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ABSTRACT

This paper presents a study of events produced in 29 GeV electron-positron
annihilation in which there are just two non-collinear charged particles, no de-
tected photons, and two or more undetected particles. These events can be
explained by attributing them primarily to the reactions ete™ — ete"ete™ and
ete” — ete utu~ where just two particles appear in the Mark II detector.

There is no evidence for unconventional sources for such events.

I. INTRODUCTION

We have used the Mark II detector to study a class of non-collinear, two-
charged-particle events without detected photons produced in 29 GeV electron-
positron annihilation. This class consists of events with two or more unde-
tected particles. We find that the bulk of these events can be explained by
attributing them to the reactions ete™ — ete"ete™, ete™ — eTe utu™ and
ete~ — ~~vete~ where just two charged particles are detected in the Mark II
detector. The reaction ete™ — 777~ where only two charged particles and neu-
trinos are produced in the 7 decays also contributes. We present quantitative
comparisons of the cross sections for these reactions with the measured cross
sections. There is no evidence for an unconventional source for any of the events.
However the relatively large cross sections of the known reactions and the solid
angle limitations of the Mark II detector make it difficult to set significant limits

on unconventional reactions which could produce such events. The data was ob-



tained at the PEP electron-positron collider at the Stanford Linear Accelerator

Center.

There were three reasons for this study. First, recent work of Berends, Dav-
erveldt and Kleiss!'?2 has provided exact matrix element calculations and con-
venient computer programs for calculating the cross sections and properties of
the reactions ete~ — ete~ete™, ete~utu—. We were interested in comparing
their work with our measurements in the special kinematic region occupied by
the non-collinear events. Second, in a previous study® we used these events to
set upper limits on heavy neutral lepton production in ete~ annihilation. These
events limited the sensitivity of that search, and we were interested in their ori-
gin. Third, there will be searches for heavy neutral leptons or other unexpected
particles in non-collinear events at higher energy e*e™ colliders: TRISTAN, LEP,
and the SLAC Linear Collider. We wanted to establish experimental methods

for studying the contributions of conventional processes to such events.

The studied events have a collinearity angle, 8.,y in Fig. 1, greater than 20°,
each charged track has a momentum greater than 1.0 GeV/c, and the total charge
is zero. There are no detected, isolated, photons in the event with energies above
0.3 GeV. However the Mark IT apparatus did not detect photons in certain angular
regions, such as close to the beamline. The reasons for the 8.,; and momentum
criteria are given in Sec. III. Those criteria lead to almost all events having an
invariant pair mass larger than 1.0 GeV/c?. Therefore in the comparison of the
data with theory it is convenient to impose the criterion that the invariant mass

be larger than 1.0 GeV/c?.

The plan of this paper is as follows. The apparatus and the initial event selec-

tion criteria are described in Sec. II. Some kinematic properties of the data and



the final event selection criteria are presented in Sec. III. The data are analyzed

with reference to the reactions ete™ — ete eTe™, ete utu=, ete™ — yyeTe™,

and ete™ — 77~ in Sec. IV, and the paper is summarized in Sec. V.

IT. APPARATUS AND INITIAL EVENT SELECTION

A. Apparatus

The Mark II detector, Fig. 2, was used at the PEP electron-positron collider

at the Stanford Linear Accelerator Center. Here we emphasize a few properties

of the detector pertinent to the searches described in this paper:

1.

The main drift chamber tracks particles reliably over about 80% of the 4w
solid angle. The charged particles of the events used were required to be

within a slightly smaller solid angle, namely 68% of 4.

The liquid argon electromagnetic calorimeter, used to detect electrons and

photons, covers about 70% of the 47 solid angle.

. The lead sheet and proportional chamber detectors (2 layers each) at each

end of the detector, called end cap chambers, cover the polar angular region
from about 15° to 40°. These end cap chambers detect photons and charged

particles.

. The photon detection system is incomplete since there is a gap about 5° in

polar angle between the liquid argon calorimeter and the end cap calorime-
ter, since the liquid argon calorimeter has eight separate modules with
longitudinal walls separating the modules, and since the end cap chambers

themselves have gaps in their angular coverage.

The muon detection system covers about 45% of the 47 solid angle.



B. Data Acquisition

The 29 GeV data set used in this study comes from an integrated luminosity
of 29.3 pb~!. We use this data set, rather than our total data corresponding to
a luminosity of 220 pb™!, because the raw data tapes in this set were processed

for all two-charged-particle events which triggered the detector.

The trigger requirements relevant to two charged particle events without
isolated photons are listed next. At least one of the following trigger conditions

had to occur:

1. Two particle tracks in the main drift chamber had to be found by the
secondary trigger hardware track processor within the central 75% of the
47 solid angle. The momentum of each track had to be larger than 50

MeV/c and the collinearity angle less than roughly 175° (see Fig. 1).

2. At least two liquid argon or endcap modules had to have a deposition of
electromagnetic shower energy over threshold; the threshold was about 1
GeV for liquid argon modules and about 3 GeV for endcap modules.

3. One track as described in 1. had to be found and one calorimeter module
had to be over the threshold described in 2. Trigger conditions 2. and 3.

are relevant when one or both particles are electrons.

C. Event Selection

Events were selected by the following criteria:

1. The event’s vertex is inside a cylinder of 4 cm radius centered on the inter-

action point.



2. There are exactly two charge particles with total charge zero in the main

drift chamber.

3. Each particle has |cos 6} < 0.68 where 8 is the angle between the particle’s
initial vector momentum, p, and the beam axis. This criterion means that
particles are reliably tracked in the drift chamber, and enter the fiducial

volume of the li</1uid argon calorimeter.

4. Each particle has 1.0 < p < 20.0 GeV/c where p is the magnitude of p.
The upper limit of 20.0 GeV/c allows for a measurement error of about two

standard deviations for the most energetic particles.
5. 8.o11 > 20°.

6. There are no isolated photons in the liquid argon calorimeter. An isolated
photon lies sufficiently far from all charged tracks so that cos 8,; < 0.99, 8,;
being the angle between the photon’s momentum vector py and p; of
charged particle 7. In addition an isolated photon is defined to have an

energy E, > 0.3 GeV.
7. There are no photons with E, > 0.3 GeV detected in the end cap chambers.

8. For convenience we list here one additional criterion which is explained in
Sec. ITIB. The invariant mass of the pair of charged particles is larger than
1.0 GeV/c2. (This assumes the particles are e, u, or 7 and ignores their

mass.)

The criteria, 8.,; > 20° and p > 1.0 GeV/c exclude most of the zero-photon,
two-charged-particle events produced in 29 GeV ete™ annihilation. Hence we
must explain their use. The 0., criterion is used to remove the bulk of the

ete — ete™, ete™ — ptu~, and zero-photon ete™ — 777~ events. In the



zero-photon ete~ — 7t~ case, Fig. 3, about 14% of the events survive this
criterion. The p > 1.0 GeV/c criterion is imposed to allow electrons to be
identified with reasonable efficiency. Muon identification requires higher p and

occurs in a more restricted solid angle.

ITI. KINEMATIC PROPERTIES AND
FINAL EVENT SELECTION

A. Kinematic Variables

Denoting the two charged particles by 1 and 2, the event can be described by
the six momentum components of p;, and p;. But the physics of the reactions
to be studied suggests that other kinematic variables are of more direct interest.
These variables are as follows:

1. The collinearity angle, 8.,;;, has been defined.

2. The invariant mass of the pair, m, is given by

m? = (p; + p3)® — (P} + By)°
(1)

=2ppy (1 + cos 0coll)

when we set the masses of the particles to zero. We do so here because
almost all the particles are expected to be e’s, u’s, or 7’s, because we will
eventually set m > 1.0 GeV/c?, and because often we cannot identify a

particle.

3. The transverse momentum, pr, is given by
2
pr = (P12 + P2z)® + (Pry + P2y) (2)

where the z axis lies along the beam direction.



4. The invariant mass of the undetected particles, m,y,;,,, is given by

2

Myniss = (Ecm — D1 — p2)2 - (ﬁl + 52)2 (3)

where E.,, is the total energy, 29 GeV. The variable mfm-s , is difficult to use
since its distribution due to measurement errors or initial state radiation
is asymmetric. Therefore we use the related quantity A which has a more

symmetric error distribution (see, for example, Fig. 9).

5. We define
A = Episs — Priss (4‘7')
where
Episs =Eem — p1 — P2
Pmiss :|ﬁl + 52'
Thus
A= myzn-ias/(Emiss + pmiss) (4b)
and

A =0 when my,;,, =0

B. Distributions of Kinematic Variables and Final Event Selection

Figures 4 and 5 give the m and 0., distributions excluding event criterion
8. The existence of very few events with m < 1.0 GeV/c? is a result of the
p > 1.0 GeV/c criterion and the small number of events with 6.,; > 120°.

As discussed in Sec. IV, our use of the Monte Carlo computer programs for



ete™ — ete~ete™, ete utpu™ requires setting a lower limit for m. It is therefore

convenient to set a final event selection criterion.
m>1.0 G‘reV/c2 (5)

Imposing this criterion leaves 3393 events.

C. Separation of Events

There are two known classes of reactions which can yield the type of events
under study. Class 1. consists of ete™ — ete™y, utu~~y with the 4 unde-
tected; hence the missing invariant mass is zero. Class 2. consists of ete™ —
ete"ete™, eteutu~, yyete™, ete ntn~ and zero-photon ete™ — 7tr—,
where at least two particles are undetected and the missing invariant mass is
larger than zero. Using the parameter A, Eq. 4, we find that the A distribution

of the data, Fig. 6, separates into two well defined peaks.

Figure 7 shows the calculated A distribution for ete™ — ete~ete™ and zero-
photon eTe™ — 77~ events which meet all event selection criteria. The ete™ —
ete~ete™ was obtained from the Monte Carlo computer programs described in
Sec. IVA; the ete~ — 777~ was obtained from a Monte Carlo program called
HOWLTAU used by our collaboration. We observe that in these class 2 reactions,
almost all predicted events have A larger than 10. The peaking at near maximum
A in ete”™ — ete"ete™ is caused by the small values of p; p,, Fig. 8. On the
other hand we can obtain an experimental A distribution for class 1 reactions by
using events which meet all criteria except the no-photon criterion 6 in Sec. IIC.
That criterion is replaced by the requirement that there be one and only one
isolated photon detected in the liquid argon calorimeter. The A distribution of

these events, Fig. 9, shows that most class 1 events will have A less than about



10 GeV. It is important to use a measured distribution here in order to fully take
account of the effect of the detector resolution when the missing mass is zero.

The width and shape of this distribution is discussed in App. A.

The goal is to choose a value of A, called Ag.p, which best separates the
two classes of events. Unfortunately there is a correlation between A and m
which depends upon psot = |py + py|- This is illustrated in the measured A —
m distribution in Table 1 and illustrated in Fig. 10. The correlation can be

understood by considering the case of p;ot being much smaller than E = |p}|+|ps|.

Then
mw~ E —pl,/2E
Since
A =Ecm — E — piot
then

m=x Ecp — p%ot/zE — Dtot — A ) (6)
and when ps; =0

Mmaz = Eem — A

Thus large values of m, say above 10 or 15 GeV require small values of A. But
Fig. 9 indicates that Ay must be at least as large as say 10 GeV to exclude
most class 1 events from the class 2 region. Indeed we choose Agp = 10 GeV.
This means there can be some contamination of class 2 events by class 1 events.
Figure 10 shows that A, = 10 GeV yields good acceptance when m and pzot are
in their lower range of values. Most of the events considered in this paper have

such m and p;,t values. However Agy = 10 GeV severely limits the acceptance

10



for large values of m or p:ot. There is nothing we can do about this limitation
in the analysis technique used in this work. The incomplete photon detection of
our detector forces us to use the A separation method, or an equivalent method.

And then the measurement errors discussed in App. A require a large value of

Asep.

A detailed analysié of ete™ — eTe™n, utu~~ with an undetected ~ is related
to a study of those events with the « detected which is being carried out by one
of us (M. K. Gold). The incompleteness of the Mark II photon detection system
makes the study of the former type of events dependent on a study of the latter
type. Therefore at this point we remove events with A < 10.0 GeV from the
sample. Preliminary analysis indicates that many of these A < 10.0 GeV events
are from ete™ — ete ™y or ete™ — ptu~+ but we must wait for a detailed

analysis to make this indication quantitative.

IV. EVENTS WITH 2 OR MORE UNDETECTED PARTICLES

In this section we compare events which might have 2 or more undetected
particles, specifically events with A > 10 GeV, with possible sources for such

events. There are about 2400 such events.

A. Calculations For ete™ and putu~ Pairs From ete™ — ete~ete™, ete utpu~

We calculated the cross section and kinematic variable distributions for eTe™

and utu~ pairs from the reactions

et +te —ett+e +et+e (7a)

and

11



et +e et +e +ut+u” (7b)

which would meet the event criteria of Sec. IIC. We used the Berends, Daverveldt
and Kleiss!»2 Monte Carlo computer program entitled “No Tagging”. In this com-
putation method the matrix elements are first replaced by approximate analytic
expressions. These analytic expressions are then used to produce events through
the Monte Carlo importance sampling method. Next, each event is weighted by
the ratio of the exact matrix element cross section to the approximate matrix
element cross section for that event. Finally, a Monte Carlo rejection method is

used on those weights to produce a set of unweighted events.

In general, detector acceptance factors and event selection criteria cannot
be applied inside the computation process, but must be applied to the final set
of unweighted events. There is one exception which is easier to explain in the
ete” — ete utu™ case. One can set the minimum and maximum values of the
invariant mass of the u*u~ pair, my+,-. The importance sampling produces
events with m,+,- between the selected maximum and minimum values. In
our computations for the reaction ete™ — ete utu~ we set minimum values
for my+,~ in order to obtain a sufficient number of events which met the event

selection criteria m > 1.0 GeV/c2.

In the calculation of events for the reaction ete™ — ete~ete™, minimum and
maximum values of m.+.- can also be set. However in this case these limits apply
to all four ete™ pairs. Since our m > 1.0 GeV/c event selection criteria applies
only to the observed ete™, setting a minimum value of m,+.- at 1.0 GeV/c will

lead to a calculated cross section smaller than that set by the event criteria.

12



However, the error is estimated? to be less than 1% in a similar situation.

Using these methods we produced sets of unweighted events for ete™ —
ete"ete™ and ete™ — ete putpu™; about 1500 events in each set met the event
criteria in Sec. IIC. The event criteria restrict the reactions in Eq. 7 to a very
small part of the kinematic region available to these reactions, as is illustrated
in Table II. Most of tvhe total cross section is occupied by final states in which
an e and e~ is emitted very close to the respective directions of the initial state
et and e~ respectively, the momenta of the other two final state particles being
very small. The ete~ete™ total cross section is much larger than the ete putpu—
total cross section, but once the m > 1 GeV/c? criterion is applied, the cross
sections are the same magnitude. The imposition of the other criteria leads to
approximately equal cross sections for the ete~eTe™ and ete~utu~ final states
throughout the kinematic region allowed by the event criteria, Tables II and III.

We note that the criteria listed in Sec. IIC severely reduce the cross sections.

Almost all the Monte Carlo events which meet the event criteria are pro-
duced by the multiperipheral diagrams, Fig. 11a, in the terminology of Berends,
Daverveldt, and Kleiss. The remainder of the events, of the order of a percent,

are produced by the bremsstrahlung diagrams, Fig. 11b.

B. Other Possible Sources for the A > 10 GeV Events

1. ety Pairs From ete™ — ete™ utu~: The reaction in Eq. 7b can produce

ety pairs in the tracking region of the detector. However, the Monte Carlo
calculations described in Sec. IVA found zero events of this type compared to the
3000 ete~ and ptu~ pair events produced in the same calculations. Therefore

this source was ignored.

13



2. Calculation For Zero-Photon Events From ete~ — r+7r—: We used a Mark II

collaboration program called HOWLTAU to calculate by Monte Carlo method
the cross section and kinematic variable distributions for the zero-photon events

from

ete + — Tt 477

T~ = Vi€ Dy Urph Dy, Ve, U, K~ or vy K9 8
) f7 3] ? L
_ _ _ _ =0
= Dretve, orutuy, oot 0, Kt or ot Ky

After the event selection criteria of Sec. IIC and the A > 10 GeV requirement
of this section are applied, the cross section is 1.7 £+ 0.2 pb. This is small
compared to the relevant eTe~ — eTe"ete™, ete utu™ cross sections in Table
II. However, before we can ignore the cross section from the process in Eq. 8, we

have to compare cross sections for the various values of m and pr. This is done

in Table ITI.

Considering the statistical errors in the Monte Carlo calculations we can
ignore the ete™ — 717~ contribution except in the kinematic region 5 < m <
10 GeV/c?, pr > 3 GeV/c. Inside that region we shall add the ete™ — 7+7~

contribution to the still dominant ete™ — ete~ete™, ete~utu™ cross sections.

3. 7t7~ and KT K~ Pairs fromete — ete ntn—, ete " KT K : The reaction
3

et +e et +e +7t + 7~ (9)

can contribute 77~ pairs to the observed data sample. Indeed we* and other

experimenters® have studied events from this reaction to examine the process

Yo+ = 7T 7T

14



where v, is a virtual photon. The same methods* could be used in this data
sample to measure 717~ pair production, but our event selection criteria are not
felicitous for such a measurement. We require 8.,;; > 20° and emphasize large
values of pr and m. The studies of 77~ production emphasize small values of
pr, for example, Ref. 4 required pr < 0.3 GeV/c. Therefore in this work we do

not attempt to separate out the 77~ pairs. Analogous considerations apply to

K* K~ pairs from

et +e  oet+e  + KT+ K- (10)

4. Pairs from ete~ — yyete™: The reaction

et +e o y+v+et +e (11)

where neither photon is detected can contribute ete™ pairs to the data. We
face both calculational and experimental difficulties in accurately determining
this contribution. At present we do not have a computer program which can
accurately calculate the cross section for the reaction in Eq. 11 for the event
criteria used in this paper. We have used an approximate calculation®, App. B,
in which the photons are emitted only by the initial e* and e~, and in which the
transverse momentum of these photons is ignored. The experimental difficulty is
caused by the incomplete photon detection of our detector; it would be difficult
to determine the photon detection efficiency when 8, is larger than m./E; but

still small.

The rightmost column of Table III gives the calculated cross section for
ete™ — ~~vyete™ as calculated by the method in App. B. The restriction on

0 precludes pr being outside the 0.-1. GeV/c range. We observe that this

15



cross section is small compared to the cross section for four-lepton production
when m < 10 GeV/c? and pr < 1.0 GeV/c. An approximate calculation using a
computer program for ete~ — ete™~ with initial state radiation shows that this

observation is true for all pr as long as m < 10 GeV/c?.

When m > 10 GeV/c? the ete™ — yvyeTe™ cross section is the same size as
the four-leﬁton Cross sections. We will return to this point in the next section

when we discuss the m > 10 GeV/c? data.

C. Comparison of Data with Calculations

We are now ready to compare the A > 10 GeV data with the calculated cross
sections for ete™ — ete~ete™, ete utu~. Table IV lists the types of observed
particle pairs. The category of ambiguous particles is divided into x/h meaning
w or h, e/h meaning e or h, and e/u/h meaning e or x4 or h. (There is no e/u
category in our particle identification method because if we cannot identify a
particle as an e or a u we cannot show it is not an h, hence e/p is included in
e/p/h. The data in Table IV and our HOWL Monte Carlo program simulation
of the Mark II detector give the average probability of identifying an e as an e to
be

P, =0.74 £ 0.05

where the error is due to systematic uncertainties. We do not attempt to evaluate
a similar quantity for muons because the muon identification system is quite
limited in its angular acceptance and has an unfavorable momentum dependence
for this data. Hence we do not attempt to separate out hh pairs. Considering the
misidentification probabilities in our detector for low momentum particles, Table

IV is consistent with all events being ee or uu pairs, and there are less than 15%

16



hh pairs. Therefore we proceed, considering the data to be mainly composed
of ee and pp pairs. Since the predicted ete~ete™ and ete uTu~ pr and m
distributions are so similar, Table III, we add them together and then compare
them with all the data, Figs. 12 and 13. We postpone the separation of the ee
pairs and up pairs until the end of this section. The calculation of the measured
cross section involves the corrections for detector resolution and revélution, and

the systematic errors discussed in App. C.

In the plot of do/dm versus m, Fig. 12, the measured and calculated cross
sections agree within the statistical and systematic errors. When m > 2 GeV/c?,
do/dm decreases rapidly as m increases, by a factor of 100 as m reaches 10
GeV/c?. The decrease in do/m when m < 2 GeV/c? is caused by our criterion

that each track have p > 1.0 GeV/c.

Figure 13 shows do/dpr versus pr for the main mass range of | < m < 10
GeV/c?. There is a rapid falloff of do/dpr with increasing pr. This behavior and
that illustrated in Fig. 12 are characteristic of the kinematics of the reactions
ete” — ete ete™, ete utu~ when just two particles are observed at large
angles to the beam line.

To examine the joint pr — m distribution and continue the comparison, we

define for the experimental cross sections, 0ezp, and the calculated cross sections,

Ocale, the ratio of experiment to theory.

p(pr1 < pr < Pr2, m1 < m < my)

_ Oezp (pr1 < Pr < P12, M1 <M < M3) (12)
Ocalc (pTl <pr <pra,m1 <mc< m2)

Table V gives p, the statistical error combines the statistical errors of o.zp and

Ocale, the systematic error is from oezp. In almost all kinematic regions p is 1.0

17



within the sometimes large errors. There is perhaps a deviation from 1.0 in
the m > 10 GeV/c?, pr > 1 GeV/c. We cannot determine if this is caused by
the contamination of class 2 events by class 1 events, Sec. IIIC; by our limited
calculation of the cross section for ete™ — yyeTe~, App. B; or if there is some
other reason for the apparent deviation. Thus, excepting the aforementioned

kinematic region, the bulk of the events are explained by the reactions discussed

in Secs. IVA and IVB.

One check of this conclusion remains to be done. Looking at Table III, we
expect the experimental ete™ pair cross section, Oezp e, t0 be about equal to the
experimental utu~ pair cross section, when m < 10 GeV/c?. It is convenient to

define the ratio

Tee = Oexp ,ee/o'ezp (13)

and we expect that r.. ~ 0.42 to 0.5 depending on the fraction of hadron pairs.
The calculation of 0ezp . involves the efficiencies and systematic errors listed in
App. C. Table VI gives the measured values of r.., which tend to be smaller than
0.5, more in the range of 0.4 to 0.5. The systematic error on the identification of
ee pairs and the correction for detector losses relative to those quantities for any
pair is large (App. C). Therefore, we cannot conclude that these smaller values

of r.. are significantly different from 0.5.

Taking a final overall look at the ratios p and r.. in Table V and VI, the
comparison of data and theory does not turn out as nice as one might wish. In
the 0 < pr < 1 region where the statistical errors are smallest, there seems to be
a deficit of events, if we accept the calculated cross sections as correct. But our

systematic errors preclude further investigation.

18



D. Limits on Unconventional Processes

Having found the explanation for the bulk of the events, we finally consider
the limits on unconventional processes which would yield charged particle pairs
and no other particles in the fiducial volume of our detector. We measure the

limit by defining

6 = Oezp — Ocaic 3 (14)

6 is given in Table V. Its values both positive and negative range from several
pb to a fraction of a pb. They are all consistent with zero within the statistical
systematic errors. The utility of upper limits on cross sections at the pb level
depends upon the unconventional reaction being considered. At our energy, 29
GeV, the electromagnetic annihilation cross section for one unit of R is about
100 pb. On the other hand, the weak annihilation cross section into an L°L?°
pair® is about one third of a pb. Hence the limits given in Table V are not nearly

as small as we would like; this leads to Conclusion 4 in the next section.

V. CONCLUSIONS

We have carried out the first sytematic study of non-collinear, two-charged-
particle events produced at high energy in electron-positron annihilation. We
required: that the particles be non-collinear by at least 20°; that there be no
detected isolated photons; and that the kinematics indicate two or more unde-
tected particles. Our motivation was first to see if the events could be explained
by known reactions; and second to see if there was evidence for, or to determine

what limits could be put on, unconventional reactions.
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We draw four conclusions from the figures, tables, and discussion in Secs. ITI

and IV.

1. The kinematic variable distributions and cross sections of the A > 10. GeV,
1 < m < 10. GeV/c? events can be explained by the bulk of the events
coming from the reactions ete™ — ete ete™ and ete™ — ete utu—.

2. The reactions ete~ — ete ntn™, ete™ — ete " KtTK—, ete” — 7t7~
(two-prong, zero photon) and ete~ — yyete™ may also contribute events,
but their cross sections are small compared to the four-lepton cross sections
in the kinematic regions studied in this paper, and in general these small
contributions cannot be confirmed.

3. The bulk of the events are explained by Conclusion 1, but statistical errors
and systematic errors make it impossible to exclude unconventional sources
for a fraction of the cross section. The limits on a cross section from an
unconventional source are at the pb level (Table V).

4. Further investigation of the physics considered here requires: (a) a detector
with more complete photon detection and with particle tracking over a
larger solid angle, and (b) a complete calculation of the reaction ete™ —

~yete™.
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Appendix A

Shape of the Measured A Distribution in ete™ — ete™ 7.

The width of the A distribution for ete™ — ete™~ in Fig. 9 comes primarily
from the errors in the measurement of the momenta p; and p,. The standard

deviation is-

op =p[(0.2) + (.Olp)z]l/z/ sinf GeV/c (A1)

where 8 is the polar angle of p'and p is in GeV/c.

For example if p] and p; are approximately collinear and larger than several

GeV/c, the error in p,,;s, from Eq. 4a is
Opmine ~ 01(p? + p2)HY sind GeV/c

The error in A is

oa ~ .02(p? + p2)/¥sing GeV (A2)

Thus two 10 GeV /c particles have op = 2.8/sin 8 GeV. Since most of the ete
events in Fig. 9 have p; and p, in the range of 5 to 15 GeV/c, the half width of

the distribution is several GeV.

The tail of the distribution for A > 10 GeV is the sum of the effect of the

large oA and the inclusion of ete™ — ete~ v where one ~ is not detected.
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Appendix B

Calculation of the Cross Section for ete™ — yyete™.

We used Ref. 6 to calculate the cross section for
et +e" oyt y+et +e (B1)

in the approximation that the photons are emitted only by the incident et and e™,
and that the transverse momenta of the photon can be neglected. The differential

cross section is

d®o 012(hc)2 (3 + cos 0*)2

Y _F
dwidweod* (w1) F(w2) 4m? 1 — cos 6* (B2)

Here w; and wy are the energies of the emitted photons in the laboratory frame,
m is the invariant mass of the final ete™ pair, * is the polar angle of the final e~
relative to the e~ in the final eTe™ barycentric frame, and d* is the differential
solid angle in that frame. The constants are: the fine structure constant «a, the

Planck constant % and the velocity of light c.

2a0 1 w w? E,
F =——|(1-=+—)¢ — B3
(w) T w ( Ey + 2Eb> " <me> (B3)
Here Ej is the beam energy and m, is the electron mass.

A Monte Carlo computer program is used to calculate the cross section for
the various m intervals. Since the transverse momenta of the photons is ignored,

pr is always zero.
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Appendix C

Corrections for Detector Inefficiency and Resolution, and Systematic Errors.

1. Relative Efficiency

The Mark II Monte Carlo detector simulator program HOWL was used to

correct for detector inefficiency and resolution.

Define Nipeory as the number of events predicted by the Berends et al* pro-
grams for the event criteria of Sec. IIC with A > 10. GeV in a perfect detector.
Define N,pserve as the number we would expect to observe in the Mark II detector.

Then define the relative efficiency

E = Nobserve/Ntheory

We find the average values of E to be

ptu~ pairs E,, =0.95

+

eTe” pairs F. =0.85

hth™ pairs Ej, =0.91

The principal reason for E., < E,, is that the electrons lose more energy than
the muons as they pass through the detector material. There is about a 5%
chance that an electron produced with p > 1.0 GeV/c will lose sufficient energy
so as to yield a measured p below the 1.0 GeV/c criterion. Thus there is about
a 10% greater chance that an ete™ pair will not be counted within the event

criteria.
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An analysis of the event type data in Table IV shows that the produced
events have about equal numbers of ete™ and uTp~ pairs and less than 15%

other pairs: hth—, eTuT, eth¥, u*h¥. The overall value of E is

E,; =0.90

2. Systematic Errors

The percent systematic error in Ej,; due to uncertainties in the detector
simulation is + 6%. The other major systematic uncertainty is in the total
luminosity, and is + 5%. For convenience we use these in quadrature, namely +
8%; but, of course, they could add linearly. This + 8% is used for the systematic

€rror in Oezp, p, and 6 in Table V; and it is noted in the captions of Figs. 12 and

13.

The systematic error in 7., Sec. IVC, does not involve the luminosity un-
certainty; but it does involve an uncertainty in E.. which is not correlated with
an uncertainty in E,,; and it also involves the uncertainty in P.. The total

systematic error on re. is + 11%.
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“Table 1.

Numbers of events in the measured joint m — A distribution. About 1/4 of the
data is shown here. The empty boxes have zero events.

(GeV/c?)
0. to 4. | 4. to 8. { 8. to 12. | 12. to 16. | 16. to 20. | 20. to 24. | 24. to 28.

A(GeV)

-10. to -5. 2 1 1 2 8
-5. to 0. 14 36 22
0. to 5. 3 18 54 27
5. to 10. 1 3 7 16 14
10. to 15. 2 7 6 5
15. to 20. 7 17 4
20. to 25. 229 69
25. to 30. 149

Table II. Calculated cross sections for ete™ — ete eTe™ and
ete” s eteptpu.
Cross Section (pb)
Restrictions on
cross section ete” —eteete [ete™ —ete utu™
none 1.1 x107 1.2 x10°
m>1GeV/c 16,700 + 160 9,570 + 110
m > 2 GeV/c? 2940 + 10 2110 + 10
m > 1 GeV/c? and 53.7 + 2.4 53.8 + 2.1
criteria of Sec. IIC
m > 2 GeV/c? and 47.9 + 1.7 472 + 1.6
criteria of Sec. IIC
m > 5 GeV/c? and 5.4 + 0.5 5.2+ 0.5
criteria of Sec. IIC
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Table III. Calculated cross sections in pb for the indicated process and kinematic regions. The
event criteria of Sec. IIC and the criterion A > 10 GeV are imposed. An empty box indicates no
Monte Carlo events.

m range | pr range |ete” — ete"ete  |ete” —meteptu™| ete” = 7rtr~ |ete™ — yyete
(GeV/c?) | GeV/c 2-prong, O photon
0. -1. 53 £ 1.7 48 +£ 1.1 0.013 £ 0.005
1. - 2. 1. - 3. 1.3+ 0.6
3. — 9. 0.44 4+ 0.44 0.51 &+ 0.36
0. -1. 24.1 +1.2 23.2 + 1.1 0.02 £ 0.02 0.16 £+ 0.02
2. -3 1. - 3. 1.9 £ 0.3 22+04
3. — 9. 0.25 £+ 0.18 0.25 + 0.14
0. -1. 13.2 + 0.7 11.8 £ 0.7 0.06 + 0.04 0.24 £ 0.02
3. -5 1. - 3. 2.9 4+ 0.3 3.0+04 0.43 £ 0.09
3. -9. 0.65 1+ 0.16 0.53 £+ 0.15 0.06 4+ 0.04
0. -1. 3.6 04 28 +04 0.14 4+ 0.05 0.56 £+ 0.03
A ‘5. - 10. 1. - 3. 1.1 +£ 0.2 1.3 £ 0.2 0.43 + 0.09
3. — 9. 0.45 + 0.13 0.66 + 0.17 0.48 = 0.10
0. -1. 0.12 £ 0.07 0.26 + 0.10 0.02 + 0.02 0.55 £+ 0.03
10. - 15. | 1. - 3. 0.12 = 0.07 0.13 + 0.08 0.04 4 0.03
3. -9, 0.04 £+ 0.04 0.04 £+ 0.03

Table IV. Classification of pairs according to the type
of particle. e, u, h means electron, muon, and hadron
respectively. p/h means u or h, e/h means e or h, and
e/u/h means e or y or h.

e | v |h|u/h|e/h e/u/h
€ 551 5 [29( 33 |128 252
I 232135364 6 49
h 8133 | 7 15
p/h 436 | 6 172
e/h 16 30
e/u/h 62
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Table V. The experimental cross section, o.zp for all data; the calculated cross section,
_ Ocalc, for the sum of the processes ete™ — ete~ete™, ete utu™, 77, yyete™; the ratio
P = Oezp/0calc; and the difference § = 0egp — 0¢r. One standard deviation statistical
errors for the data and the Monte Carlo calculations are given. The second error on
Oczp, P, and 6 is the systematic error. An additional decimal place in the o’s, not shown

here, was used to calculate p and §.

m range |pr range Oezp Ccale p 6
(GeV/c?)| GeV/c pb pb pb
0.-1. [87+06+0.7|10.1 £1.9 (0.86+0.18+0.07| —1.5+2.04+0.7
1. - 2. 1. -3. [3.0£04£03]| 1.3+ 0.6 23+1.14+0.2 1.7+0.7+0.3
3.-9. |0.5+0.2+0.04{ 1.0 £ 0.6 0.5* —0.5+ 0.6 = 0.04
0.-1. |420+1.3+3.5|475+ 1.6 |{0.88+0.04+0.07] —5.5+2.14+35
2. -3 1. -3. {434+04+04| 4.2+ 0.5 {1.03+0.16 +0.09| +0.1 +0.7+0.4
3.-9. |1.1+0.2+0.1| 0.5+ 0.2 23+11+0.2 | 4+0.6+0.3+£0.1
0.-1. |222+1.0+1.9|25.3 £1.0/0.884+0.05+0.07| —3.1+1.4+1.9
3. -5 1. -3. |65+£05+£05| 6.2+ 0.5 |1.04+0.12+0.09| +0.2+0.74+0.5
3.-9. [09+0.3+0.07| 1.2 +£0.2 {0.71 +0.20 +0.06| —0.4 £+ 0.3 £+ 0.07
0.-1. {6.5+0.5+05| 7.1 £ 0.5 |0.92+0.10+0.08{ —0.6+0.7+0.5
5. —10. 1. -3. |3.1+£04+03} 2.84+0.3 (1.11+0.18+0.09| +0.3+0.5+0.3
3.-9. |26+03+02| 1.6 +£0.3 |1.64 +£0.33 +0.14| +1.0+0.4 +0.2
0.-1. |0.8+£02+0.07| 1.0£0.1 | 0.8+0.2+0.07 | —0.2+0.24+0.07
10. -15.| 1. - 3. |0.8£0.2+0.06] 0.3 0.1 2.6* +0.5 £ 0.2 + 0.06
3.-9. |0.7£0.2+£0.06(0.08 + 0.05 8.9* +0.6 £ 0.2 + 0.06

*The large fractional error in 0.4, precludes a meaningful standard deviation in p.
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Table VI. Theratio ree = Oezp,ee/Tezp. The first
error is statistical, the second is systematic.

m range | pr range Tee
(GeV/c%)| GeV/c
0—1. |0.38+0.05+0.04

1. - 2. 1. -3. |0.44+0.10£0.05
3. -9. |0.47+0.25+0.05
0. -1. [0.43+0.03+0.05
2. - 3. 1. - 3. |0.49+0.09 £0.05
3. -9. [0.38£0.15+0.05
0. -1. 10.48+0.04 £0.05
3. -5 1. - 3. |0.43£0.06+0.05
3. -9. {0.32£0.15+0.04
0. - 1. | 0.50£+0.07 £ 0.05
5.-10. | 1. -3. | 0.51 +£0.11 £ 0.06
3. -9. |0.64+0.13 £0.07
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10.

Figure Captions

. Definition of 8.,;;. The p;’s are the charged particle momentum vectors.

Cross section view of Mark II detector.

. The calculated 8., distribution for the zero-photon ete™ — 717~ reaction

using a Monte Carlo method. Of the 680 produced events, 13 have 8.,; >

40° and are not shown.

. The measured pair mass, m, distribution before the criterion m > 1.0

GeV/c? is imposed.

. The measured 6., distribution before the criterion m > 1.0 GeV/c? is

imposed. The criterion 8.,;; > 20° has already been imposed.

The measured A distribution.

. The calculated A distribution for (a) ete™ — ete~ete™, and (b) zero-

photon ete™ — 7H77.

. The calculated momentum distribution for ete™ — eTe~eTe™. Here p = p;

or ps.

The measured A distribution for ete™ — ete™ v events where all three final
state particles are detected and the total detected energy is greater than

20. GeV. This distribution is taken from a much larger data sample.

The relation between A,m, and ps;:. The unshaded area shows the ac-
ceptance region for these variables when Ag.p = 10 GeV. If there were no

measurement errors, class 1 events have A = 0.
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11.

12.

13.

Examples of Feynman diagrams for (a) the multiperipheral process, and

(b) the bremsstrahlung process.

The cross section do/dm as a function of m. The data is given by the
points, the error bars show + 1 standard deviation of statistical error. An
overall systematic error of + 8% is not shown. The histogram gives the
average value, solid line, and 4 1 standard deviation, dash lines, for the
Monte Carlo calculation of do/dm for the sum of the processes ete™ —
ete"ete™, eteputu, rHr, yyete™.

The cross section do/dpr as a function of pr for 1. < m < 10. GeV/c2.
The data is given by the points, the error bars show £ 1 standard deviation
of statistical error. An overall systematic error of + 8% is not shown. The
histogram gives the average value, solid line, and + 1 standard deviation,
dash lines, for the Monte Carlo calculation of do/dpr for the sum of the

process ete™ — ete~ete™, ete putu™, 7777, yyete .
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