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Abstract

We have studied the process ete™ — nvy (n > 2) at an average center-of-mass
energy of 133 GeV using the L3 detector at LEP. For an integrated luminosity of
4.95 pb~! we find one yyy7(7) final state with only hard photons. The rates of
both v+ and 4+ events are consistent with QED expectations. The cross section
of the reaction ete™ — v7(7) in the polar range 16° < 6, < 164° is measured to
be 22.6 + 2.2 pb. Decays into photons of narrow scalar resonances with masses
between 90 and 130 GeV are not observed. The observation of the event with four
energetic photons is consistent with QED although the kinematic configuration of
the photons is atypical.
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Introduction

The reaction ete™ — ny (n > 2) is well suited to test QED in the vicinity of the Z resonance
since the expected contribution from the weak sector of the Standard Model is extremely

te™ — ny (n > 3) is also a potential source of new physics, especially

small [1]. The reaction e
at high energies [2,3]. Above the Z resonance, channels not involving direct Z production become
interesting [4,5] and easier to detect. We present a detailed analysis of these processes using the
data collected with the L3 detector during the 1995 high-energy run at /s = 130 — 140 GeV.

The potential of the process ete™ — y7(«) for probing possible QED deviations increases
with luminosity and energy. At center-of-mass energies in the range 130-140 GeV, and for an
integrated luminosity of 5 pb™', the sensitivity becomes similar to the one already reached at

LEP1 with an order of magnitude more integrated luminosity [6,7].

The L3 Detector

The L3 detector is described in detail in Ref. [8] The main components of the detector relevant
to the analysis are the central tracking chamber (TEC), a high-resolution electromagnetic
calorimeter (ECAL) composed of bismuth germanium oxide (BGO) crystals with a barrel region
(42° < 0 < 138°) and two endcaps (11° < § < 37° and 143° < § < 169°), a ring of scintillation
counters, a sampling hadron calorimeter (HCAL) with uranium absorbers and proportional
wire chamber readout, and a high precision muon spectrometer. Forward BGO arrays on
either side of the detector measure the luminosity by detecting small-angle Bhabha events. All
subdetectors are located in a 12 m diameter magnet which provides a uniform field of 0.5 T
along the beam direction. The energy and angular resolution for electrons and photons with
energies above 1 GeV are better than 2% and 0.5°, respectively.

Event Selection
The following cuts have been applied to select events with two or more photons:

(1) The number of photon candidates in the range of polar angles 16° < 6, < 164° must be
at least two. A photon candidate is:

— a shower in the ECAL with energy above 1 GeV and a profile consistent with that
of an electron or a photon, or

— a cluster in the first 22 radiation lengths of the hadron calorimeter in the angular
region 0.74 <| cos 6, |< 0.80, where there is no ECAL coverage.

(2) The number of TEC signals found along the path of any photon candidate must be less
than 40% of the total expected for a charged particle.

(3) The total electromagnetic energy must be greater than 0.5,/s.

The sample analysed corresponds to a total integrated luminosity of 4.95 pb™!, shared as
follows: 2.64 pb™! at /s = 130 GeV, 2.26 pb™! at /s = 136 GeV and 0.05 pb™! at /s =
140 GeV. The average center-of-mass energy is 133 GeV. After all cuts have been applied, 107
ete™ — nvy (n > 2) events are selected. The contamination from Bhabha events is negligible.
All candidates have been visually scanned.



The selected events are classified according to the number of observed isolated photons. An
isolated photon must form an angle greater than 15° with any other photon in the event. The
sample is composed of 102 events with two photons, 4 events with three photons and 1 event
with four photons.

In order to determine the acceptance of the selection cuts the same analysis has been applied
to a sample of events from a QED Monte Carlo generator [9]. This generator includes soft
and hard bremsstrahlung, and virtual-photon corrections up to O(a®). The generated events
are passed through the L3 simulation and reconstruction programs. The overall efficiency for
selecting events with the two most energetic photons in the range 16° < 6, < 164° is found
to be (95.0 £+ 0.3)%, rather uniform down to the acceptance limit. The trigger efficiency is
estimated to be 99.7%.

YYYY(7Y) events

We have found one event with four energetic photons (Figure 1). The energies and directions
of the photons are given in Table 1. The least energetic one has 7 GeV and the lowest polar
angle is cosf, = —0.9. The visible energy of the event is E,;, = 90.0 = 0.7 GeV and the
missing energy is F;,s = 40.3 £ 0.7 GeV. The invariant mass of the 4-photon system is
M,, = 80.0 + 0.8 GeV. It is balanced in the transverse plane (p, = 0.1 + 0.6 GeV, p, =
—0.1£1.0 GeV) and the longitudinal missing momentum is p; = 41.2 £ 1.3 GeV, in agreement
with the hypothesis of a missing zero-mass particle. Therefore, the event is consistent with
a QED process ete™ — y777, where one of the photons escapes detection at very low polar
angle.

| \/s (GeV) | Photon energy (GeV) | 4, (deg) | ¢, (deg) |

50.1 154.7 301.6
130.3 19.8 57.4 114.7
13.2 112.5 149.2
7.0 102.8 333.4

Table 1: Event with four photons at a center-of-mass energy of 130 GeV. The resolution on the
photon energy measured in the ECAL is better than 2% for all cases. The angular resolution
(A¢, ~ 1 mrad, Af, ~ 20 mrad) is dominated by the uncertainty in the position of the event
vertex along the beam axis.

The presence of an energetic photon at very low polar angle is not unusual. In the ete™ —
¥7y(7) process, O(a®) corrections [9] give a very small contribution to the tree-level cross section
when fiducial cuts have been applied. The amount of collinear radiation V) is however not
negligible. In Figure 2 the experimental spectrum of the energy of collinear photons in ()
events is shown, compared with the Monte Carlo prediction. Almost 25% of the events have
photon emission above 8 GeV. The same kind of behavior is expected with four visible photons.

Multiphoton production at high energies has also been observed at LEP1. We have analysed
recent LEP1 data with the same experimental cuts as used above. For an integrated luminosity
of 63.7 pb™!, we find 4 yyy7(7) candidates. The one with the most energetic collinear photon

1)By collinear radiation we mean photon emission extremely close to the beam particles.



is shown in Figure 3 and Table 2. It is consistent with a collinear photon of 27 GeV. For all
candidates the least energetic photon has an energy between 1 and 2 GeV.

| /s (GeV) | Photon energy (GeV) | 0, (deg) | ¢, (deg) |

34.1 31.6 328.6
89.5 19.2 113.0 140.3
7.3 20.0 220.3
1.56 158.9 315.0

Table 2: Event with four photons at a center-of-mass energy of 89 GeV. The resolution on the
photon energy measured in the ECAL is better than 2% for all cases. The angular resolution
(A¢, ~ 1 mrad, Af, ~ 20 mrad) is dominated by the uncertainty in the position of the event
vertex along the beam axis.

In order to compare the data with the QED predictions we have used the matrix element
computed in [10] and written a Monte Carlo generator of the process ete™ — vy at the tree
level. Energy and angular cuts have been implemented and reference [11] has been used for
the phase space generation. The cross sections from this generator have been compared with
those obtained using a different program [12]. They are found to be in agreement within the
statistical uncertainty (£1 fb). We estimate a visible cross section at /s = 133 GeV of 40 fb,
which corresponds to 0.2 events expected in the total sample. The prediction at LEP1 is 70 fb,
which corresponds to 4.5 events expected. The data are in good agreement with the predictions.

The Monte Carlo spectrum of the least energetic photon in vy events at /s = 133 GeV
is shown in Figure 4. It is strongly peaked at low energies. Only 20% of the events have
all photons with an energy above 7 GeV. As for the yy(v) sample, O(a®) corrections are not
expected to modify significantly the tree level yyy~ cross section in the fiducial volume. The
effect of hard photon radiation has been simulated assuming in an uncorrelated way the same
collinear spectrum of the () Monte Carlo generator 2. We estimate a probability of 0.5 %
for finding a yyvy7y(7) event in a 5 pb™! sample at /s = 133 GeV in which the energy of all
visible photons is above 7 GeV and the energy of an additional collinear photon is above 40
GeV.

We conclude that the observation of this event is consistent with QED although the kine-
matic configuration of the photons is atypical.

vy~ (7) events and search for compositeness

The number of eTe™ — 77 events with three observed isolated photons is estimated to be 5.8
from the Monte Carlo simulation. We find four events. All of them have a planar configuration
and no significant missing energy-momentum. The observed rate and the event characteristics
are in agreement with QED.

Production of rare decays like Z — ~~+ is not favored at energies above the Z peak. However,
limits can be set on forbidden processes like eTe™ — (v,Z)* — S+, where S is a narrow scalar
resonance with ZS+y and S+ couplings and decaying mainly into photon pairs. Such a process

2) After cuts, the collinear photon emission is expected to be decoupled from the kinematic properties of the
visible photons to a good approximation. This assumption has been checked to be valid in the case of the v+
process, for which the exact O(a?®) generator [9] is available.
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is expected in the context of compositeness models [2,4,5]. We have simulated the signal
with different hypotheses for the coupling constants [5], taking also into account initial-state
corrections [13]. The acceptance is 83-85% for S masses in the range 90-130 GeV. The highest
~~ invariant masses found in the four yyv events are 117, 124, 129 and 134 GeV. The expected
invariant mass resolution is 1 GeV. We exclude at the 95% confidence level (CL) Born level
cross sections above 0.9 pb for invariant masses up to 115 GeV and above 1.4 pb for the whole
90-130 GeV range.

Events with two visible photons and longitudinal missing energy can be used to search
for the process ete™ — 4S ; S — 47, S being the scalar resonance introduced before, but now
also allowed to couple to electrons [4]. The good resolution of the L3 detector permits the
identification of narrow width resonances at these energies. We have compared QED and data
for the invariant masses of the two observed photons (Figure 5). No significant deviations are
observed. We set upper limits (at the 95% CL) on the product of branching ratios BB,
, where B, is the branching ratio of the scalar resonance into electron pairs and B, is its
branching ratio into photon pairs. The limits are shown in Figure 5. They are in the range
0.01 — 0.05, depending on the mass and width of the resonance.

Limits on QED deviations from the 4+ (v) sample

Figure 6 shows the differential cross section as a function of cosf 2) , compared with the
Monte Carlo distribution. Good agreement is observed. We measure the cross section for
ete™ — ~9(y) with the two most energetic photons in the range 16° < 6, < 164° to be
22.6 + 2.2 pb, where the error is purely statistical. Systematic effects have been found to be
much smaller than the statistical error and are neglected. The result is also in good agreement
with the QED expectation of 22.2 pb at /s = 133 GeV. The acollinearity distribution of the
two most energetic photons is shown in Figure 7. The data follow the QED predictions.

We look for deviations from QED following the general approach suggested in Ref. [14]. This
approach makes use of effective interactions with non-standard ete™v couplings and ete vy
contact terms. Independently of the type of deviation under consideration, only two forms are

relevant depending on the center-of-mass energy and the polar angle:
do (da) ( 21 9
— = | == 1+ —— (1 —cos®0) (1)
dQ 49/ 4ep a A4

do do s 1 (1—cos®9)
a9 ~ \d4da 1+ 2 A6 2 (2)
QED 327ra? A’® (14 cos?b)

where A, A’ are free parameters with dimensions of energy. Limits on the contact interaction

scale parameter A have been already set in our previous publication [6]. The sensitivity on A’
increases rapidly with the center-of-mass energy, making these new energies advantageous with
respect to LEP1.

A simple and convenient way of parametrizing the deviations from QED is also the intro-
duction of cut-off parameters Ay [15,16]. They can be treated in practice as one of the types
above, using A* = +(2/a)A%. Another way is to postulate the existence of an excited electron,

3)We define the polar angle of the event as cos 6 = | sin(@)/sin(%) | , where 8; and 6, are the polar

angles of the two most energetic photons in the event. The angle 8 is the polar angle in the center-of-mass
system of the two photons under the assumption of an additional undetected photon along the beam direction.
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e*, with mass me«. Such a particle can couple to the electron and the photon via magnetic
interactions. The complete expression for the differential cross section as a function of m.«, the
center-of-mass energy and its coupling strength, A, can be found in [16]. We will assume this
coupling constant to be 1.

In order to quantify the deviations from QED, we have performed maximum likelihood fits
for the A, A’ and m.+ hypotheses:

where T, stands for the parameter 1/A*, 1/A’® or 1/m?.. This choice of parameters has the
advantage of giving fitted values with almost symmetric Gaussian errors. N, is the total number
of observed events; Ny(T,) is the total number of expected events and P(6;;T,) is the event
probability density, taking into account the exact functional shapes and efliciencies as a function
of cos§. The error o(T,) is the statistical error on the number of expected events.

The results of the fits are the following;:

= (+0.36* §:45) 107! Gev~* (4)
1
e = (+1.93* 228) 107° Gev—® (5)
1
— = (+1.13% 132) 107° Gev* (6)

All values are consistent with no deviation from QED. To determine the confidence levels,
the probability distribution is normalized over the physically allowed range for the parameters,

as suggested in [17]. At the 95% CL we obtain:

A > 535 GeV (7)
A > 342 GeV (8)
Ay > 131 GeV (9)
A_ > 167 GeV (10)
Mme > 129 GeV (11)

Conclusions

We have studied the reaction ete™ — ny (n > 2) at an average center-of-mass energy of
/s = 133 GeV. The measurements of the total and differential cross sections for ete™ — yy(7)
are well described by QED. Using only data at \/s = 133 GeV, we set the following lower limits
at the 95% confidence level: the contact interaction energy scale parameters A > 535 GeV and
A’ > 342 GeV; the QED cut-off parameters A, > 131 GeV and A_ > 167 GeV; and the excited
electron mass me« >129 GeV.

We observe 4 events with three photons seen in the detector, in agreement with a QED
expectation of 5.8 events. No evidence of composite narrow scalar resonances decaying into
photons has been found in the energy range 90-130 GeV. We observe one ete™ — yyyy(7)
event with high energy photons. The observation of this event is consistent with QED although
the kinematic configuration of the photons is atypical.
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Figure 1: Longitudinal view of the event with four isolated photons recorded by the L3 detector
at a center-of-mass energy of 130 GeV. Energy depositions in the ECAL are shown as a polar
histogram. There are no hits in the central tracking detector indicating the presence of charged
particles. The event has a longitudinal energy imbalance consistent with the production of an
unobserved photon of 40 GeV at very low polar angle.

10



10

L3

10

Events / 8 GeV

Tt

—o— a3

|
IIIII

O 10 20 30 40 50 60 70
Collinear photon energy (GeV)

Figure 2: Energy spectrum of collinear photons in the yy(y) sample at a mean center-of-mass
energy of 133 GeV, compared to the Monte Carlo prediction. The energy of the collinear
photon has been determined from the invariant mass of the two most energetic photons, under
the assumption that there is one zero mass missing particle.
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Figure 3: Longitudinal view of the event with four isolated photons recorded by the L3 detector
at LEP1. The center-of-mass energy of the collision is 89.5 GeV. Energy depositions in the
ECAL are shown as a polar histogram. There are no hits in the central tracking detector
indicating the presence of charged particles. The event has a longitudinal energy imbalance
consistent with the production of an unobserved photon of 27 GeV at very low polar angle.
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Figure 4: Differential probability as a function of the energy of the least energetic photon in
Monte Carlo vy events. The histogram is the tree-level generator prediction after all energy
and angular cuts have been applied. The arrow shows the position of the yyvyy(y) event found
in the L3 sample.
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Figure 5: Invariant-mass spectrum of the two most energetic photons in 4(«) events and limits
on the existence of a narrow scalar resonance coupled to electrons and photons. The bin size
(3 GeV) is approximately twice the expected invariant mass resolution. We determine upper
limits (at the 95 % CL) on the product Be.B,,, where B is the branching ratio of the scalar
resonance into electrons pairs and B, its branching ratio into photon pairs. Two cases for the
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scalar resonance width, I's = 100 MeV and I's = 500 MeV, are shown.
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Figure 6: Differential cross section as a function of the polar angle for yy(7) events. The points
are data at an average center-of-mass energy of 133 GeV. The histogram is the Monte Carlo
simulation of the ete™ — 4v(v) process.
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Figure 7: Distribution of the acollinearity between the two most energetic photons in the
te™ — 4v(7) process at an average center-of-mass energy of 133 GeV. The points are data
and the histogram is Monte Carlo.
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