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Search for anomalous production of single photons at /s = 130
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This letter reports the results of the measurement of single photon production in the re: e v+ invisible
partticles at centre-of-mass energies /s = 130 and 136 GeV and an integrated lyminosity of 5.83 pb~1, collected with the
DELPHI detector at LEP. The signal is compatible with the prediction of the Standard Model for the process ete™ — vy,
and the number of neutrino families has been determined to be N, = 3.1 & 0.6. Limits have been derived on anomalous
neutral gauge boson couplings and on compositeness in the framework of a specific model.

The process
1 0n leave of absence from IHEP Serpukhov.
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eTe™ — y + invisible particles (N

receives a contribution within the Standard Model
(SM) from the radiative production of neutrino-
antineutrino pairs. At the centre of mass energies stud-
ied in this letter, this production of a single photon is

da d by s- and £ cha
UUDVLIU\/U U_y T OGLINL T \/llullllul Urag i A1V UL

exchange of a Z and a W* respectively (the W con-
tributing only to the production of electron-neutrino).
The radiation of a photon from the exchanged W
is also taken into account in a precise cross-section
calcuiation of the above process [1].

A new generation of neutrinos or the radiative pro-
duction of any other neutral weakly interacting or in-
visibly decaying particles would give an additional
contribution to the cross-section for process (1). In
this letter, after having measured with (1) the number
of light neutrino generations (Section 3.1), a search is
made for triple gauge neutral boson couplings {Sec-
tion 3.2), for compositeness (Section 3.3) and for
heavy stable neutral particles (Section 3.4). Theories
of supersymmetry (SUSY) also predict [2] the ex-
istence of particles which would be produced in (1)
[3], but with too small a cross-section in the energy
range and collected luminosity studied in this letter.

el diaerams 1nvn]\'71ng the

2. Event selection

The general criteria for the selection of events are
based on the electromagnetic calorimeters and the
tracking system of the DELPHI detector [4].

(M 1 +
Single photons are searched for in the barrel re-

gion, covered by the High density Projection Cham-
ber (HPC) in the range 40° < 6 < 140°, where 6 is
the polar angle with respect to the incoming electron
direction, and in the forward region, covered by the
Forward Electromagnetic Caiorimeter (FEMC) in the
ranges 8° < 6 < 35° and 145° < 6 < 172°.

The HPC is a gas sampling calorimeter of total
thickness of 17.5 radiation lengths (X¢), which sam-
ples each shower nine times longitudinally. It has an
energy resolution o( E) /E = 0.32/+/E ©0.043 (with
E in GeV), where the symbol ¢ means addition in
nnnnnnnnnnn
Llua\.uatuu,

The FEMC is a homogeneous calorimeter con-
sisting of lead glass blocks with a depth of about

20X,, providing an energy resolution of o (E)/E =

0.12/VE © 0.03@ 0.11/E and a readout granularity
of about 1° both in @ and in ¢.

Events were selected for the present analysis if there
were no charged particles detected in the main track-
ing device of DELPHI, the Time Projection Chamber
(TPC), coming from the interaction point. The TPC
covers the p yuun a.uslc 1551\)11 20° < 6 < 160°. Events
were also rejected if there were tracks in the forward
region of the detector or in the TPC which did not
come from the interaction region; this cut reduces the
backgrounds from beam-gas interactions and cosmic
rays.

In order to reduce the background from radiative

Bhabha events, no energy rhannmf greater than 3 GeV

1iaulL

was allowed in the Small angle TIle Calorimeter
(STIC),which covers the very forward angular re-
gions 1.7° < 6 < 10.6° and 169.4° < 0 < 178.3°.
STIC is the DELPHI luminosity monitor.

2.1. Shower selection in the HPC

Some criteria were imposed in order to select
showers produced by photons originating from the
interaction point. They exploit the high granularity
of the detector, which allows a detailed analysis of
the shower development. Only showers having an
energy, E,, greater than 2 GeV and the polar angle
of the axis of the shower, 6,, in the angular region
45° < 6, < 135° were considered (the shower axis
considered here is the photon line of flight). They
were selected as good electromagnetic showers if
they started within the first 2.5Xp of the calorimeter,

if they released energy in at least 3 of the 9 sampling

rows, and if they had no more than one empty row
before the end of the shower development. In order to
reject a particles emitted from the radioactive lead,
it was required that no row contains more than 90%
of the shower energy. The polar angle of the shower
axis had to be outside the range 88° to 92°, where
the HPC has a dead region. The shower direction was
required to be consistent with the photon originating
from the interaction point. The angle between the line
of flight of the photon and the direction of the shower
as measured inside the calorimeter was required to

(=]
be less than 15°, The last criteria strongly suppress

events induced by cosmic rays. The remaining cosmic
ray contamination was rejected by the presence of
aligned hits in the muon chambers, or in the hadron
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calorimeter or in the time of flight counters (19 events
were found in this category).

In all, 20 events were retained, out of 39 prelimi-
nary candidates, after application of aﬂ the selection
criteria. :

2.2. Shower selection in the FEMC

The projective structure of the FEMC and the small
probability of a cosmic ray simulating a photon in
the forward calorimeter made the selection of good
quality showers in the forward regions simpler than
in the barrel. The ranges in energy and angle were
restricted to E, > 10 GeV and 12° < 6, < 34° or
146° < 6, < 168° respectively. The requirement that
no charged particle is detected lowers the efficiency
significantly in the forward region, because the ~.2 Xp
of material in front of the calorimeter cause most of
the photons to convert before reaching the FEMC. The
photon energy was required to be less than 50 GeV in
order to reject ete™ — vy events in which one of the
final photons escaped detection.

A total of 17 candidates passed the selection criteria
in the forward angular region.

2.3. Efficiencies

To measure the cross-section, the events were cor-
rected for the trigger efficiency and for the identifica-
tion efficiency.

The latter depends on the criteria applied to select
a good electromagnetic shower. It was determined on
the basis of a sample of Monte Carlo events passed
through the complete simulation of the DELPHI detec-
tor. The- generator used was from [1]. The efficiency
was then determined as a function of £, and 6,.

In the case of the HPC selection, the identification
efficiency depends on the photon energy, and ranges
from (42 £ 2)% for low energies, to (73 £ 1)% for
E, > 10 GeV: In the FEMC, the selection require-
ments retain (40.0 £ 1.5)% of the photons. In both
cases a loss of efficiency of about 2% due to noisy
modules was taken 1nto account.

Single photon events were triggered by requmng
a hit in a cylindrical'set of scintillators [5] located
at the mean shower maximum in the HPC or by the
standard’ photo-triode readout from the FEMC lead
glass blocks. The trigger efficiency was measured with

radiative Bhabha and Compton events [5]. In the HPC
it was found to be strongly dependent on the photon
energy, up to ~ 6 GeV. It varies from 10% to 60%
from 2 to 6 GeV, and is (60.0+2.5)% for E, > 6 GeV.
In the FEMC the trigger efficiency is (97.0+0.1)%
for E, > 10 GeV.

2.4. Background

The main source of background is the QED process
ete™ — yete™ where the two electrons escape un-
detected along the beam pipe. This process has a very
high cross-section [6], decreasing rapidly when E,
and the photon polar angle increase. This behaviour
of the QED background was the reason for applylng
the E, > 10 GeV cut in the forward region.

The contamination from the QED process was cal-
culated on the basis of [6] and found to be (3.710.2)
events in the forward region and (1.5£0.2) events in
the barrel. A critical parameter in the calculation is the
conge around the beam axis where the electrons escape
detection; this is determined by the lower edge of the
STIC calorimeter, which on one side is defined with
a precision better than < 102 degrees by a tungsten
mask (which also reduces the acceptance by 0.9 de-
gree on this side), and on the opposite side is known
with an accuracy of ~ 0.1 degrees.

For other backgrounds, such as beam gas, vy col-
lisions, eT e~ — yy(vy), the computed contributions
were found to be negligible.

3. Analysis of the single photon sample

The event selection procedure left 20 events in the
barrel region (HPC) and 17 in the forward region
(FEMC). The energy spectrum of the selected events
is shown in Fig. 1.

After correcting for background and efficiencies,
and using the integrated luminosity of 5.83 pb~1, the
two separate cross-sections measured within the ac-
ceptances are

o(eTe” — y + invisible particles) =.(7.94 1.9) pb
in the HPC and

o(ete™ — v + invisible particles) = (6.0 + 1.9) pb
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Fig. 1. Energy spectrum of selected single photons a) in the
barrel region (HPC) and b) in the forward region (FEMC).
The hatched histogram is the background from the QED process
ete™ — yete™, and the unhatched histogram is the expected
spectrum from ete~ — wpy. The event in (a) with Ey = 52.
GeV is close to a crack of the detector and an « is mixed in its
deposited energy, which is therefore badly determined.

in the FEMC. The error quoted is statistical only. Tak-
ing into account errors on the background, on the de-
tection efficiencies and on the event selection proce-
dure, the systematic error is 0.7 pb in the HPC accep-
tance and 0.6 pb in the FEMC acceptance. In the case
of the HPC the systematic error is dominated by the
knowledge of the trigger efficiency and the event se-
lection procedure. In the case of the FEMC the error
comes mainly from the accuracy with which one can
define the edge of the veto cone used to suppress the
QED background.

3.1. Number of neutrinos

All the selected events were used to measure the
cross-section of the reaction ete™ — rpy. The cross-
section of this process inside the acceptance of the de-
tectors was computed by Monte Carlo simulation [1]
as a function of the number of neutrino generations.
The result is shown in Fig. 2. From this plot, using
the measured cross-sections, the number of neutrinos
was determined to be

18 -

DELPHI

cross section (pb)

6
u |-
2

10

—— HPC acceptance

- FEMC acceptance

Py S AT BT NI PN S S B R
0 1 2 3 4 5 6 7 8 9

Number of neutrinos

Fig. 2. Cross-sections for radiative neutrino production in the
region of acceptance of the HPC (square for the data and solid
line for theoretical prediction) and FEMC (triangle and dotted
line respectively).

N,=31+£06%+0.1

averaging the independent measurements in the HPC
and FEMC acceptances. The first error is the combi-
nation of the statistical and of the uncorrelated sys-
tematic errors, the second is the common systematic
error. This value is in agreement with the number of
neutrinos measured with the same method at LEP I
[7.8].

3.2. Trilinear gauge boson couplings

The process eTe™ — w¥y can probe anomalous
coupling in the ZVy vertex, where V = Z or y. The
observation of such a coupling would be an indication
of new physics, since the SM predicts a rate too small
to be observed in current data or in data anticipated
from future experiments. A limit on the ZZy vertex
using single photon events was obtained at Vs =Mz
by the L3 experiment [9]. At /5 = 130 to 136 GeV
the small integrated luminosity results in a weaker
limit on ZZy coupling, but it allows the study of the
Zyy vertex. A WWv three boson coupling contribution
also arises in »#y production from photon radiation
from the exchanged W, but it is so small (& 1%) at
these energies that it may be neglected.
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Following the study made in [10] on the non-
Standard Model yZ production, the anomalous cou-
pling can be described by four form factors, ! (with
i=1,2,3,4), whose dependence on the energy scale
is parametrised as

B = hl/(1+ s/AH"

where hl% is the limit value of the coupling for s = 0, A
is the energy scale at which a novel interaction would
become manifest, and n = 3, 4 have been assumed for
hY 5 and for hy , respectively.

The kinematic region sensitive to an anomalous cou-
pling is that with high photon energies and large pho-
ton polar angles. Only the 10 events in the barrel and
with E, > 25 GeV were therefore considered. The
only contribution to the 10 events from the SM is
the process e"e~ — vy and there is no significant
source of background.

Comparing the cross section in this kinematic re-
gion with the cross section of Ref. [10] allows 95%
C.L. limits to be obtained, as shown in Fig. 3, for the
two correlated parameters 43 and 4}, assuming all the
others equal to zero. The same contour is obtained for
kY, k3. The projected 95% C.L. limits are:
|} 4] <3.8 and  [|A],[<9.1

at a scale A = 500 GeV. While the latter is still too
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Fig. 4. Limit at 95% C.L. for the mass of the W-type U boson.
The curve shows the predicted cross section as a function of My

according to [ 10]. The insert shows two examples of the Feynman
graphs contributing to the calculated cross-sections.

large to be meaningful, the former is close to the limits
set by the Tevatron experiments [11].

3.3. Limits on compositeness

Compositeness models predict several new particles
which do not exist in the Standard Model. A specific
Preon Model, studied in [12], is considered in this
letter. It predicts several new particles, some of which
contribute to the cross-section of process (1). In par-
ticular it predicts the existence of a W-like particle,
U, and a new neutral boson D, which can mediate in
the production of a pair of weakly interacting (»-like)
particles Is/s through the t-channel process ete™ —
vlsls and the s-channel process ete™ — D — ylgls.
The neutral state U° can be produced by the exchange
of D or Z (see Fig. 4).

Calculating the cross-sections in the hypothesis that
a new boson D exists with Mp =5Mz and summing
the contributions to the cross-sections coming from
direct production of U°U? pairs and exchange of U*,
a limit can be obtained on My from the measured
o(eTe” — y+ invisible particles) after subtracting
the contribution expected from the production of three
neutrinos in the Standard Model. The limit shown in
Fig. 4 is
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My > 43 GeV/ct at95% C.L.

In the near future LEP200 will provide a good test of
this model, since it predicts observable cross-sections
in the region /s = 150-200 GeV for My in the range
50-60 GeV.

3.4. Limits on production of unknown neutral states

The data collected allow the search for a new par-
ticle, X, produced in association with a photon in the
reaction ete~ — yX. If X is undetectable or decays
invisibly, then it could be produced in the single pho-
ton topology.

The limit is calculated from the recoil mass dis-
tribution, assuming that the width of the X particle
(including resolution) is less than 2 GeV and taking
into account the expected background. The upper limit
at the 95% confidence level of the cross-section for
ete” — yX, with the photon produced in the angular
region 45° < 6,, < 135°, is shown in Fig. 5.

Notice that previous limits set at lower centre-of-
mass energies [8] are slightly improved in the region
around 90 GeV.

4. Conclusions

With the 5.83 pb™! of data collected at the cen-
tre of mass energy of 130 and 136 GeV reached by
LEP in autumn 19935, a study of the production of sin-
gle photon in the final state with no other interacting
particle in the DELPHI detector has been performed.
The Standard Model contribution from eTe™ — vdy
yields the measurement of the number of neutrino gen-
erations of N, =3.140.6£0.1. No excess of events
has been observed, and limits have been set on possi-
ble new physics.
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