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Abstract

An analysis of single and multi-photon events with missing energy is performed
using data collected with the L3 detector at LEP at centre-of-mass energies around
183 GeV, for a total of 55.3 pb~! of integrated luminosity. The results obtained are
in good agreement with the Standard Model prediction and are used to derive the
value for the eTe™ — vy(y) cross section as well as upper limits on cross sections of
new physics processes. Several interpretations in supersymmetric models providing
new limits on the masses of the lightest neutralino and of the gravitino are presented.

Submitted to Phys. Lett. B



1 Introduction

The increase of the centre-of-mass energy to 183 GeV achieved at LEP in 1997 offers the
opportunity to search for new physics beyond the Standard Model. Single or two-photon
events with missing energy could provide evidence for: pair production of neutralinos ()2?5(?,
X1X3, X5X3, etc.) or of gravitinos (GG), for associated production of a neutralino and a gravitino
()NC?G), and for single or double production of excited neutrinos [1,2]. Neutralinos, according to
different supersymmetric models, can either decay to Xa— X1y [3] or to X1—Gy [4]. The missing
energy is carried away by the weakly interacting neutrino or by the lightest supersymmetric
particle (LSP) which is stable under the assumption of R-parity conservation [5]. In the Minimal
Supersymmetric Standard Model (MSSM [5]) with gravity mediated supersymmetry (SUSY)
breaking, the LSP is the lightest neutralino ()2[1)). There are models, like the one proposed in
Reference [6] referred to as LNZ, where the LSP is instead the gravitino. A light gravitino
appears also in models with different SUSY breaking mechanisms like the Gauge Mediated
SUSY Breaking (GMSB [7]).

In the Standard Model single or two-photon events with missing energy are produced via
the reaction ete™ — viy(y), which can proceed through s-channel Z exchange or t-channel
W exchange. Searches for single and multi-photon final states, as well as measurements of
the eTe™ — vuy(7y) cross section, have already been performed by L3 [8] and by other LEP
experiments [9].

In the following we present a study of events with one or more photons and missing energy.
Two distinct kinematic regions are considered: high energy photons from which the cross section
for the ee™ — vy(7y) process is measured and low energy photons for which other Standard
Model processes contribute significantly. Both regions are used in searching for new physics
processes. In this paper upper limits on new physics contributions are obtained for general
models as well as for supersymmetric models presented above.

2 Data Sample

In this analysis we use the data collected by the L3 detector [10] during the high energy run of
LEP in 1997 corresponding to an integrated luminosity of 55.3 pb~! at an average centre-of-mass
energy of \/s = 182.7 GeV.

Monte Carlo events for the following Standard Model processes were simulated, namely
eTe”—wvwy(vy) with KORALZ [11], ete™—~v(y) with GGG [12], Bhabha scattering for large scat-
tering angles with BHWIDE [13] and for small scattering angles with TEEGG [14], and finally
four-fermion final states specifically the processes ete”—eTe ete, with DIAG36 [15], and
ete”—eTe v with EXCALIBUR [16]. The number of simulated events corresponds to more
than sixty times the integrated luminosity of the collected data for all processes except Bhabha
scattering and two-photon collisions for which the number is approximately five.

Signal events have been simulated with the Monte Carlo program SUSYGEN [17] for SUSY
particle masses (Mgysy) between zero and the kinematic limit and for AM = Mgysy — Mpsp
between 1 GeV and Mspsy. The t-channel exchange of a scalar electron slightly affects the
angular distribution of the produced SUSY particles. For signal simulations the scalar electron
(ér) mass was set to 100 GeV, except for X1G production where it was set to 200 GeV.

The detector response has been fully simulated [18] for these processes.



3 Event Selection

Electrons and photons are measured in the BGO electromagnetic calorimeter. They are required
to have an energy greater than 0.9 GeV, and their energy deposition pattern in the calorimeters
must be consistent with an electromagnetic shower. Electrons are defined as electromagnetic
clusters matched with a charged track reconstructed in the central tracking chamber. Identified
conversion electrons from photons interacting with the beam pipe or with the silicon microvertex
detector are also accepted as photon candidates. We define the barrel region as the polar angle
range 43° < # < 137° with respect to the beam axis and the end-cap region as the polar angle
range 14° < # < 36° or 144° < # < 166°. Bhabha events and ete™ — () events that are
fully contained in the calorimeter are used to check the particle identification as well as the
energy resolution, which is 1.2% for electrons and photons with energy greater than 5 GeV in
both the barrel and the end-caps.

3.1 High Energy Photons

The selection of high energy photon candidates identifies single and multi-photon events while
rejecting radiative Bhabha events and bremsstrahlung photons from out-of-time cosmic rays.
The following event requirements are imposed:

e at least one photon with energy greater than 5 GeV in the barrel or end-cap region;
e the total detected energy not assigned to the identified photons smaller than 10 GeV;
e no charged tracks or exactly two charged tracks consistent with a photon conversion.

To suppress background from events with particles that are not photons, we require the
energy in the hadron calorimeter to be smaller than 10 GeV. To reject cosmic ray background,
we require that there be no identified muon track and no more than one BGO cluster not
associated with an identified photon. For photon energies smaller than 15 GeV we require that
the most energetic BGO cluster not be aligned with signals in the muon detector, while, for
photon energies larger than 15 GeV, there be at least one scintillator time measurement falling
within 5 ns of the beam crossing time.

To reduce the background from radiative Bhabha events, we require the energy in the
SPACALY to be smaller than 7 GeV, the energy in the ALR? to be smaller than 10 GeV and
the energy in the luminosity monitor to be smaller than 20 GeV. Tighter cuts are applied if
the transverse momentum of the event is smaller than 20 GeV and events are rejected if any
energy is observed in either detector.

To further reject backgrounds from radiative Bhabha events with particles escaping along
the beam pipe, as well as from the process ete™ — v7y(), we also require:

e the total transverse momentum (p, ) of photons must be greater than 5 GeV;

e if two calorimetric clusters are present in opposite hemispheres their opening angle must
be smaller than 3.1 rad, both in three dimensions and in the plane transverse to the beam
axis.

DElectromagnetic calorimeter between BGO barrel and end-caps.
2)Electromagnetic calorimeter between BGO end-caps and luminosity monitor.



When a second photon with an energy greater than 5 GeV is present, then the following
alternative selection is applied to the two most energetic BGO clusters in order to reject the
above backgrounds:

e their total transverse momentum must be greater than 3 GeV;

e if their total transverse momentum is smaller than 30 GeV we also require their acollinear-
ity to be larger than 8.1°, their acoplanarity to be larger than 5.2°, and the missing
momentum direction at least 12° away from the beam pipe;

e the recoil mass must be larger than 30 GeV.

After applying this selection we observe in the data 103 events in the barrel, with one or
more photons, and 92 in the end-caps to be compared with a Monte Carlo prediction of 107.4
and 95.8 events, respectively. It consists mainly of the process ete™ — vy(y), with only 1.2
events expected from radiative Bhabha events, ete™ — () and four-fermion processes. The
observed rates of events with two photons and of photon conversions agree well with the Monte
Carlo simulation. Based on studies of out-of-time events, the cosmic ray background in the
event sample is estimated to be less than 1.4 events at 95% C.L.

The selection and trigger efficiency for efe™ — viy(7y) events satisfying the kinematic
requirements E, > 5 GeV and 6, > 14° is estimated to be (65.4 4 0.3)%. Figure 1 shows the
energy spectrum of the highest energy photon, normalized to the beam energy, for single and
multi-photon events.

We observe 14 events with two photons in the data compared to the Monte Carlo prediction
of 13.3 events. For recoil masses larger than 100 GeV we observe 5 events compared to an
expectation of 5.6 events. Here the definition of events with two photons requires a minimum
energy of the second photon of 1 GeV. Figure 2-a shows the two photon recoil mass distribution
for the vyy(y) Monte Carlo and for the data.

3.2 Low Energy Photons

This selection extends the search for photonic final states to the low energy range. The search
covers only the barrel region where a single photon trigger is implemented with a threshold at
around 900 MeV [19]. We apply the following selection requirements:

e there must be only one energy deposition between 1.3 GeV and 10 GeV in the barrel
region satisfying electromagnetic shape criteria;

e there must be no other BGO clusters in the barrel or end-caps, with energy greater than
200 MeV;

e the energy in the hadron calorimeter must be less than 3 GeV;
e there must be no energy deposition in the forward detectors;
e neither a track in the central tracking chamber nor a muon track is present;

e the transverse momentum of the photon must be greater than 1.3 GeV.



Specific problems at low energy are the increase of the background due to cosmic ray events
and to small angle radiative Bhabha scattering, with the forward scattered electrons below
the minimum tagging angle of the detector. To remove cosmic ray events we impose stringent
requirements on the transverse shape of the photon shower. For the simulation of the process
eTe”—eTe y() the TEEGG [14] Monte Carlo is used, including also the fourth order contribu-
tion. It provides a reasonable simulation for photon energies larger than 1.3 GeV, even if its
precision is estimated to be at the 20% level from a study of single electron events.

After applying the selection requirements we expect approximately 136 events and we ob-
serve in the data 144 events. In particular, we expect 28.2 events from the ete”—viy(y)
process, approximately 107 events from radiative Bhabha events and a negligible contribution
from the eTe”—~7(7) process. The cosmic ray background in this sample is estimated to be
1.4+0.1 events. The efficiency of this selection for vy(7y) events in the fiducial volume defined
above and satisfying the kinematic requirements (1.3 GeV < E, < 10 GeV and p; > 1.3 GeV)
is 68.6%. The trigger efficiency is included in this value. In Figure 2-b we show the observed
photon energy spectrum compared to the Monte Carlo prediction.

4 ete —wi~y(v) Cross Section Measurement,

To measure the cross section of the eTe™ — viy(7) process we restrict the analysis to photon
energies above 5 GeV. Below this value the signal to background ratio is much lower. We
observe 195 events and we expect 203.2 events. Since the background contamination, for the
selected energy range, is very small (0.6%) the uncertainty on the background efficiency is
unimportant. The error on the measured luminosity is 0.3%.

Systematic checks similar to those described in Reference [20] have been performed. In
particular the trigger simulation and the electromagnetic shower simulation are verified on
data. We evaluate the efficiency loss due to cosmic ray veto requirements to be 1.1%. By
means of randomly triggered beam-gate events the additional inefficiency due to noise sources
not simulated in the Monte Carlo, such as that induced by beam halo in the forward detectors,
is estimated to be 1.3%. A total systematic uncertainty on the efficiency of 1.6%, due to photon
identification, is assigned.

The overall efficiency for the efe™ — viy(7y) process for events satisfying the kinematic
requirements E, > 5 GeV and 6, > 14° is 65.4 £ 0.3 (stat) £ 1.1 (syst)%. The measured cross
section at /s = 182.7 GeV is:

Ouiy(y) = 9.36 £0.39 (stat) £0.10 (syst) pb.

This measurement is converted into the total cross section for ete™ — vi(y) production of
(57.7 + 4.3) pb, to be compared to the Standard Model prediction of (60.4 + 0.8) pb obtained
with KORALZ.

5 Limits on New Physics

In the MSSM, different SUSY breaking mechanisms lead to different scenarios. All these models
fulfil the requirement to have mass splittings between ordinary particles and their superpartners
of at most a few TeV, but they assume very different supersymmetry breaking scales (\/F ).

The latter, or equivalently the gravitino mass (Mg = F/[\/3/87mMp] where Mp is the Planck



mass), can be considered as a free parameter. We can then distinguish three different scenarios:
heavy, light and superlight gravitinos.

Usually in gravity SUSY breaking models, the gravitino is heavy (100 GeV < Mg & 1
TeV) and does not play a role in production or decay processes. In this scenario the single
or multi photon signatures arise from one-loop decays of X5 into X?fy. This branching ratio is
close to 100% if one of the two neutralinos is pure photino and the other pure higgsino.

In gauge mediated SUSY breaking models a light gravitino (1072 eV < Mg < 10% V) is
the LSP. In this case the gravitino plays a fundamental role in the decay of SUSY particles, in
particular the X! is no longer stable and decays through >~<(1)—>C~}7 (for Mo < Mz).

When the gravitino is superlight (107¢ eV < Mg < 107" €V) it can be produced abundantly
not only in SUSY particle decays but also directly in pairs or associated to a neutralino.

The selections described in this paper are devised for photons originating from the inter-
action point. For neutralino mean decay length larger than 1 cm the experimental sensitivity
drops. This problem can arise only for peculiar situations in the light gravitino scenario. For
instance for M;(fl) =10 GeV and Mg = 1 €V, the decay length is approximately 10* ¢cm. In the
following all limits in the gravitino LSP scenario are under the assumption of dgo <1 cm.

5.1 Single photon

We first consider the general process ete”—XY—XX~y, with My > My. To derive cross
section limits for specific Mx and My pairings, we impose the requirement (additional to those
described in sections 3.1 and 3.2) that the most energetic photon in the event has an energy
kinematically consistent with the assumed My and My. Since isotropic photon production is
assumed, we restrict the photon candidates to the barrel region. Figure 3 shows the resulting
95% C.L. upper limits on the cross sections for the process ete™—XY—XX~.

For interpretations within the MSSM framework we do not impose the additional require-
ment on the photon energy. Moreover we do not a priori restrict the fiducial region, since the
t-channel production is often important and the rate of photons in the end-caps may be en-
hanced. Instead a likelihood approach [21] is adopted and the photon energy spectra for data,
background and signal simulations are compared in order to get the 95% C.L. upper limit on
new physics cross sections.

5.1.1 Heavy Gravitino

In this scenario the single photon signature arises from the reaction e+e_—>>~(g>~<[1), which proceeds
through s-channel Z exchange and ¢-channel scalar electron exchange (ég ). The one-loop

decay >~<8—>>~<?7 is the dominant channel only in peculiar regions of the parameter space in the
MSSM with GUT assumptions [22]. However, if the relation between the soft SUSY breaking
parameters M; and M, is relaxed this decay can occur for any X9-X! mass combination.

Typical efficiencies for this process are around 75%. We use our single photon spectrum
(Figures 1-a and 2-b) to set cross section upper limits for the reaction eTe~—sX5X? (Figure 4-a)
under the assumption of 100% branching ratio for )23—»2(1)7.

5.1.2 Superlight Gravitino

In the LNZ model [6] the gravitino is superlight and the neutralino is the next to lightest SUSY
particle. The reaction e+e*—>G>~<(1), which proceeds through s-channel Z exchange and ¢-channel



¢r,r exchange, has sizeable cross sections. The X1 composition is almost pure bino; this leads to
the dominant decay channel X?—)G% but for Mo 2 100 GeV the decay into Z is not negligible.

Efficiencies for this process range between 63% for Mo = 0.5 GeV and 77% for Myo at the
kinematic limit. The cross section upper limit as a function of Myo is shown in Figure 4-b
together with the average limit obtained with Monte Carlo experiments with background only.
The probability to obtain a better limit in the background-only hypothesis is at least 20% for
all neutralino mass hypotheses.

In the LNZ model there are only two free parameters, the gravitino and the neutralino
masses. Exclusions in the model are then completely specified in the plane Mg — Mo as shown
for our result in Figure 5-a.

In supersymmetric models with superlight gravitinos also the process ete —GG can be
relevant [23]. If Mo > \/s this is the only accessible reaction to produce SUSY particles. When
accompanied by initial state radiation this reaction leads to single or multi photon signatures.
In this scenario the energy spectrum of photons is the usual exponentially falling, but without
the peak of the “return-to-the-Z”. In addition, other diagrams contributing to the GGv(7) final
state extend the spectrum to high energies but at a rate significantly lower. A Monte Carlo
program based on formulas in Reference [23], which takes into account the emission of only
one photon, has been used to estimate the selection efficiency. From the likelihood fit to the
observed energy spectrum we derive the lower limit on the SUSY breaking scale, which is set
at 95% C.L. to v/F > 182.5 GeV and consequently for the gravitino mass:

Mg >7.9-107° eV.

The observed exclusion confidence level and the average confidence level obtained with
Monte Carlo experiments with background only, are shown as a function of the gravitino mass
in Figure 5-b. The probability to observe a higher limit than the one actually measured is 26%.

5.2 Multi photon

For the multi photon final state two different scenarios are possible in supersymmetric models:
the neutralino LSP scenario ()2(2)5((2) — 92?792?7) and the gravitino LSP scenario (>~<(1)>~<(1) — Gvév).
In both scenarios observable rates of events with two photons and missing energy are foreseen
at eTe™ colliders.

For detection of processes with multiple photons a different approach is adopted, with
respect to the single photon case. We reduce completely the ete™ — vyy(vy) background by
means of additional cuts on the energy and on the angle with respect to the beam axis of the
photons. These cuts are optimized for each mass point separately, maximizing the sensitivity
function also used in Reference [24].

5.2.1 Heavy Gravitino

The reaction ete~—X5X5 proceeds through s-channel Z exchange and ¢-channel e ;, exchange.
Typical efficiencies for this process are around 60%. The accepted background and selected
data vary, according to the X2 and X! mass hypotheses, in a range between 0.05 expected
background events, with no data selected, and 2.8 expected background events, with 3 events
selected in data. Cross section upper limits at 95% C.L. are obtained as shown in Figure 6-a.

The results shown in Figure 6-a and those in Figure 4-a are combined and an exclusion in
terms of limits on the MSSM parameters, with GUT assumptions [22], is obtained. The limits
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Mg (GeV) | Eff.(%) | Backgr. | Data | og5(pb)
91 68.4 0.13 0 0.079
85 66.0 0.50 0 0.082
80 63.6 0.86 0 0.085
75 60.6 0.71 0 0.089
70 55.4 0.73 0 0.098
60 02.6 1.19 0 0.103
45 44.0 0.94 0 0.123
30 42.2 0.83 0 0.128
15 40.8 0.97 0 0.133
0.5 41.4 1.24 1 0.176

Table 1: Efficiencies, number of expected background and selected data events, and
95% C.L. upper limits for the process e+e_—>>~(?>~<?—>Gva for various Xi masses.

on XoX3 and X5X! productions lead to an excluded region in the M, — p plane as shown in
Figure 6-b®. This exclusion combined with dedicated searches for charginos, neutralinos and
scalar leptons [24], is useful to improve the indirect limit on the lightest neutralino mass.

5.2.2 Light Gravitino

Typical efficiencies for the process e+e_—>>z[1]>2[1]—>éévv are shown in Table 1 together with the
expected background and selected data. In the last column the 95% C.L. upper limit on the
production cross section is shown. The derived cross section limits at 95% C.L. are plotted in
Figure 7-a versus the neutralino mass. The theoretical prediction for three extreme cases of
neutralino composition®) [25], which determines its coupling to the photon and to the Z, are
plotted in the same Figure. In GMSB models the neutralino is almost pure bino, we can then
derive in these models lower limits on the mass of the lightest neutralino between 79 GeV and
84 GeV for Mg, , between 150 GeV and 100 GeV respectively.

Limits on the MSSM parameters can also be obtained. In particular in the light gravitino
scenario the cross section limits on X1X} production are translated into excluded regions in the
M, — i plane as shown in Figure 7-b.

Figure 8 shows the exclusion at 95% C.L., in the X! — & mass plane, derived with our data.
This exclusion obtained within the framework of the GMSB model is confronted to the SUSY
interpretation of the event ee 7+ and transverse missing energy observed by CDF [26]. This
event, which can hardly be assigned to Standard Model processes, has a natural interpretation
in supersymmetric models preferentially in the scalar electron scenario with gravitino LSP. The
kinemastics of this event is consistent only with a limited set of X] — & mass combinations [25].
In Figure 8 the 95% C.L. exclusion almost rules out the SUSY interpretation of the CDF event.

3) M is the SU(2) gaugino mass parameter, u the Higgs-mixing mass, tan (3 the ratio of the vacuum expectation
values of the two Higgs doublets and mg the common mass for scalar fermions at the GUT scale.
4 For the Higgsino case a 2% photino component is required to ensure the decay into vG.
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Figure 1: a) Observed energy spectrum of the highest energy photon, normalized
to the beam energy, for single and multi-photon events at 183 GeV in the barrel
region. b) The same distribution when the end-caps are also included.
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of the selected low energy single photon events in the barrel region.
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Figure 3: Upper limits at 95% C.L. on the production cross section in pb, for the
process ete” - XY—XX.
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Figure 5: a) Excluded region at 95% C.L., in the LNZ model, in the plane Mg —
M. b) Confidence level for exclusion as a function of the gravitino mass (solid
line). The dashed line shows the average confidence level obtained with Monte
Carlo experiments with background only.

17



100

M)%‘l) (GeV)
(@
o

_a.)I I
0 0
X2 - X1V
>0.3
03 .
0 D50 100
MX5 (GeV)

m, = 80 GeV tan B =2
b)-|----|----|-
| | 3.
Excluded
at 95% C.L.

._5,0.

0
U (GeV)

.50.

Figure 6: a) Upper limits at 95% C.L. on the production cross section in pb, for
the process ete™ — XoX5 — X?X?vv. b) Excluded region in the M, — p plane for
tan f = v/2 and mg = 80 GeV, in the heavy gravitino scenario.

18



I L] L]
a)
7~ h D
o) 0
g 1 X1 — 8 Y
O
= . % z.
l:w .......... \(6\0 . —p(
T e Bino .. O@b \\‘)o
o Photino ) o
7 . .
T_>S 0.5 — Higgsino ’ . %4
-kO —
<
o -
CI5< .
o ~—~—~__ Excluded at 95% C.L.
0 T

400 -

04
200 -100

50

tl
Mx: (GeV)

m, = 80 GeV tan B =v2
b)"'l"' L B L
' E

g

Excluded at 95 % C.L.

0

U (GeV)

19

100

200

Figure 7: a) Upper limit at 95% C.L. on the cross section for the process ete™ —
XiX1 — GG~y7. The theoretical predictions for three extreme cases of X1 composi-
tion and for two different scalar electron masses are also shown. b) Excluded region
in the M, — 1 plane for tan 8 = v/2 and my = 80 GeV, in the light gravitino scenario.
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