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ABSTRACT

We search for inclusive high Er diphoton events with large missing transverse en-
ergy in pp collisions at 1/s=1.8 TeV. Such events are expected from pair production
of charginos and neutralinos within the framework of the minimal supersymmetric
standard model with a light gravitino. No excess of events is observed. A 95% CL
exclusion region in the supersymmetry parameter space is presented. Lower mass
bounds of 156 GeV/c? for the lightest chargino and 79 GeV/c? for the lightest
neutralino are derived. These limits exclude the region of the parameter space
suggested for the chargino interpretation of a recent CDF event in the model. The
lower mass limit on the lightest neutralino also rules out a large part of the space
suggested for the scalar electron interpretation of the event in the model.
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1 Introduction

Supersymmetry is a space-time symmetry which predicts that elementary particles come in
Boson-Fermion pairs. The absence of these same mass pairs implies that the supersymmetry
must be broken. Most of the supersymmetric phenomenological models assumes the super-
symmetry is broken in a hidden sector at a scale A which is then transmitted to the visible
sector of standard model particles and their supersymmetric partners through either gravita-
tional interactions (supergravity-inspired models) or standard model gauge interactions (gauge-
mediated models). The supersymmetric models with gauge-mediated supersymmetry breaking
have generated considerable theoretical interests recently [1, 2, 3]. In these models, the scale
of supersymmetry breaking can be as low as A ~ 100 TeV. Since the gravitino (G) mass is
directly related to A through

A 2
o~ 4.2 x 107 (—__)
me 2x10 500 GeV eV,

the gravitino is light (as light as a fraction of an electron-volt, the current gravitino mass limit
is O(107%)) and naturally becomes the lightest supersymmetric particle (LSP) in these models.
The lightest standard model superpartner, often assumed to be the lightest neutralino (%9), is
the next-to-lightest supersymmetric particle (NLSP). It becomes unstable and decays into a
photon plus a gravitino (¥2 — vG) if x? has a non-zero photino component (as often the case).
This type of models have been proposed for sometime [4] though much of the recent speculative
theoretical attention is sparked by a single CDF event [5]. In contrast, the supersymmetry
breaking scale of the gravity-mediated models is general of A ~ 10° TeV, resulting a massive
gravitino which has no role in low energy supersymmetry.

In the framework of the minimal supersymmetric standard model (MSSM), the gaugino-
higgsino sector is parameterized by the four parameters: M,, M,, p and tanf, where M,
and M, are the U(1) and SU(2) gaugino mass parameters at the electroweak scale, p is the
higgsino mass parameter and tan 3 is the ratio of the vacuum expectation values of the two
higgs doublets. With the gaugino mass unification at the GUT scale which is assumed here,
the M, and M, have the following relationship: M, = g-ta.nz 6w M,. There are four neutralinos
(X7, 1 = 1,2,3,4) and two charginos ()Z;t, j = 1,2) with their masses and couplings among
themself and with the Standard Model particles fixed by the three parameters (M, p and
tan ) in the MSSM.

In this note, we present a direct search of the supersymmetry with a light gravitino in the
framework of MSSM. We search for neutralino and chargino pair productions in pp collisions at
Tevatron with R-parity conservation. In the analysis described below, the squarks and sleptons
are assumed to be heavy such that the decays of charginos and neutralinos to the lightest
neutralino proceed through intermediate W and Z /v exchanges. Futhermore, the xJ is assumed
to be short-lived and to decay within the detector to 7G with a branching ratio of 100%. Since
the LSP is stable and non-interacting, pair production of the charginos and neutralinos will
yield inclusive high Er diphoton events with large missing transverse momentum (Er) with
or without jets. The presence of high Er photons and large Er provide a powerful tool for
identifying these events over backgrounds.

DO has reported a search of diphoton events with large missing transverse momentum in
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Ref. [6], aimed at supersymmetry models with X7 as the LSP. In this note, we present the first
experimental study of the MSSM with a light gravitino as the LSP in pp collisions, motivated
by several recent theoretical papers (2, 3]. Like the analysis presented in [6], no excess of events
beyond the expectation of the standard processes is observed. Unlike the previous analysis,
different photon identification and event selection are used, resulting in significant increase in
the efficiency for supersymmetry. Bounds in the (&, M) plane are derived from the search
and lower limits on the xf and %° masses are inferred. The high efficiency enables us to

set the strongest limit in the supersymmetry parameter space, exceeding those from the LEP
experiments.

The rest of the note is organized as following. We briefly discuss the theoretical aspects
of the chargino and neutralino pair productions first, followed by the detailed presentations of
photon identification, event selection, background estimation, signal acceptance and finally the
results and their interpretations. In the appendix, we compare this analysis with the analysis
reported in Ref. [6].

2 Chargino and Neutralino Pair Productions

The chargino and neutralino pair productions and the subsequent x? and )Zj: decays are mod-
elled using the SPYTHIA program (7], a supersymmetric extension of the PYTHIA 5.7 program [8].
As discussed above, the cross sections are functions of supersymmetry parameters M,, u and
tan3 '. To explore the parameter space, we chose to work in the (u, M) plane while keeping
tan 3 fixed, a strategy used by LEP extensively for studying supersymmetric models with %9
as the LSP. We began our studies by investigating the cross sections in the (#, M) plane to
minimize the time-consuming Monte Carlo simulations. Figure 1 (a) shows contours of constant
cross section obtained from the SPYTHIA program for tan 8 = 2. A value of mg = 800 GeV/c?
and CTEQ3L parton distribution function [9] are used in the calculation. Futhermore, the
renormalization scale is set to equal to the average transverse mass of the processes. Although
the productions of all possible pairs of charginos and neutralinos are included in the calculation,
most of the cross section is due to ¥fx¥ and )Zi‘:)"(g productions.

The constant mass contours of X3 and % are shown in Fig. 1 (b) in the same plane.
Evidently, the cross section is strongly correlated with the chargino and neutralino mass. It
suggests that the kinematics is largely responsible for the dependence of the cross section in
the (p, M>) plane.

The dependence of the cross section on tan (> 1) ? is illustrated in Fig. 2 for four represen-
tative points in the (u, M;) parameter plane. The cross section is almost independent of tan 3
for tan 8 > 20. When tan 8 < 20, it increases for u < 0 and decreases for y > 0 slightly as an

!The SPYTHIA program takes M, instead of M; as an input parameter. In order to compare our results
directly with those from LEP experiments, a small modification is made to the program to use M; as the input
parameter with the consent of the author of the program.

?Since the top quark is much heavier than the bottom quark, one expects tan3 > 1. Futhermore, if the
top quark Yukawa coupling remains perturbative up to the GUT scale, then tan3 > 1.2 [10]. The restriction
tan8 > 1 is imposed in this analysis, but it is worth noting that the chargino and neutralino masses and
couplings are symmetric under the transformation tang8 — cotf.
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Figure 1: The constant contours in (1, M) plane for tan 8 = 2 of the cross section for
the sum of x?%?, x?x;, and X% production and (b) the mass of the lightest chargino

(dot line) and the lightest neutralino (dash line) in the unit of GeV/c2.

increasing tan 8. The variation in the cross section is strongly correlated with the variations
in the chargino and neutralino masses. Unless it is otherwise specified, a tan 8 = 2 is used in
this analysis. Through ¢-channel diagrams, squarks also play a role in chargino and neutralino
pair production. However, unless the squarks are lighter than ~ 200 GeV/c?, the effect is very
small. In this analysis, we assume squark mass (mg) degeneracy and set mg; to be 800 GeV/c?
which generally yields the lowest cross sections for a reasonable variation of the squark mass.

Event selection are best optimized by examining the expected distributions from the super-
symmetry. The generator-level Er distributions of the leading (7y:) and the second (v,) photon
expected from an integrated luminosity of 100 pb~! are shown in Fig. 3 (a) for two points in
the (u, M;) plane. No event selection is applied. The photon Er distributions vary widely from
one point to another point in the parameter space and are strongly correlated with the chargino
and neutralino masses. The photon pseduorapidity distributions for the same two points are
shown in Fig. 3 (b). The two distributions are normalized to an equal area. Most photons are
centrally produced, in particular when charginos/neutralinos are heavy.

Topological distributions such as the diphoton opening angle and the smallest angle between
‘Fr’ and the two photons in r — ¢ plane are shown in Fig. 4 (a) and (b) respectively, where the
‘Er’ is defined as the transverse momentum of the two gravitinos. Events in these plots are
required to have E7' > 20 GeV, EF* > 12 GeV and ‘Br’> 25 GeV. Moreover, both photons
must be within || < 2.0. Not surprisingly, these topological distributions strongly depend on
the values of the supersymmetry parameters. For example, the A¢ distribution peaks strongly
towards 180° when chargino/neutralino are light, expected from the Lorentz boost and is almost
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Figure 2: The cross sections as functions of tan 8(> 1) for four representative points in
the (x, M,) parameter plane.

flat when chargino/neutralino are heavy and their mass difference is small. For the same reason,
the ‘£7’ tends to point to the direction of one of the two photons when charginos/neutralinos
are light. Therefore, to maximize the sensitivity to supersymmetry in a large parameter space,
topology based selection is undesired given the wide difference in topologies across the space.

3 The Analysis

The data used in this analysis were collected with the D@ detector during the 1992-1995 Teva-
tron Run 1A, 1B and 1C at a center-of-mass energy of 1.8 TeV. Runs with Main Ring active are
vetoed using the MRBS_LOSS and MICROBLANK for Run 1B and 1C and only the MICROB-
LANK for Run 1A. The total effective luminosity used in this analysis is 106.3+ 5.6 pb='. The
D@ detector consists of a central tracking system, a calorimeter, and muon chambers. With
the hermetic and uniform rapidity coverage of the calorimeter, the D@ detector is well suited

for searching for new physics with large transverse momentum. A detailed description of the
D@ detector can be found in Ref. [11].
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Figure 3: The generator-level Ey distributions of the leading (71) and the second (v2)
photons (a) and photon pseudorapidity distributions (b) for the two points in the pa-
rameter space without any selection. The lightest chargino and neutralino masses are
(149,131) GeV/c? for the point (—140,300) GeV and (30,15) GeV/c? for the point
(500,40) GeV. Note that the Er distribution for the point (500,40) GeV has been scaled

down by a factor of 1000.
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Figure 4: Topological distributions of (a) the diphoton opening angle and (b) the smallest
angle between photon and ‘¥’ in r — ¢ plane for events passed the generator-level se-
lection. The corresponding (mﬁt,mig) are (120,93) GeV/c? for the point (150,300) GeV
and are (31,6) GeV/c? for the point (—200,10) GeV. Note that the distributions for the
point (—200,10) GeV have been scaled down by a factor of 10.




3.1 Photon Identification

Photons are identified by the detection of an isolated electromagnetic shower in the calorimeter

and by the absence of tracking chamber hits in a road between the calorimeter shower and the
event vertex.

3.1.1 Calorimeter Selection
The criteria used to select electromagnetic clusters are

(1) H-matrix x < 100
The H-matrix x? is a measure of the likeliness of shower profiles (transverse and longitu-
dinal) being consistent with those expected from the electromagnetic showers.

(2) Isolation < 0.1
The isolation is defined to be the ratio between the energy in an annular isolation cone
from radius 0.2 to 0.4 around the cluster in  — ¢ space and the energy of the cluster.

(3) EM fraction > 0.95
The EM fraction is the fraction of the cluster energy deposited in the electromagnetic
section of the calorimeter.

These identification criteria are the same as those used in the top analyses and are discussed
in detail in [13]. The efficiency (ec) for identifying electromagnetic clusters is found to be
independent of cluster Er for Er > 20 GeV. Below 20 GeV, the efficiency tends to decrease
with decreasing cluster E7. The Er dependence for Er < 20 GeV has been studied in detail
and is parameterized as [14]:

Gc(ET) = 60(20)(0. + bET + CE%)

where €c(20) are the efficiencies for identifying electromagnetic clusters with Er > 20 GeV
and @, b, and c are parameterization constants which are —0.1720, 0.1023, —2.234 x 10~2 for
CC and are 0.6660, 0.0219, —3.211 x 10~* for EC. As presented in [13], ec(20) is 0.92 £ 0.008
for CC (|n| < 1.2) and 0.89 + 0.017 for EC (1.5 < [5| < 2.0). An additional 2% systematic
uncertainty is assigned to the efficiency for photons with Er < 20 GeV to take into account
the uncertainty in the parameterization.

3.1.2 Tracking Selection

Photons are further selected from the identified electromagnetic clusters using the track infor-
mation and the hits-in-road information as computed by the HITSINFO package [15], originally
developed for the analysis of triple gauge boson couplings [16]. Only PPHO objects are con-
sidered as photon candidates. The HITSINFO package searches for tracking chamber hits in a
narrow angular road as defined in Table 1 between the calorimeter cluster and all reconstructed
vertices. It computes the following HITSINFO variables:
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RHVTXW - percentage of VTX wires hit in road
NHVTX3D - number of VTX 3d hits in road
RHCDCW - percentage of CDC wires hit in road
NHCDCXY - number of CDC XY hits in road
NHCDC3D - number of CDC 3d hits in road
NHCDCZS - number of CDC z-segments in road
RHFDCW - percentage of FDC wires hit in road
NHFDCXY - number of FDC XY hits in road

Table 2 lists the criteria imposed on these variables to select photon candidates. These require-
ments are identical to those used in [17]. The efficiency (ey) for HITSINFO selection is obtained
using the ‘emulated’ photon sample. This sample is obtained by rotating the calorimeter clus-
ter position of the Z — ee electrons by w/2. A new tighter road is constructed between this
emulated photon cluster and the vertex. All the HITSINFO variables are recomputed using
this new rotated cluster, the efficiency is then the fraction of ‘emulated photons’ passing the
HITSINFO selection. This procedure mimics the situation of real photons, and take care of any
random tracks in road and other multiple interaction and instataneous luminosity effects. The
Z — ee event for this study have the invariant mass within 5 GeV window of M, (86-96 GeV).
This reduces the number of background events in our sample. The efficiencies of the HITSINFO
selection obtained this way are 0.92 £ 0.02 for CC electrons and 0.91 + 0.04 for EC electrons,
in good agreement with 0.90 + 0.04 quoted in Ref. [17].

Detector | Af (rad) A¢ (rad)
CDC 0.05 0.0075
VTX 0.005 0.012
FDC 0.005 0.015

Table 1: The angular road used by the HITSINFO package to count numbers of hits in the
three tracking detectors.

3.1.3 Photon Conversions

A photon would not be identified if it interacts in the material in front of the tracking chambers.
The photon conversion probability is estimated using single photon Monte Carlo events. The
Monte Carlo sample was GEANTed using full showering and reconstructed with the latest
DORECO version. The calculated conversion probability as a function of pseduorapidity is
shown in Fig. 5. The average efficiency loss (1—€x) due to photon conversion is pseduorapidity-
dependent and is about 10% in CC and 30% in EC. The estimated systematic error is about
10% of the conversion probability.




RHVTXW < 0.3
NHVTX3D < 8

CDC

FDC

RHCDCW < 0.3
NHCDCXY <20
NHCDC3D <1
NHCDCZS =0

RHFDCW < 0.7
NHFDCXY < 30

Table 2: The HITSINFO selection applied on the electromagnetic clusters to identify photon
candidates. These requirements are identical to those used in [17].

0.5

04}

Conversion Probability

03}

02}F

0 | | ! |

0.1 M

0 2 4 6 8

Il 1 ]
10 12 14 16 18 20
Pseduorapidity (x10)

Figure 5: Photon conversion probability as a function of pseduorapidity. The errors are
statistical only. The systematic error is estimated to be about 10% of the conversion
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The combined identification efficiencies €ip (=€c X €g X € x ) for photons with Er > 20 GeV
are about 75% in CC and 60% in EC. The efficiencies for photons with Er < 20 GeV are Er
dependent and the functional forms discussed above are used in the analysis.

3.1.4 Electron Rejection

Due to the imperfect tracking detector and tracking algorithm, an electromagnetic cluster
produced by an electron can be misidentified as a photon. To aid the background estimation
discussed in Sec. 3.3, we introduce an electron rejection factor (R) which is defined as the ratio
between the numbers of electrons and photons identified from a sample of electron—originated
electromagnetic clusters. Unless otherwise specified, electrons are selected from PELC objects
and must pass the criteria for the electromagnetic clusters and have track—match significances
(otm) less than 5. The rejection is calculated using the same method described in Ref. [16]. It
consists of two components: rejection provided by the track (by only considering PPHO objects
as photon candidates) and the rejection provided by the HITSINFO selection.

The rejection from the track (Rr) is calculated using the tracking finding efficiency (e:) and
the efficiency (e,) for track-match significance requirement reported in [13] using the formula:

€€,
Ry = —2,
l—Et

It is found to be 6.1 + 0.3 for CC and 4.7 + 0.2 for EC for the efficiencies (e = 0.864 £+ 0.014,
€m = 0.93440.009 for CC and €; = 0.861 +0.018, €, = 0.766 + 0.028 for EC) presented in [13].
The rejection of the HITSINFO selection in DORECO version 12.20 or higher is estimated
using the loose W —‘e’v events. This sample is selected by requiring one PPHO cluster
passing the electromagnetic identification and with Er > 20 GeV. In addition, the events
are required to have Fr> 25 GeV. The HITSINFO selection is then applied to the sample.
After subtracting QCD backgrounds from the sample both before and after HITSINFO selection,
rejection factors (Ry) of 37.5 + 5.9 for CC and 35.9 & 8.4 for EC are obtained. Combining
the rejections of the track and the HITSINFO selection, the tracking provided a total electron
rejection factor (R = Ry X Rr) of 229 + 38 for CC and 169 4 37 for EC. These numbers are
in good agreement with 245 £ 60 for CC and 160 + 50 for EC reported in [16] for Run 1A.
The HITSINFO selection in DORECO versions earlier than 12.20 is found to be inefficient in
reducing backgrounds for photons.

The validity of the HITSINFO rejection of electrons is checked using a sample of Z — ee
events, which are selected by requiring two electromagnetic clusters each with Er > 20 GeV
and an invariant mass of the pair 86 < M.. < 96 GeV/c?. The electromagnetic cluster can
either be a PELC or a PPHO object. The HITSINFO rejection is then obtained by imposing
the selection to the PPHO clusters. The rejection factor obtained for the CC is 40+ 7, in good
agreement with that estimated using the loose W events.
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3.2 Event Selection

This analysis is restricted to events from the Level 2 filter ELE_JET for Run 1A and ELE_JET_HIGH
for Run 1B/1C. The ELE_JET filter requires one electromagnetic cluster with Er > 15 GeV,
one ‘jet’ with Er > 10 GeV and a missing transverse momentum Er> 10 GeV. In addition,
both the electromagnetic cluster and the jet must have pseduorapidities || < 2.5. Apart from

the Fr requirement for which the threshold is raised to 14 GeV, the other requirements for the
ELE_JET HIGH filter are identical to those of the ELE_JET filter. For both filters, the jets in

the trigger include non-leading electromagnetic clusters.

" The signature of pair production of the charginos and neutralinos is two high Er photons
associated with the large missing transverse momentum. As discussed above, the event topology
of pair production of charginos and neutralinos is substantially different across the parameter
space. Topological cuts (such as angle between two photons, Fy direction etc...) will result in
loss of efficiency in some region of the space. With excellent photon identification and good Er
resolution, we found that simple kinematic requirements are sufficient to reduce backgrounds to
a negligible level.. To be selected as yyEr candidates, events must have two identified photons
and satisfy the following kinematic requirements:

(1) EF > 20 GeV with || < 1.2 or 1.5 < |g™]| < 2.0,
(2) EF > 12 GeV with || < 1.2 0or 1.5 < |p™| < 2.0,
(3) Er> 25 GeV.

In addition, there must be at least one reconstructed vertex in the events to ensure good
measurements of the missing transverse momenta. No requirement on jets is made in the
selection. The F7 is determined from the energy deposition in the calorimeter with In| < 4.5.
The higher Er requirement on the leading photon is necessitated by the trigger threshold.
Nevertheless, the requirement is efficient for the parameter region with heavy charginos and
neutralinos as shown, for example, in Fig. 3 (a). The pseduorapidity requirement is dictated
by the detector acceptance. After these cuts, two events (one from Run 1A and the other from
Run 1B) survived 3.

Since only ~ 15% of the data are processed with the good HITSINFO, events which passed
all the selection above except the HITSINFO and the [y selections (229 events) are picked using
the PICK_EVENTS utility and reprocessed with the good HITSINFO package. These events
are referred to as the v events in the following discussion. Twenty-eight events survived the
HITSINFO selection after reprocessing. Two of these events have Er above 25 GeV. The Er
distributions before and after the HITSINFO selection are shown in Fig. 6.

3The Run 1A event (Run#=62433, Event#=10839) has a Fr pointing to the Main Ring direction while the
Run 1B event (Run#=91267, Event#=38689) has a photon in the Main Ring region and a By back-to-back
with that photon. We note that these events can be easily removed by applying additional requirements based
on event topology. However, any topology based selection will undoubtly reduce the sensitivity to the events
from supersymmetry.
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Figure 7: The Fr distributions of the vy and the background samples before the HITSINFO
and the [ selections. The number of events with Zr< 20 GeV of the background samples
is normalized to that of the vy sample. The eyEr contribution is obtained from those of
the ee, ey events after subtracting QCD backgrounds by applying the electron rejection
factor of the track (Rry). The apparent peak in the distribution is a result of falling
spectrum with a trigger threshold.
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shown are the expected distributions from the supersymmetry. Note that the distributions
of the supersymmetry have been scaled up by factor of ten.

3.3 Background Estimations

The multijet, direct photon, W 4+, W +jets, Z — ee, Z — 77 — ee events from the Standard
Model processes with misidentified photons and/or mismeasured Er are the background sources
for the 4y events. The numbers of background events from these sources are estimated using
data for the following two cases: diphoton events (genuine or misidentified) without genuine
Er and events with genuine Fr.

Genuine or misidentified diphoton events without genuine Jr will be misidentified as vy Er
events if the Jr’s are significantly mismeasured. This background is estimated using a QCD
sample selected by requiring

(1) EM fraction > 0.9 for both clusters,
(2) Isolation < 0.1 for both clusters,

(3) at least one cluster with H-matrix x? > 200,
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(4) no track in road for PPHO clusters, and

(5) track-match significance greater than 10 for PELC objects

from the same dataset with the same trigger. The EM clusters can be either PELC or PPHO
objects. In addition, the events are required to pass the kinematic requirements except the cut
on Fr. As discussed above, the HITSINFO selection in DORECO versions earlier than 12.20
are inefficient in rejecting backgrounds for photons. To avoid any inconsistency, no HITSINFO
selection is applied here. These events are similar to those of the vv sample and are expected
to suffer from the similar F7 mismeasurement. For this reason, the Fr distributions of the
two samples are assumed to be the same for small Fr in the analysis. They are compared in
Fig. 7. Using a subset of the QCD sample processed with DORECO version 12.20 or higher, the
fraction of events passing the HITSINFO selection is computed as a function of Fr. Convoluting
the fraction to the 7 distribution of the QCD sample before the HITSINFO, a Fr distribution
of the QCD sample after the HITSINFO is obtained. By normalizing the number of events with
Br< 20 GeV in the QCD sample to that in the v~ sample (see Fig. 8), a background of 2.14+0.9
events due to the 7 mismeasurement is obtained for Er> 25 GeV.

The other backgrounds are due to events with genuine Er such as those from W+’ (where
‘y’ can be a real or a fake photon), Z — 77 — ee and tf — ee + jets productions. These events
(labelled as eyBr events) would fake yyEy events if electrons are misidentified as photons.
Their contribution is estimated from the data with electrons. A sample of e‘y’ events (29
events in CC and 8 events in EC) passing the kinematic requirements including that on Fr is
selected. Standard electron and photon identifications are applied to select these events. By
applying the electron rejection factors discussed in Sec. 3.1.4, an estimated 0.2 4 0.1 events is
expected.

Figure 7 compares the Jr distributions of the v+, the QCD and the ey Er samples before
the HITSINFO selection. The number of events in the background samples is normalized to
the corresponding number in the vy sample. The ey distribution is obtained by adding
the distributions of ee events scaled down by a factor of RZ and ev events scaled down by a
factor of Ry after background subtractions. The ee and ey events are selected using the above
kinematic requirement except the cut on Er.

Adding the two background contributions together, a total 2.3 + 0.9 background events is
expected.

3.4 Signal Acceptances

Based on the theoretical cross sections of chargino and neutralino pair productions and accep-
tance studies at the generator-level, we have generated and simulated XX, XX and XEXGF
events for a large number of points in the (u, M;) parameter space. The Monte Carlo events
are required to pass a GEANT [12] based D@ detector simulation program and a trigger sim-
ulator. They are subjected to the DORECO version 12.22. For simplicity, the decay x? — v&

is assumed to occur close to the event vertex in the simulation and the gravitino mass is set to
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zero. Table 3 lists the points in the (g, M,) parameter plane for tan 8 = 2 with GEANT simu-
lations together with the corresponding masses of the lightest chargino and neutralino and the
theoretical cross sections obtained from the SPYTHIA program. The cross section is calculated
using the CTEQ3L parton distribution function [9], but is found to be insensitive to the chojce
of the parton distribution functions. The renormalization scale is set to the average transverse
mass of the processes in the calculation.

The total efficiency for the supersymmetry and its breakdowns are listed in Table 3. The
followings are brief definitions of the efficiencies:

€k parton-level efficiency of kinematic requirements on photons and Er;

€r reconstruction efficiency;
er trigger efficiency (not listed in the table);

€/p identification efficiency for both photons:
€D = €c X €g X €.

¢ total efficiency for the supersymmetry:
€ =€ X €T X €ER X €Ip.

ep detecting efficiency for events passing kinematic requirements on photons and Er:
€p = €T X €p X €1p.

The trigger efficiency estimated using the trigger simulator for events which passed kinematic
cuts ranges from 90% for light chargino/neutralino to almost 100% for heavy charginos/neutralinos.
The photon identification efficiency includes the efficiencies of the calorimeter and tracking
based selections as well as the efficiency loss due to the conversion of the photons to electrons.
The total efficiency for the supersymmetry varies greatly from ~ 0.01% to ~ 35%, depending
largely on the masses of ¥ and %9 and their mass difference. The estimated systematic error on
the total efficiency is 5% which includes the efficiency uncertainties of the electromagnetic clus-
ter identification (3%), the HITSINFO selection (3%), the reconstruction (2%), and the photon
conversions (2%).

Sample distributions of the Monte Carlo events which passed the event selection for the two
selected points in the (u, M;) plane are shown in Fig. 9. All distributions are normalized to the
expected numbers of events after the selection in our sample. The jets are reconstructed using
a cone algorithm of radius \/(A¢)2 + (An)? = 0.5 and are required to have Er > 15 GeV and
[n] < 2.0. As shown in the Fig. 9 (c), the opening angle between Er and the leading photon is
large, a topology expected from heavy X9 decays. Also the distribution of the smallest opening
angle between E7 and jets in r — ¢ is flat when Mt — o is large and favors large angles when
Mgs — My is small as expected from the decay kmema.tlcs In the case of small m, £ — Mg,
there is httle jet activity in the events (see Fig. 10). In this case, most of the energy in ‘an event
is carried by photons and gravitinos, resulting in hard photon Er spectra as demonstrated in
Fig. 9 (a) and (b) and Fr distribution shown in Fig. 8.
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Figure 9: The Monte Carlo distributions of (a) the leading photon Er, (b) the second
photon Er, (c) the opening angle between Fr and the leading photon in 7 — ¢ plane,
and (d) the smallest angle between Fr and jets in r — ¢ plane for the two points in the
supersymmetry parameter space. The corresponding (milt ;Mmso) are (167,154) GeV/c?

for the point (—160,400) GeV and are (168,87) GeV/c? for the point (600,180) GeV. All
distributions are normalized to the expected numbers of events in the data.
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7

M,

meo

Oth

Efficiency (%)

X1 miih oD o
GeV_ GeV | (GeV/c®) |(pb) | ek er  ep  ep €(=exen) || (pb) (pb)
—-10 10| 6.2 51.4| 985 0.062 92.9 - 0.03240.008 - 191
—10 300 8.7 25.5| 3458 0.072 1.9 - 0.040%0.009 - 141
—-10 500 8.9 19.8 | 3810 0.022 50.0 - 0.01140.002 - 477
—100 10 6.1 423 | 974 0.026 92.0 - 0.014+0.003 - 391
—200 10 6.1 31.4 4822 0.020 51.9 - 0.010£0.002 - 540
—145 300 | 134.6 153.6 | 0.19 | 67.7 86.6 56.6 47.6 32.3£1.5 0.101 0.15
—145 400 | 140.2 152.9 | 0.19 | 66.9 82.8 56.7 46.1 30.8+1.5 0.104 0.16
—160 200 | 103.6 163.1 | 0.18 | 65.9 70.6 56.4 39.2 25.8+1.4 0.122 0.19
—160 300 | 143.9 167.8 | 0.12 | 71.5 85.1 56.4 47.4 33.9+£1.5 0.101 0.14
—160 400 | 154.4 167.5 | 0.12 | 66.2 86.6 56.6 48.4 32.0+1.5 0.099 0.15
—160 500 | 156.5 166.8 | 0.12 | 66.0 91.5 56.9 50.6 33.4+1.5 0.095 0.14
—180 200 103.9 177.4 | 0.13 | 62.3 75.1 56.4 42.0 26.1+1.4 0.114 0.18
—200 160 | 84.3 163.1| 0.23 | 60.5 70.9 56.2 39.1 23.6+1.3 0.122 0.20
—300 160 | 83.7 167.8| 0.19 | 56.1 66.8 56.1 37.1 20.8+1.3 0.130 0.23
—400 150 | 78.2 157.8| 0.25 | 57.2 71.5 55.6 38.8 22.1+1.4 0.124 0.22
—400 160 | 83.2 167.5| 0.20 | 58.1 68.2 55.6 41.6 24.2+1.3 0.115 0.20
—500 160 | 82.8 166.8 | 0.22 | 57.0 61.5 55.8 38.3  21.8+1.3 0.126 0.22
—600 140 | 725 146.4 | 0.36 | 53.5 76.8 55.8 42.0 22.5+1.3 0.114 0.21
—600 160 | 82.5 166.1 | 0.21 | 58.0 62.0 56.3 31.7 18.4+1.3 0.151 0.26
—800 150 | 77.1 155.1 | 0.31 | 58.2 76.6 55.8 42.3 24.6+1.4 0.114 0.20
—800 165 | 84.7 170.0 | 0.20 | 57.2 60.9 56.2 34.3 19.6+1.3 0.140 0.25
—~1000 160 | 81.9 164.2 | 0.23 | 58.0 69.5 55.8 38.5 22.3+1.3 | 0.125 0.22
—1000 170 | 86.9 174.2 | 0.17 | 60.9 62.9 56.2 34.7 21.1+1.3 0.139 0.23
10 300 6.1 6.7 | 3523 0.140 51.0 - 0.078+0.008 - 65
145 500 | 117.4 130.4 | 0.39 | 66.1 62.8 56.9 34.8 23.0+1.3 0.138 0.21
170 500 | 139.0 154.2 | 0.18 | 68.3 79.6 56.7 44.4 30.3+1.5 0.108 0.16
180 300 | 109.7 144.4 | 0.24 | 62.3 61.9 56.2 34.7 21.6+1.3 | 0.139 0.22
180 350 | 123.2 152.1 | 0.18 | 66.0 75.8 56.4 42.3 28.0+1.4 0.113 0.17
200 300 118.1 160.2 | 0.15 | 66.8 74.7 56.4 41.8 27.9+1.4 0.115 0.17
300 190 | 85.6 152.4 | 0.28 | 61.3 62.3 55.7 34.0 20.8+1.3 0.141 0.23
300 205 | 92.9 164.0| 0.19 | 61.6 76.5 56.3 42.8 26.4+1.4 0.112 0.18
400 190 | 89.4 166.4 | 0.19 | 61.7 76.5 56.2 42.3 26.1+1.4 0.113 0.18
500 185 | 88.6 168.5| 0.19 | 62.2 75.4 56.2 41.5 25.8+1.4 0.116 0.19
600 175 | 84.6 162.6 | 0.24 | 61.8 62.1 56.0 34.2 21.2+1.3 0.140 0.23
600 180 | 87.1 167.5| 0.20 | 59.5 68.1 56.3 37.8 22.5+1.3 0.127 0.21
800 170 | 83.2 161.6 | 0.25 | 58.7 78.7 56.0 43.3 25.4+1.4 0.111 0.19
1000 170 | 83.8 163.6 | 0.24 | 62.3 78.0 55.6 38.9 24.3+1.4 0.123 0.20

Table 3: Shown is a list of points in the (u, M,) plane for tan8 = 2 with GEANT
simulation. The errors on the total efficiencies are statistical only. The systematic errors
are estimated to be 5%. The last two columns list the 95% CL upper limits on the

detectable (op) and the total (o) cross sections.
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Figure 10: The distributions of the number of jets expected from pair productions of
charginos and neutralinos for the two points in the (u, M) plane.

3.5 Comments on ¥y Requirement

Large missing transverse momentum is a key signature for the productions of the supersymmet-
ric particles while most of background events from the standard model processes have zero or
small Fr. Therefore, it is important to understand the cut on Er. Table 4 * shows the numbers
of candidate and background events together with the expected efficiencies of the supersyms-
metry for the two representative points in the parameter space. As expected, the number of
background events and the efficiency for the supersymmetry decrease as the Fr threshold in-
creases. A 25 GeV [Jr threshold is used in many previous analyses to select W — ev events
and is adopted in this analysis. As shown in the table, it represents a reasonable compromise
between the efficiency and the background.

‘evPr events with Br< 20 GeV are not picked for reprocessing with the good HITSINFO package. Therefore,
no background estimation is made.
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Er Candidates Backgrounds Efficiencies
Threshold N,, QCD Sample | ey Er Sample || (—160,400) (600, 180)
> 20 GeV 3 33+14 —— 0.350 0.252
> 25 GeV 2 21+0.9 0.18 £ 0.09 0.339 0.235
> 30 GeV 1 1.4+ 0.7 0.12 &+ 0.07 0.330 0.219
> 35 GeV 1 1.0+ 0.6 0.12 4+ 0.07 0.326 0.204

Table 4: Numbers of vy £7 and background events for four different thresholds on the Er.
The efficiencies of the supersymmetry for the two representative points are also shown.

4 Results and Discussions

4.1 Cross Section Limits

With two events observed and 2.3 & 0.9 events expected from the backgrounds, we observe
no excess of events above the expectation from the misidentifications and mismeasurements.
We compute 95% C.L. upper limits of the total cross section (o) for the sampling points in
the (4, M) plane using the estimated efficiencies (¢) with their errors discussed above. The o
computed using a Bayesian approach [18] with a flat prior distribution for the signal cross section
are listed in the last column of the Table 3. Depending on the values of the supersymmetry
parameters, the limits vary widely from a few hundreds nanobarn for light charginos/neutralinos
to ~ 0.14 picobarn for heavy charginos/neutralinos.

We also compute 95% C.L. upper limits of the detectable cross section (op) for diphoton
events with E7' > 20 GeV, EF’ > 12 GeV, |n?| < 1.2 or 1.5 < |n?| < 2.0, and Er>25 GeV
using the detecting efficiency ep for the parameter points of interests. The resulting limits are
also listed in Table 3. The limits vary from ~ 95 fb to ~ 151 fb, depending on the value of the
supersymmetry parameters. Conservatively, we set a 95% CL detectable cross section limit for
inclusive pair production of charginos and neutralinos

op < 151 fb

for diphoton events with EF* > 20 GeV, EJ > 12 GeV, |57 < 1.2 or 1.5 < In"| < 2.0, and
Er> 25 GeV. Care must be taken in comparing this limit with that reported in Ref. (6] due
to different kinematic cuts applied. Parton level studies show that the kinematic cuts used in
this analysis is about 30% more efficient than those used in Ref. [6]. Please also note that this
limit is somewhat arbitrary given that only a limited number of parameter points are sampled.

4.2 Bounds in the Supersymmetry Parameter Space

To derive limits in the (u, M) plane, the values of u and M, are varied around the sampled
points till the theoretical cross sections exceed the upper limits. The bounds in the (i, Mj)
plane are shown in Fig. 11 along with the points sampled with GEANT simulations. As shown
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Figure 11: Sampled points in the (u, M) plane with GEANT simulation. Also shown are
bounds for tan 8 = 2 (solid line), tan 8 = 1.05 (dotted line) and tan 3 = 100 (dashed line)
derived from this analysis.

in Table 3, the efficiency for the supersymmetry is reasonable constant around the sampled
points when the charginos and neutralinos are heavy, despite of the great variations across
the parameter space. Here a constant efficiency for the supersymmetry is assumed around a
sampled point. Furthermore, the smaller of the two efficiencies is used when two points are close
together in the parameter space. The parameter region below the two solid lines are excluded
by the analysis for tan 8 = 2. The bounds depend on the tan 3 value slightly. In general, the
bounds are stronger in the 4 < 0 half-plane and are weaker in the other half-plane for a larger
tan 3. The bounds for a smaller tan 8 are almost identical to those of tan 8 = 2. The limits for
tan 3 = 1.05 and tan 3 = 100 are shown in Fig. 11 for comparisons.

The bounds in (u, M>) plane for tan 8 = 2 resulted from this analysis are compared with
those estimated in Ref. [3] from the LEP data ° in Fig. 12. The limits from this analysis are

>Most of the supersymmetry cross section at LEP is due to the ¢—channel exchanges of the slepton. Therefore,
the LEP limits are strong functions of m;. At Tevatron, the charginos and neutralinos are produced primarily
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Figure 12: Bounds in the (4, M;) plane derived from this analysis for tan 8 = 2. The re-
gion below the two solid lines is excluded at 95% CL. Also shown are the bounds estimated
in Ref. [3] from the LEP data for m; = 156 GeV/c? (thick dotted line) and for m; =
79 GeV/c? (thin dotted line) and the contours of constant myz = 156 GeV/c? (dashed

line) and mye = 79 GeV/c? (dot-dashed line). The hatched areas are speculated in [3] for
the chargino interpretation of the CDF event in the model. ‘
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stronger than those of the LEP experiments and exclude the region of the parameter space
speculated in [3] for the chargino interpretation of the CDF event in the model. Also shown are
the mass contours of me+ = 156 GeV/c? and Mo = 79 GeV/c’. Low mass limits of 156 GeV /2
for the lightest chargino and 79 GeV/c? for the lightest neutralino are derived from the bounds.
The 79 GeV/c? lower mass limit on the lightest neutralino also rules out a large part of the
parameter space suggested for the scalar electron interpretation (2, 3] of the CDF event in the
model. Since the changes in Myt and My are primarily responsible for the tan 3 dependence
of the theoretical cross section, the mass limits derived for tan 8 = 2 are also valid for other
tan 8 values studied here (1 < tan 8 < 100). For the same reason, the speculated region of the
parameter space for the CDF event is excluded for 1 < tan 8 < 100.

4.3 Limits on %{%{ and %7%? Pair Productions

The pair production of charginos and neutralinos is dominated by the production of ¥f%¥ and
X1 X5 pairs. Therefore, the null result of the search also constrains the production cross sections
of these processes, as often is done for the gravity-mediated models. We note that for a large
part of the parameter space (|iz| > M,), the following approximate mass relationship

o~ - o~ -
miib ~ mxg &~ 2 X mxg

holds. We therefore express the cross section limits as functions of m_+. These limits are
compared with the theoretical cross sections in Fig. 13. The efficiencies and the theoretical
cross sections are obtained by varying M, while fixing tan 3 to 2 and p to —500. For a given
Myt the efficiency is insensitive to the choice of the parameter values while the theoretical
cross section.is expected to vary slightly with the choice. The limits are below the theoretical
cross sections for a large X mass range.

5 Conclusions

We have searched for inclusive high Er diphoton events with large missing transverse energy us-
ing the data collected with the D@ detector during the 1992-1996 Tevatron run at v/8=1.8 TeV.
Such events are predicated in the supersymmetric models with low energy gauge-mediated su-
persymmetry breaking. No excess of events is found. The null result is interpreted in the
minimal supersymmetric standard model with a light gravitino. A large region of the super-
symmetry parameter space is excluded. The limits rule out the chargino interpretation of the
CDF event and exclude a large part of the parameter space suggested for the scalar electron
interpretation in the model.
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Appendix: Comparisons with an Earlier Analysis

In this section, the analysis described in this note is compared with that reported in Ref. [6].
Table 5 summarizes the efficiencies of the two analyses for the models studied in [6]. For almost
all the cases, a factor of two or more increase in efficiency is obtained. The higher efficiency is
a direct benefit of the improved electron rejection of the photon identification. The HITSINFO
selection of the photon identification reduced the eyEr background to a negligible level and
therefore rendered event topology based selection employed in Ref. [6] designed to reduce evEr
background unnecessary. Consequently, the efficiency for supersymmetry is dramatically in-
creased. '

Process | Mass (GeV/c?) Ref. [6] This Analysis
£ X X € o (pb) € o (pb)
€e 100 80 30 - - 0.199 + 0.016 | 0.242
100 80 40 - - 0.175 4+ 0.015 | 0.275

100 80 50 - - 0.140 £ 0.013 | 0.347
1000 90 50 | 0.048 £0.007 | 0.715 | 0.171 4 0.015 | 0.282
100 90 60 - - 0.135 + 0.013 | 0.361
100 90 70 - - 0.074 £ 0.009 | 0.667
77 70 50 30 | 0.036 +0.006 | 0.995 | 0.073 +0.009 | 0.677
70 60 30 |l 0.044 +£0.007 | 0.805 | 0.119 4 0.012 | 0.410
70 60 50 | 0.001 % 0.001 - 0.010 4 0.003 | 8.36
80 65 55 | 0.007+0.002 | 21.6 | 0.018+0.004 | 3.12
80 70 60 || 0.005+0.002 | 20.8 || 0.018+0.004 | 3.12
9 70 65 - - 0.002 £ 0.001 -
90 80 65 || 0.01840.004 | 2.13 | 0.04540.007 | 1.12
90 80 70 | 0.004 +0.002 | 54.7 | 0.018 +0.004 | 3.12
100 90 70 || 0.046 £ 0.007 | 0.765 | 0.087 4 0.010 | 0.565
100 90 80 | 0.010+0.003 | 4.65 | 0.011 +0.003 | 7.02
XXy 60 30 || 0.049 £ 0.007 | 0.688 || 0.140 4 0.013 | 0.347
60 40 | 0.038 - 0.006 | 0.935 | 0.090 & 0.010 | 0.546
70 30 | 0.063 £+ 0.008 | 0.555 || 0.188 & 0.016 | 0.256
70 40 | 0.052 £ 0.007 | 0.680 || 0.152 4 0.014 | 0.320
70 50 | 0.035+0.006 | 1.03 | 0.095 %+ 0.010 | 0.517
80 30 | 0.072+0.009 | 0.471 | 0.214 £ 0.017 | 0.225
80 40 |} 0.056 + 0.008 | 0.610 | 0.193 + 0.016 | 0.250

Table 5: Efficiencies (¢) and 95% CL cross section limit for the vy E7 events of the selection
reported in this note and of that reported in [6]. The Monte Carlo events are courtesy of
J. Womersley.

For these Monte Carlo events, xJ is assumed to decay into v + x° with a 100% branching
ratio. Consequently, the photon Er and Er are largely determined by the mass difference
between X3 and x°. Therefore, the efficiency is a strong function of My — My and depends on
the process weakly as shown in Fig. 14 for the three processes. For the same reason, the 95%
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CL total cross section limit is displayed in Fig. 15.

Table 6 shows the efficiency breakdowns of this analysis and the 95% C.L. detectable cross
section limits (o) of diphoton events passing the kinematic requirements on photons and Er
for three different processes. The cross section limits are somewhat process-dependent. For
My —mge > 30 GeV/ c?, the limit on the detectable cross section is generally less than 150 fb,
almost independent of the processes.

Process | Mass (GeV/c?) Efficiency op (pb)
£ X X3| ex  er  ep €  ep(=¢€lex) | 95% CL
€é 100 80 30 '|| 0.545 0.662 0.554 0.199 0.365 + 0.029 0.132
100 80 40 |/ 0.504 0.629 0.554 0.175 0.347 + 0.029 0.139
100 80 50 | 0.424 0.601 0.549 0.140 0.330 % 0.031 0.148
100 90 50 | 0.526 0.586 0.554 0.171 0.325 + 0.028 0.148
100 90 60 | 0.425 0.586 0.545 0.135 0.318 + 0.030 0.153
100 90 70 || 0.285 0.477 0.543 0.074 0.259 + 0.032 0.191
177 70 50 30 (10.193 0.710 0.539 0.073 0.380 £ 0.047 || 0.130
70 60 30 || 0.324 0.679 0.542 0.119 0.366 + 0.037 0.133
70 60 50 | 0.052 0.365 0.530 0.010 0.194 + 0.061 0.506
80 65 55 || 0.074 0.446 0.540 0.018 0.241 +0.058 | 0.247
80 70 60 | 0.067 0.478 0.547 0.018 0.261 & 0.063 0.229
96 70 65 | 0.008 - - - -
90 80 65 | 0.155 0.542 0.536 0.045 0.287 4 0.044 0.176
90 80 70 | 0.073 0.425 0.566 0.018 0.240 + 0.058 0.249
100 90 70 | 0.275 0.589 0.539 0.087 0.316 + 0.036 0.156
100 90 80 | 0.069 0.304 0.530 0.011 0.153 + 0.048 0.597
XoX9 60 30 | 0.359 0.713 0.545 0.140 0.389 & 0.036 0.125
60 40 | 0.243 0.683 0.541 0.090 0.370 % 0.042 0.133
70 30 |/ 0.455 0.749 0.551 0.188 0.413 +0.034 0.117
70 40 (1 0.394 0.706 0.549 0.152 0.386 + 0.035 0.126
70 50 | 0.270 0.644 0.545 0.095 0.351 + 0.039 0.140
80 30 | 0.527 0.732 0.556 0.214 0.405 + 0.032 0.118
80 40 || 0.479 0.727 0.554 0.193 0.402 + 0.033 0.120

Table 6: Breakdowns of efficiencies and the 95% CL detectable cross section limits for
diphoton events passing the kinematic requirements discussed in this note. The error on
ep includes both statistical and systematic errors.
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