SUSY Searches Using Photons at the Tevatron

M. PATERNO

Department of Physics
University of Rochester, Rochester, NY 14627-0251, USA
E-mail: paterno@fnal.gov
for the CDF and D@ Collaborations

We report on recent searches by the CDF and D@ collaborations for physics beyond the Standard Model, using events with one
or more photons with high transverse momentum. These searches were conducted using the complete 1992-1996 data sample,
corresponding to an integrated luminosity in excess of 100 pb~! per experiment. In all cases, the searches have null results, with
the possible exception of a single eeyy¥r candidate seen by the CDF collaboration. These null results are interpreted to exclude

parts of the parameters spaces of several models of supersymmetry.

1 Introduction

Supersymmetry (SUSY) is a symmetry relating fermions
and bosons! It introduces for every particle in the Stan-
dard Model a partner with the same quantum numbers,
but with spin differing by one half. Recent suggestions?:3
have been made that SUSY may result in signatures con-
taining one or more high transverse momentum photons.
Some of this interest is a result of the observation of one
event containing two high transverse energy photons, two
electron candidates, and a large imbalance in transverse
energy (¥r) by the CDF collaboration? We present here
a summary of recent analyses by the CDF and D@ collab-
orations searching for such signatures. In these analyses,
we assume that R-parity is conserved. (R-parity ® is a
multiplicative quantum number, +1 for Standard Model
particles and —1 for their superpartners.) Therefore, su-
perparticles are produced in pairs, and the lightest su-
persymmetric particle (LSP) is stable.

In the MSSM, the gaugino-Higgsino sector (exclud-
ing gluinos) is described by four parameters: M; (the
U(1) gaugino mass parameter), Mo (the SU(2) gaugino
mass parameter), y (the Higgsino mass parameter), and
tan(f) (the ratio of the vacuum expectation values of the
two Higgs doublets). The MSSM can be further con-
strained by demanding unification of the gaugino masses
M, and M; at some GUT scale, which results in the re-
lation My = 3 M, tan® Oy . It can be further constrained
by the requirement that the magnitude of u (but not its
sign) be determined by electroweak symmetry breaking.
Each of these possibilities is considered by at least on of
the analyses described herein.

Photons occur in different SUSY models for a va-
riety of reasons. For models in which SUSY is broken
by a gauge interaction (GMSB models), the LSP is the
gravitino (G). The mass of the gravitino is of order
4.2 x 1075(A/500)? eV, where A is the SUSY break-
ing scale in GeV. For a typical SUSY breaking scale of

100 TeV, this yields a gravitino mass of a few electron
volts. In many GMSB models, the next lightest super-
partner is the lightest neutralino, X9. In such models, the
signature of SUSY production is the production of two
X{is (either directly, or through the decay of other SUSY
particles), with the subsequent decay X9 — 7@; the ob-
servable effect is the production of two high transverse
momentum photons and missing transverse momentum.

Photons can also appear in models without GMSB
(in which the X? is the LSP), for example, in the radia-
tive decay X3 — vX{. In part of the parameter space
of the minimal supersymmetric extension of the Stan-
dard Model (MSSM), this decay is dominant %; this has
been proposed as a possible explanation for the CDF
eeyyl, candidate? Within the MSSM, the radiative
decay X3 — X} dominates in the region of parame-
ter space defined by 50 < M; ~ My < 100 GeV/c?,
1 <tan(8) < 3, and —65 < u < —35 GeV/c?$

The SUSY searches presented here fall into two
types: diphoton searches, covered in Section 2 and pho-
ton + . searches, covered in Section 3.

2 SUSY Searches Using Two Photons

2.1 CDF Results

The CDF collaboration has published a search for events
with two high transverse energy photons? Using a data
sample corresponding to an integrated luminosity of
85 pb~!, they searched for events with two isolated pho-
tons with E7 > 12 GeV in the central region (|n7| < 1.0).
Each photon candidate was required to have no associ-
ated track with pr > 1 GeV/¢, and no more than one as-
sociated track with pr < 1GeV /¢, a shower shape consis-
tent with a single photon, and no other photon candidate
within the same 15° segment of the calorimeter. To main-
tain the project geometry of the calorimeter, the primary
collision vertex was required to be within 60 cm of the
center of the detector. To suppress cosmic rays, events



were required to have no central hadronic calorimeter
tower with £ > 1 GeV outside of a 56 nsec time win-
dow. For events in which both photon candidates had
Ep > 22 GeV, the fiducial and isolation cuts were loos-
ened. The efficiency for identifying an isolated photon
was measured with a control sample of 2663 Z — ee de-
cays to be 68 £ 3% for the 12 GeV selection criteria, and
84+4% for the 22 GeV criteria. This selection resulted in
a diphoton sample of 2239 events, with a prompt photon
purity of 15 & 4%.

In order to minimize the effect of fluctuations in
jet measurements, events with an jet with uncorrected
Er > 20 GeV within 10° in azimuth of the . were re-
jected. The Standard Model processes which contribute
to this background contain no intrinsic £, and thus the
B, distribution from the Standard Model processes can
be predicted from the resolution of the detector. Figure 1
shows the F, distribution of both the “low-threshold”
and “high-threshold” samples, compared with that pre-
dicted from the detector resolution. Neither distribution
shows a significant excess of events beyond the predic-
tion. Note that the events in the “high-threshold” sam-
ple are a subset of those in the “low-threshold” sample.
The one event containing large F, (55+7 GeV) appears
in both plots.

/;103....|....|....,....,....,....,....

(QDJ i——._'-'- Diphoton Candidates

o E [y £>12 GevZ |7;’|<1,'?

N 2 @® 7y Data (85 pb™

2107 ¢ Ee s > 10° 3

g [Z] Expected From Z; Resolution]

S L ]

L

—10 F 3

o f ]

o - 4

oot

© SR B R i sy NPT IERTERTE A B
0 10 20 30 40 50 60 70
: 7, (Gev)

<10 , L R

8 Diphoton Candidates

0 E7> 25 GeV, m"1<1.0

N @ yy Data (85 pb™")

-o@ 10 AP oty > 10° ]

g [ Expected From Z; Resolutiond

> ]

~— -

ol i

1 E

= E

© ot do v b v by by 0

O. B ‘10. - ‘20. . 30 40 50 60 70

Zr (GeV)

Figure 1: The Fy spectra for events with two central photons, from
the CDF experiment. The top (bottom) plot contains events with
two central photons with Er above 12 (25) GeV.

This event has, in addition to the two high E¢ pho-
tons and large B, a central electron and an electro-

magnetic cluster in the plug calorimeter which passes
the electron identification criteria used for Z-boson
identification” The total pr of the 4-cluster system is
48 £2 GeV/e, opposite to the £ and in good agreement
with the measured magnitude, implying the imbalance
is intrinsic to the 4-cluster system. Although the cluster
in the plug calorimeter passes all standard electron selec-
tion criteria, there is no track in the silicon vertex system
pointing directly at the cluster, as would be expected if
the cluster were due to an electron. Interpretation of the
cluster as coming from an isolated photon, the hadronic
decay of a T, or a jet, while possible, each have expecta-
tions less than a few percent. The origin of the cluster
remains unclear.

CDF used these data to set limits on two SUSY mod-
els, one in which the photons appear from the radiative
decay X3 — vx?, and one model with light gravitinos, in
which the photons result from the decay X§ — 7@ . Com-
parison with SUSY predictions was done using simulated
event samples created with SPYTHIA 8

To investigate the X3 — vx? model of Ref [3] with
mgo = 36.6 GeV/c? and Mgy = 64.6 GeV/c?, CDF sim-
ulatled both direct production and cascade decays, yield-
ing a prediction of 2.4 events passing the selection cri-
teria of EJ. > 12 GeV and E; > 35 GeV. In the data,
one event passes these requirements; consequently, this
model could not be ruled out at the 95% confidence level
(C.L.). With no background subtraction, the resulting
95% C.L. upper limit on the cross section is 1.1 pb.

In the model with a light gravitino, diphoton pro-
duction is dominated by ¥:x9 and XXT production. In
the MSSM, further constrained to have the magnitude
of u determined by electroweak symmetry breaking, and
by requiring gauge unification for the SU(2) and U(1)
symmetries, the parameter space important to the gaug-
ino sector (excluding gluinos) is spanned by M3, tan(8),
and the sign of x. Variation of these parameters over
the range 1 < tan(8) < 25, My < 200 GeV/c? for both
signs of u yields the range of cross section limits shown
in Figure 2.

2.2 D{J Results

The D@ collaboration has published a search for events
with two photons of large transverse energy and large
E.? This search was conducted in the context of a model
with a light gravitino, with the assumption of gaugino
mass unification at the GUT scale. _

The %? is assumed to be short-lived, decaying to vG
in the volume of the detector with branching fraction
of 100%. Since R-parity conservation is assumed, the
noninteracting G is stable. Pair production of gauginos
thus yields events with high E7 photons and large Er,
with or without jets.
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Figure 2: From CDF, the 95% C.L. ugper limits on the cross section
for the production of X1 X1 and X7 xJ for a model with a light
gravitino. The shaded region shows the range of cross section limits
as the parameters are varied within the limits 1 < tan(3) < 25
and My < 200 GeV/c?, for both signs of u. The solid (dashed)
line shows the cross section limit (predicted cross section) for the
lowest value of mzi that is excluded: m)?i < 120 GeV/¢? for

tan(3) =5 and p < 0.

The data for this analysis were collected during the
1992-1996 run of the Tevatron collider and represent an
integrated luminosity of 106.3 5.6 pb™". Photon iden-
tification consisted of a two-step process: the selection
of isolated electromagnetic (EM) clusters, and the re-
jection of electrons. The EM clusters are selected from
calorimeter energy cluster by requiring at least 95% of
the energy of the cluster be deposited in the EM section
of the calorimeter, for the longitudinal and transverse
shower shapes to be consistent with that of a single pho-
ton or electron, and by an isolation requirement in the
calorimeter. Electrons are then suppressed by rejecting
those clusters which have either a reconstructed track or
a large number of tracking chamber hits in a road be-
tween the calorimeter cluster and the event vertex.

To be selected as a yyH, candidate, an event was
required to have two identified photons, one with Er >
20 GeV and the second with Ep > 12 GeV, each in the
pseudorapidity interval |n| < 1.2 or 1.5 < |n| < 2.0, and
Er > 25 GeV. Two events satisfied all requirements.

The principal backgrounds are events from Standard
Model processes with misidentified photons or mismea-
sured Fp, or both. The background due to mismeasured
Fr was determined from the data using events with EM

clusters satisfying looser requirements that used for pho-
ton identification, and for which at least one cluster failed
the shower profile requirement; these events are expected
to have a [ resolution similar to that of the diphoton
sample. By normalizing the number of events in this sam-
ple with £ < 20 GeV to that observed in the diphoton
sample, D@ obtained a background estimate of 2.1 +£0.9
due to F; mismeasurement with E, > 25 GeV. Other
background sources include events with real £, and with
an electron misidentified as a photon. Taking into ac-
count the probability for an electron to be misidentified
as a photon (0.45 &+ 0.08%, as determined from Z — ee
data), DO estimated a total of 0.2+0.1 events from such
sources, for a total expectation of 2.3 = 0.9 events from
Standard Model background sources. The F; distribu-
tion of the data sample (before imposition of the £ cut)
and the expectation from background is compared with
that of two SUSY samples in Figure 3.
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Figure 3: The Fp distribution of the vy and background samples
from the D@ experiment. The number of events with B < 20 GeV
in the background sample is normalized to that in the vy sam-
ple. Also shown are the expected distributions (multiplied by 10)
from two representative points in the SUSY parameter space, with

tan(B) = 2.

D® modeled chargino and neutralino production and
decay using SPYTHIA. They explored the parameter
space in the (u, Ms) plane while keeping tan(8) fixed,
generating X X7, X X;t and )ZT)Z;F events for many points
in the (u, M3) mass plane. The total signal efficiency var-
ied from ~ 0.01% to ~ 26%, depending on the masses of
XE and X0 and their mass difference. With two events

observed and 2.3+0.9 events expected from background,



the result was used to calculate a 95% C.L. upper limit on
the cross section for chargino and neutralino production;
the upper limit varied from several hundred pb for light
charginos or neutralinos to 0.18 pb for heavy charginos
or neutralinos. Figure 4 shows this limit expressed in the
(1, M2) parameter plane, for values of tan(8) from 1.05
to 100. D@ obtains a 95% C.L. lower limit on the mass
of ¥T of 150 GeV/c?, and 77 GeV/c? for X0.
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Figure 4: From D@, the 95% C.L. bounds in the (u, M3) plane for
tan(8) = 1.05 (dotted line), tan(B) = 2 (solid line), and tan(8) =
100 (dashed line).

3 SUSY Searches Using One Photon

3.1 D Results

D@ has submitted for publication 1° a search for events
with one high transverse energy photon, two or more jets,
and large missing Fr, motivated by recent suggestions 23
suggestions that SUSY may result in signatures involving
one or more photons in association with multiple jets and
E,. They interpret the result in terms of squark and
gluino production in the context of SUSY models with a
dominant X9 — yx? decay.

Within the MSSM, the radiative decay X3 — X\
dominated in the region of parameter space defined by
50 < My ~ M, < 100 GeV/c?, 1 < tan(8) < 3, and
—65 < u < —35 GeV/c2.

The data used in this analysis were collected with the
D@ detector during the 1992-1996 run of the Tevatron,
and represent an integrated luminosity of 99.4+5.4 pb™.
To be selected as a v + 2 jets candidate, an event

was required to have at least one identified photon with
Ep > 20 GeV and |p| < 1.1 or 1.5 < |n] < 2.0, and two
or more jets reconstructed with cones of radius R = 0.5,
having Er > 20 GeV and |n| < 2.0. The E; distribution
for events satisfying these requirements is compared with
the prediction from Standard Model backgrounds and
two different SUSY samples in Fig. 5. The turn-on at low
B, is caused by a trigger requirement of £ > 14 GeV;
to avoid this region, £ > 25 GeV was required. A total
of 318 events satisfied all requirements.
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Figure 5: The E distribution of the D@ v+2 jet data (solid circles)
compared with predicted background (solid histogram). The num-
ber of events in the background is normalized to the v+ 2 jets sam-
ple for Fir < 20 GeV, the region to the left of the dot-dashed line.
Also shown (as dashed and dotted histograms) are the distributions
expected from SUSY production for mg; = mg = 150 GeV/c?and
300 GeV/c2.

The principal backgrounds to the signal are QCD di-
rect photon and multijet events, with mismeasured Fr
and either a real photon or a jet misidentified as a pho-
ton. Smaller backgrounds include W — ev + jets events,
in which the electron is misidentified as a photon, and
W — fv + jets events, in which one of the jets is misiden-
tified as a photon. The expected number of events from
these backgrounds was estimated from the data. Above
B, = 25 GeV, the total expectation is 320 £ 30 events;
318 events are observed in the data.

To optimize the selection criteria for the detection of
a signal from SUSY, D@ simulated squark and gluino pair
production, and production in association with charginos
and neutralinos, using SPYTHIA, with M; = M, =
60 GeV/c?, tan(8) = 2, and u = —40 GeV/c?, yielding



mso = 34 GeV/c?, meo = 60 GeV/c?, and a branching
1 2

fraction B of 100% for X3 — vX?. Defining Hr as the
scalar sum of the FEp of all jets with Ep > 20 GeV and
|n| < 2.0, the sensitivity to SUSY was increased by se-
lecting Fr and Hp cutoffs to maximize the ratio of the
signal efficiency and the uncertainty in the background
prediction. To ensure sensitivity for both high and low
squark and gluino masses, the optimization was done for
mg = mgz = 150 GeV/c? and 300 GeV/c?; the optimum
(Er, Hr) values were (35, 100) and (45, 220) at these two
points, respectively. The lower cuts were used for squark
and gluino masses below 200 GeV/c?, and the higher val-
ues were used above those masses. The number of events
passing these cutoffs were 60 and 5, with 75 £ 15 and
8 £+ 6 events expected from Standard Model processes.

Having observed no excess, D@ used this result to
set a 95% C.L. upper limit on o(pp — /5 — X3 + X) x
B(x3 — 7x3). Figure 6 shows the limit for the case
mg = my, together with the leading order cross section,
calculated with SPYTHIA. This excludes squarks and
gluinos of equal mass below 310 GeV/c? at the 95% CL.
In the case of heavy squarks, the resulting gluino mass
limit is 240 GeV/c?; in the case of heavy gluinos, the
resulting squark mass limit is 240 GeV/c?. These limits
constrain the models proposed in Ref. [3], but do not
exclude all of them.
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Figure 6: The 95% CL upper limit on ¢ X B as a function of
M5 assuming equal squark and gluino masses. The hatched
band represents the range of expected cross sections for different
sets of MSSM parameters, consistent with the constraints B()?g —

7X8) = 100%, and m —meg > 20 GeV/c?.

4 Conclusion

The CDF and D@ experiments have performed a number
of searches for supersymmetry in channels involving one
or more photons. Although the CDF collaboration has
collected one remarkable, and difficult to explain, event,
no evidence for supersymmetry has yet been seen. In
the absence of such evidence, both collaboration have
established new limits in the context of various SUSY
models.

Both collaborations are now preparing for the next
run of the Tevatron collider, with a greatly increased lu-
minosity. It is clear that SUSY searches involving pho-
tons will remain a topic of interest into the next data
collection period.
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