five events should be adequate for discovery
does the jets plus missing energy modEhis is to be ex- iven the negligible background expected. We observe that

pected since the tri-lepton signal tends to be stronger than t ompt photons will be seen in association with the tri-lepton

jets-plus-missing-energy signal at Fermilab Tevatron ener:. a1
gies[26].) In particular, it can probe above the55 TeV signal only for JF<600 TeV atL=2fb"* and only for

JF=<1600 TeV atL=30 fb ™.
We now turn to the impact-parameterb)( outer-

hadronic-calorimetefOHC), roof-array (RA) and prompt-

We will not discuss the delayed-decay signals for run-I luminos-tywo-photon(2y) signals. In all these cases, we shall presume
ity here. The OHC signals give only a marginal increase in thethat our cuts can be chosen so as to eliminate any back-
range of parameter space for which a supersymmetry signal might
emerge for the low. ~ 100 pb ! integrated luminosity accumulated
in that run. Only if the stringent cuts we employ for the delayed-
decay OHC signals could be weakened without encountering back-°As usual, the SUGRA acronym refers to models in which super-
grounds would present data allow elimination of a significant addi-symmetry breaking in a hidden sector is transmitted to the super-
tional portion of parameter space. Background studies are now ifymmetric partners of the SM particles by gravitational interactions
progresi25:|. The impact-parameter and roof-array signals cannofather than gauge interactions. The gravitino in such models is
be implemented for the run-I data set. heavy and an LSQ? is stable in the absence of R-parity violation.

For both these signals, we should note thafRf is small
enough then, in association with the jets or leptons, one will

detect prompt photon&oming from the decays of th}él’s
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FIG. 4. We present cross section contours in th&,(A) pa- FIG. 6. As in Fig. 4, but foZ7""=70 GeV.

rameter space for th@) impact-parameterhy(), (b) outer-hadronic

(OHC), (c) roof-array (RA), and(d) prompt-two-photon2y) sig-  estimate that our jet requirements and photon energy/
nals. Contours are given at=0.16, 2.5, and 50 fifthe outermost  jsglation requirements are such tPEéT"ESO, 50, 70 GeV is
contour corresponding to the smallest cross secgom), We note  gysfficient to eliminate all background for luminosities lof
that ¢=0.16,2.5,50 fbo corresponds to 5 events dt =100 pb—ly 2fbL 30 fb L, respectively. Thus, to ascertain

— ~1 H
r_iol’zr’o'l fbt.’ rlesﬁ’scttk']\.’e?./' ':ence :]he libigﬁl(iv;g’gu\?';' rand the discovery reach of this channel for=100 pb !, one
un-", respectively. Is figure we have fa B ev 1o refers to theor=>50 fb contour of Fig. 4. Fot. =2 fb™%, one

il)(flgnals. Other jet and photon requirements are as specified in thr%fers to the o=2.5fb contour of Fig. 5 and for

L=30 fb™1, one refers to ther=0.16 fb contour of Fig. 6.
ground. In particular, we will consider cross sections and "0 these contours, we conclude thatfrl]e signal is viable in
event rates for the cuts stated earlier with various choices dt région described as follows. Fbr=2 b, the region ex-
EM. A complete summary of our simulations is contained€nds from smallyF up to JF~600 TeV if A=35 Tev,

in Figs. 4, 5, and 6, where we give cross section contours fofcreasing toyF~1000 TeV atA ~80-100 TeVilthe signal
the above signals in theJF,A) parameter space ch?“” is not viable beyond\ ~100 TeV. ForL=30 fb™ -, the re-

—30, 50 and 70 GeV, respectively. gion extends from small/F up to F~900 TeV if A
We now discuss the implications of the results containeds35 TeV, increasing to (F<1000Tev at A
in Figs. 4, 5, and 6. ~120-130 TeV; the signal is not viable beyond

The prompt-3 signal.Based on the background results of ~150 TeV. A
[22] (see alsd23]) and eye-ball extrapolations thereof, we ~ The OHC signal(s)We provisionally adopt the sant™"
cuts of ET""=30, 50, 70 GeV forL=100 pb?l, 2fb?,
\/ i N AR I RN A 30 fb1, respectively, as employed for the prompt£gnal.
BOEV (@) b, 50 fev F @m [E>soce 3 Assuming that 5 events are sufficiefite. that the back-
C ground is negligible for our other strong cuts on jets and
photon energy/isolationto give an observable signal, we
; look at the samer contours as a function df as in the
1000 [~ prompt-2y case, with the following results. Far=2 fb™1,
K the OHC signal provides a useful, but not enormous, exten-
500 ﬁ ey N sion of the region of parameter space for which supersym-
T T : T metry can be detected as compared to the portion of param-
BOOET (v oo py>50 Gev @2 Fs0ce 1 eter space covered by the prompt-two-photon signal or jets-
. plus-missing-energy signal. This extension is mainly in the
JF=800-1000 TeV,A<50 TeV region. Of course, we
noted earlier that CERN" e~ collider LEP-2 data probably
already excludes thi& region. ForL=30 fb™%, the reach of
the OHC signal is greatly extended; supersymmetry detec-
tion may be possible via the OHC signal for essentially all of

2000 [—

1500 —

VF (TeV)

[ I

2000 K

cobvod

1500 [

VF (TeV)

Ao

1000 =

ol

500 |
4

N |

190 the \JF=1500-2000 TeV,A <120 TeV portion of param-
eter space for which the prompt-two-photon signal is not

FIG. 5. Same as in Fig. 4, but f&""=50 GeV. viable. Conversely, supersymmetry detection at the |G-

. BN

50 100 150 50 100
A (TeV) A (TeV)
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points at largeA for which the OHC signal falls below 5 encountering background&™"=30 TeV, substantially in-
events would be possible via the prompt-¢hannel. In ad- - eases the high/f reach of the=5 event region forA
dition, there is a substantial region in which both these sig— 120 Tev?

nals are viable. Since the tri-lepton signal only extends outto e especially important point regarding the delayed-

aboutA =75 TeV forL=30 fb™", it is apparent that, at the decay signals discussed above is the following/F is
Tev33 luminosity, the prompt-2and OHC signals combiné |rge  they are the only signals that will allow one to ascer-
to significantly extend to higher values df, the region  tain that nature has chosen a GMSB model, even if super-
where supersymmetry can be detected. In particllaval- gy mmetry is detected in the jets-plus-missing-energy and/or
ues substantially beyond the approximate limit &f ¢ |enton modes. In particular, we saw above that the tri-
=55 TeV coming from CERNe"e™ collider LEP-2 data |enton-plus-prompt-photon and prompt-two-photon signals
can be probed. ) ) will not be in evidence at large’F, regardless of the mag-
We make two further remarks regarding the OHC signalSpiy,je of A. Without the delayed-decay signals, a SUGRA
(1) Of the three delayed-decay OHC signals, the first, 4o \yith GMSB-like boundary conditions for the soft-
(=3 jetst=1 OHCV) IS obser\{ableél.e. yields at Ieasit five supersymmetry-breaking masses of the gauginos and sfermi-
event for the entire (/F,A) region where the OHC signals gns would then be indistinguishable from a GMSB model
are shown to be viable. The secor&Z OHC y's) yields i a large value for/F.
2_5 events for only a very small p_ortion of this region. The  1he dependence of our signals on various energy vari-
third (=1prompt y+=1 OHC ) yields =5 events for the 5165 may be useful in designing triggers and considering
lower (roughly, half VF portion of the region for which the  packgrounds. To this end, we present a figure showing the
combined OHC signals are viable. _ _ distributions inE.,, EX¥' and&+ for the impact-parameter and
(2) If simulations eventually show that the first OHC sig- 146t array signals. These distributions are presented for the
nal is background-free for small&f " than employed here parameter space poigF = 1400 TeV and\ =50 TeV; they
(@s we are hopeful will be the caséhe portion of parameter  are fairly representative of the results obtained at other pa-
space for which it is viable expands; e.g. usiif"  rameter space points. In these distributions, we have imposed
=50 GeV atL=30 fb !, the=5 event region would extend a more limited set of cuts.
to \JF~1800-2300 TeV forA <120 TeV. (1) In the case of the distributions presented for the
The impact-parameter signalRequiring E?inzsojo impact-parameter signal, we require only that there be one or
GeV atL=2,30 fb !, respectively, Figs. 5 and 6 show that more delayed-decay impact-parameter photes defined
the b signal has an even larger region withs events than €arlien with b>2 cm, except that when plotting tfie, dis-

does the OHC signal. Fdr=2 fb™%, one finds 5 or more tribution, we remove the cut oB, .
events for VF=1200-1700 for A<115 TeV. For L (2) In the case of the distributions presented for the roof-
—30f. one finds 5 or more eventé foryE array signal, we require only that there be one or more

<2200-3000 TeV for =150 TeV. Only in a small coer 0€/ayed-decay roof-array photo(es defined earligr

i ) X . In neither case do we impose jet cuts, except that when
with small VF and largeA does theb signal fail, and this 5 ntting do/d EE, the jets must satisfy the definition of a jet
region is handily covered by the prompj-8ignal. As com-

, . . . as given earlier. In addition, no cuts are placedtn In the
pared to the tri-lepton signal, the impact-parameter sign

X _ atEase of theEjT‘Et and E,, distributions, all jets and delayed-
extends to substantially higher values forF <1600 TeV decay(impact-parameter in the first case, and roof-array in

atL=2fb* and f(_)F\/Es 2700 TeV forL=30 fb™*. ~ the second cagephotons satisfying the minimum require-
In comparing Figs. 4, 5 and 6 we can see that weakeninghents noted above are included in the histograms.
the L=30 fo~ ! missing energy cut t&T""=50 GeV results From the plots of Fig. 7 we observe the following.

in a slight increase in thee5 event parameter space region. (1) Our E,, cuts accept essentially all events and could be
Weakening the cut still further tAT'""=30 GeV appearéve  strengthened somewhat without significant loss of signal
cannot be precise since our scan did not extend to higgvent rate.

enoughy/F) to result in a substantial increase to high&¥ (2) The E' spectrum is falling very rapidly, and it would

of the =5 event region. be undesirable to strengthen the jet cuts unless it is abso-
The roof-array signalFor L=2 fb™!, the RA signal has lutely necessary. _

=5 events up to/F<1500 TeV forA=<40 TeV. In all of (3) Cuts significantly stronger tha&!">70 GeV will

this region, the tri-lepton and impact-parameter signals, bustart to cause a significant loss of signal rate. Thus, we hope
not the tri-lepton-plus-prompt-photon signal, will also be vi- that such a stronger cut will not be needed to eliminate back-
able. ForL =30 fb~%, the RA signal has=5 events for large  grounds.
JF=2800-3000 TeV whem <120 TeV. ThisA reach at It is also potentially important to know how sensitive the
high \F is substantially greater than achieved by the tri-impact-parameter signal is to the impact-parameter resolu-
lepton signal. As/F decreases, th& extent of the=5 event
region decreases.

In comparing Figs. 4, 5 and 6 we can see that weakening’since our parameter scan was limited\t6 <2800, we are un-
theL=30 fb™* cut to ET"=50 GeV, or, if possible without able to be quantitative in this statement.
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06 Imlplalct Parameter Signal Roof Array Signal parameter signal would decrease very substantially. In fact,
= B S S A A E M for all cases[(L=100 pb',ET"=30 GeV), (=2fb",
S e R 1 ET"=50 GeV) and (=30 fb~ L, ET"=70 GeV)] the region
DN 5 - -] for which =5 events are found for the impact-parameter
< o3 b = : signal after requiringo>50 cm is quite similar to that for
B os - 3 r B which =5 OHC signal events are found. In contrast, the
¢ - Ir ] region for which=5 impact-parameter signal events are ex-
5 ol =R ) pected for theb>10 cm orb>2 cm cuts is always substan-

0.0 Beubovnbovnlonndind - Db bl b L tially larger than the region for whicks5 OHC signal events

0 20 40 60 80 100 O 20 40 60 80 100 . . i

- T Ty e e are predicted in all the above threk, ET") cases.
% 0.8 = - —
2 o 3 Es : Ill. DISCUSSION AND CONCLUSIONS
0 O r i N -
= . 1 F ] We have studied a simple gauge-mediated supersymmetry
e “ b ElS B breaking model in which the lightest neutralino, th, is
T oz R . = the next-to-lightest supersymmetric particle and decays to
S g | 1t ] photon plus grgvitino. The model is characterized by the pa-

0.0 o 00 180 200 0 50 100 150 moo rametersA (which sets the scale of the masses of the super-
_ 080 prrrrprrerprreTIey e e e ) partners of the standard model partiglesd \F (which
= 025 4t 1 specifies the scale at which supersymmetry is broken in the
e B ElS B hidden sector and, thereby, determines the mass of the grav-
=) o5 2 ER: ] itino and the lifetime of they?). We have argued that it is
o ' ER ] very possible(indeed, preferred in the simplest existing
T 0.10 E ] GMSB models for the \F parameter to be sufficiently big
) 0.05 — i that there is a large probability for tlﬁ to decay a substan-

T S Wwr SO Y WIS I . tial distance from the interaction point. We have shown that

0.00
0 %0 o lﬁojet 2000 50 100 150 200 the portion of the (/F,A) parameter space for which a sig-
E,, Er, or Er (GeV) nal for supersymmetry can be seen at the Fermilab Tevatron
FIG. 7. For the impact-parameter and roof-array signals, we plois greatly expanded by employing signals sensitive to such
do/dE,, do/dEf" anddo/dE; for the parameter space poifE  delayed decays.
=1400 TeV andA =50 TeV. The limited cuts applied are de- In particular, it is useful to comparéa) the standard
scribed in the text. SUSY signaturegjets plus missing-energy or three leptons
plus missing-energy (b) the prompt-two-photon signal and
tion. To this end, we present in Fig. 8 the same cross sectioft) the delayed-decayimpact-parameter, roof-array and
contours for the impact-parameter signal as given in Fig. ®uter-hadronic-calorimetesignals.
(for b>2cm), for the casega b>50cm and(b) b (1) Of the standard SUSY signatures, the tri-lepton signal
>10 cm, keeping all other cutSncluding ET"=50 GeV) is the stronger. Using it, discovery of GMSB supersymmetry
the same. We observe that theut can be increased from 2 will be possible for small to moderatéd values, <65
cm to 10 cm without significant damage to the signal. But, if(<75 TeV) at run-11(Tev33, regardless of the size afF.
the transverse impact parameter resolution were as poor as (2) The prompt-two-photon signal is viable for small to
the 5 cm-10 cm resolution applicald7] during run-l(for ~ moderate \F, but extending to reasonably largk, A
which the DO detector did not have a pre-shower device <100 TeV (<150 TeV) at run-1i(Tev33.
cut of b>50 cm would probably be needed to eliminate (3) The delayed-decay signals are potentially viable in the
backgrounds and the region of viability of the impact- |arge+/F, large- portion of parameter space not covered by
e the standard SUSY and prompt-two-photon signals. For run-
ﬁ/bm c'm, 2,55 v = II, the delayed decay signals could allow supersymmetry dis-
covery for all of (F<1700 TeV,A <100 TeV, extending at
Tev33 to cover essentially the entitd <3000 TeV andA
3 =120 TeV region that is preferred in the context of the
model we have explored.

AR B B

T -
2500 [~ (a) b>50 em, Ey>50 GeV —]

2000 [

1500

VF (TeV)

1000

500 |-

50 100 150 50 100 150 8n a more general GMSB model, it is certainly possible that the

A (TeV) A (TeV) entire interesting region of parameter space might not be accessible
FIG. 8. ForE:>50 GeV, we plot the same cross section con- using the delayed-decay signals. Still, we expect that the delayed-
tours for the impact-parameter signal as given in Figifd@ b decay signals will always significantly expand the amount of
>2 cm), for the casega) b>50 cm and(b) b>10 cm. All other ~ GMSB parameter space at larg¢F for which a supersymmetry
cuts are identical. signal can be discovered.
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If JF is large, the delayed-decay signals will be importantsupersymmetry-breaking masses.
even if A is in the small to moderate rangeA ( We note that all the delayed-decay signals we considered
<65-75 TeV) for which the standard jets-plus-missing-here are potentially useful for any model in which the decay
energy and/or tri-lepton SUSY signatures will be visible. of the x§ is not prompt. For example, in R-parity violating
This is because the prompt-photon signéfslepton-plus-  (RPV) SUGRA models the RPV couplings may be suffi-
prompt-photon or prompt-two-photprwill not be in evi-  ciently small that thecr for X? decay is quite substantial.
dence ifF is big. Without employing the impact-parameter, The products emerging from theg® decay (whether three
roof-array and/or outer-hadronic-calorimeter delayed-decajeptons, one lepton plus two jets, or three jetsn emerge in
signals there will be no hint that nature has chosen a GMSBhe outer hadronic calorimeter, with large impact parameter,
model, as opposed to a SUGRA model with GMSB-like OF outside the detector and pass through the roof array. There

boundary conditions for gaugino and sfermion soft-1S also the possibility that R-parity violation could be present
supersymmetry-breaking masses in GMSB models. For an appropriate balance between the

If delayed decay signatures are seen, the next goal will bE'agnitude of{F and the size of the RPV couplings, t¢
to determine the parameters of the GMSB model. These incould have prominent decays both to RPV channels and to
clude the all important value of F and the masses of the Y93, and both types of) decays could be substantially
supersymmetric particles. The latter will allow us to deter-delayed. In general, observation of the delayed-decay signals
mine the overall scalé. and the relative sizes of the soft- would be quite critical to determining the relative branching
supersymmetry-breaking masses as a function.ofmpor-  ratios for RPV andygs, decays of thé((l’. A similar set of
tant input information will include(a) the distribution ofyd ~ rémarks would apply to RPYSUGRA or GMSB models in
decays as a function of distance from the interaction point, a¥/nich a right-handed slepton is the lightest of the superpart-
reflected in the relative rates for different signésg. the ners of the SM particleS. Thus, the utility of the types of
prompt-two-photon rate as compared to the roof-array) rate d€layed-decay signals we propose will extend far beyond the

~ ~0 : :
(b) the energy distribution of the photons from th8 de- ~ NLSP=Xx1, R-parity-conserving GMSB model context ana-

: . ~ lyzed in detail here.
cays, (c) the time at which the photons from thél) decays Y Our study has focused on using the DO detector in the

?nrggﬁe%tcVaé'glgfime:;r;rengsre?fségivgfteiﬁzrg' ;B?eﬁf;érrgnic_qonfiguration planned for run-Il, with the addition ofi®la-
: ' o tively cheap roof-array detector. There are, of course, much

calorimeter cell or the roof-array (d) the missing-energy more ambitious possibilities in which a decay volume and

distribution, and(e) the types of different particles that ap- ] . . ; ~

pear in association with the supersymmetric events, and thefPecial detector, specifically designed to pick up d_elay%d

energy distributions. All of these depend in a complicateodecays’ is constructed some distance from the main detector.

way on the parameters of interest. For example, the distanddonetheless, since the delayed-decay photon signals dis-

distribution of y} decays, the photon energies, and the timingCUSSEd here show great promise and since delayed decays in

general could easily prove to be the hallmark signature of
of the photons from the decays all depend stronglya)r);(clJ gauge-mediated supersymmetry breaking, not to mention R-

andnmo, and might allow their determinatichEven a rough  parity violation, the CDF and DO detector groups should

measurement of these latter two quantities will allow us towork to clarify and refine these signals and, in particular, the

estimate\F using Eq.(8). Further, the energy distributions backgrounds thereto.

of the visible particlegjets, leptons, and photonwill reflect

both the relative and absolute masses of the sparticles. For

example, thresholds reflectingy —myo and/ormy —myo This work was supported in part by the U.S. Department

might show up in lepton energy distributions. And so forth.of Energy under Grant No. DE-FG03-91ER40674, and by

Obviously, substantial statistics will be required for a rela-the Davis Institute for High Energy Physics. We are grateful

tively model-independent determination gF and the soft- to B. Dobrescu, H. Murayama, and S. Thomas for helpful
conversations. We particularly wish to acknowledge impor-
tant conversations with S. Mani regarding the DO detector

9As an example, one could measure the time of flight ofitfiéo and th_e possibility of implementing the delayed-decay sig-

the OHC cell(by the time of the OHC energy depdsitind the ~ nals discussed here.

energy of the deposit.e. the energy of the photgnThe flight time

is a function ofcr, o and the averagé(lJ energy. The photon

energy is a function of the latter two. The correlation between the 1°The main difference, as compared to f{a% case, is that addi-

flight time and photon energfas measured in a large number of tional information would arise from observation of the visible track

event$ might allow a roughly model-independent determination of associated with a semi-stable charg%'g, Also, a |ong-|ived7R

c7 andnmo. might be absorbed inside the detector.
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